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Fuel cells (FCs) are clean power sources for both large-scale and portable applications,
as they provide a viable method to convert the chemical energy of fuel directly into
electrical energy. The most developed FC is the H2l02 system, which uses hydrogen as
fuel. However, issues have been observed with the use of hydrogen, such as sourcing, the
safety of handling and storage problems. Direct borohydride fuel cells (DBFCs) are liquid
FCs that address some of these issues. They are composed of both BH, fuel, which
oxidises at the anode, and hydrogen peroxide (or O2), which reduces at the cathode. Their
many advantages, such as their high theoretical specific energy (up to 17 kW h kg'!) and
high theoretical cell voltage (up to 3.02 V), have attracted increasing interest.
Borohydride is also available in a solid state (sodium borohydride, NaBH4) or as an
aqueous electrolyte up to 30 weight percent (wt.%), where it remains unchanged in a
strong alkaline solution with a half-life of around 270 days at pH 13.9 (25 °C). Moreover,
the final product of the borohydride oxidation reaction (BOR) is metaborate (NaBO>),
which is not harmful to the environment and can be reused to produce sodium
borohydride again. Finally, borohydride FCs can operate under ambient conditions and
in an air-free environment, which makes them more convenient for portable and anaerobic
applications (such as in space and underwater). The main challenges to their
commercialisation, however, are the selectivity of the anode catalysts and their substrate
materials. Many publications have investigated noble metals (e.g. platinum, gold,
palladium, etc.) as candidate materials, but none have found an anode catalyst able to
meet the needs of both high catalytic activity towards BH,; oxidation and low activity
towards its hydrolysis. Experimentally, Pt catalysts have shown a higher activity rate (by

a factor of 10) and lower onset potential of BH; oxidation compared to Au. Bimetallic



electrocatalysts (e.g. Au-Pt, Pt-Ni, Pt-Zn) have also presented considerable cell
performance in contrast to single-metal catalysts. As Pto.75-Iro2s/T1 and Pto.2s-Iro.75/Ti
anode catalysts have not been studied in DBFCs, this research considers them. Employing
3D electrode materials, such as reticulated metals, is expected to enhance the reactants’
mass transport, avoid channel blocking, fully utilise the active sites, minimise the amount
of noble metal required and thus simultaneously reduce electrode costs and increase cell
power output. Moreover, optimising the operational conditions (temperature, reactant
compositions, background materials, flow rate, etc.) of DBFCs will improve their
performance. Therefore, the aim of this research is to investigate approaches to increase
the overall performance and efficiency of a DBFC with the following research objectives:
investigate the use of Pt-Ir alloys supported by titanium as anode materials for DBFCs;
discover the optimal anode geometry among different 3D electrode materials by
determining the volumetric mass-transfer coefficient using a limiting-current technique;
and find the maximum power density of a DBFC using the optimal electrode through
manipulation of operating conditions and electrolyte compositions. Pto7s-Iro2s/Ti and
Pto.25-Ir0.75/T1 anode catalysts have been characterised and evaluated, Pto.75-Iro.25/T1 being
the most effective electrode for direct NaBH4 oxidation. Its reaction parameters —
including the activation energy (E.'"), the charge-transfer coefficient (o), the total
number of electrons exchanged (z), the heterogeneous rate constant (k,) of the BHy
oxidation process and reaction order () — were 18.6 kJ mol'!, 0.59, 5.3, 0.40 cm s™! and
0.87, respectively. Among 3D electrode materials, the fine mesh showed the best
performance. Finally, the operating conditions were discovered to have a significant
influence on the cell power density. For example, the cell performance showed a
dependence on the operating temperature, that is, the reaction kinetics at the anode and
cathode were promoted when it rose. The peak power density also increased dramatically,

from 93 to 162 mW cm™ (~75%), when the temperature elevated from 25 to 65 °C.

Keywords: borohydride oxidation, 3D electrode, iridium, limiting current, mass transport,

platinum, porous electrode, operating conditions.
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ppi
PVD
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RDE
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Meaning

Two-dimensional
Three-dimensional
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Computer-aided design

Counter electrode
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Cetyltrimethylammonium bromide
Cyclic voltammetry

Direct borohydride fuel cell

Direct borohydride—hydrogen peroxide fuel cell
Direct methanol fuel cell

Density functional theory
Electrochemical—-chemical
Electrochemical-chemical—electrochemical
Fuel cell

Tetramethoxyphenyl prophyrin
Hydrogen evolution reaction
Hydrogen oxidation reaction
Indirect borohydride fuel cell

Linear sweep voltammetry

Long-way distance between connected knots of diamond

Membrane electrode assembly
Open-circuit potential
Proton-exchange membrane
Linear pores per inch
Physical vapour deposition
Polytetrafluoroethylene
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rpm Revolutions per minute

RVC Reticulated vitreous carbon

SCE Saturated calomel electrode
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SEM Scanning electron microscopy

SHE Standard hydrogen electrode

SWD Short way distance between connected knots of diamond
TEAH Tetraethylamonium hydroxide

TP Turbulence promoter

Wt.% Weight percent
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Symbol

E cell

cell

Symbols

Meaning

Geometrical surface area of electrode

Active electrode area per unit electrode volume
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Arrhenius pre-exponential factor

Breadth of rectangular flow channel
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Diffusion coefficient of borohydride ions
Equivalent diameter of flow channel
Electrode potential

Formal potential

Cell potential

Standard cell potential

Oxidation peak potential

Standard activation energy for charge transfer
Apparent activation energy for charge transfer
Faraday constant = 96485

Gibbs free energy

Current

Limiting current

Peak current

Current density

Exchange current density

Limiting current density

Peak current density

Mass-transfer coefficient

Standard heterogeneous rate constant
Heterogeneous rate constant

Electrode length

Dimensionless length

XXVil

Units
cm
cm’

cm

cm
mol cm
mol cm

cm? s’!

< < < < <

kJ mol!
kJ mol!
C mol!
J mol!
A

A

A

A cm™
A cm™
A cm™
A cm™
cm s’
cm s’
cm s’
cm

dimensionless
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m Particle mass g

M, Molar mass g mol!

g Number of electrons involved in the rate-determining step

Me Number of electrodes dimensionless

P Power density W cm?
Charge density uC cm
Electrical charge C

Ov Volumetric flow rate cm? s

Re Reynolds number dimensionless

R Universal gas constant = 8.314 J K- mol!

r Reaction rate mol dm? s’!

S Channel height/depth cm

Sc Schmidt number dimensionless

Sh Sherwood number dimensionless

T Temperature K

t Time s

ti Positive intercept of the squared time axis s!2

v Mean linear flow velocity of electrolyte cm s’!

Ve Electrode volume cm?

y A reaction constant A c¢cm mol!

z Total number of electrons exchanged dimensionless

VA Frequency factor depends on order

Greek symbols

a Charge transfer coefficient dimensionless
Reaction order dimensionless
Kinematic viscosity of electrolyte cm? !

v Potential scan rate Vsl

® Rotation rate rad s’!

n Overpotential A%

K Electrolytic conductivity S cm!

T Theoretical residence time ]

o Limiting current enhancement factor dimensionless
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1.1. Fuel cells as a source of energy

There is a global concern about energy security because of the expected decrease in oil

production !

and increase in fossil-fuel consumption due to the world’s growing
population, both of which could contribute to global warming. The world population was
approximately 7.7 billion in 2019 and has reached up to seven-fold over the last 200 years
with an expected growth of 11 billion by the end of the 21% century 2. The consumption
of fossil-fuel to power vehicles was estimated to be around 18.3 million barrels/day by
2040 3. Burning fossil fuels is also possibly the main source of atmospheric carbon
dioxide, which contributes to air pollution. Accordingly, the development of clean,
efficient energy technology is a crucial step towards secure energy supplies. Researchers

should look for alternative approaches that generate power from environmentally friendly

Sources.

Fuel cells (FCs) convert the chemical energy of fuels directly into electrical energy. Many
consider them an attractive source of green, safe and efficient energy, meaning that FCs
will likely play a vital role in humanity’s future. The theoretical specific energy of H2l0:
FC is about 33 kW h kg'! 4 (three times higher than that of gasoline, 11 kW h kg) 3,
coupled with a considerable efficiency 50-60% in comparison to combustion engines
(<25%) ©. They can generate power for both small and large applications, such as light
transportation systems, and constitute a promising replacement for batteries in portable

applications.

Currently, the most developed FC is the H21O; system, which uses hydrogen fuel because
it provides a clean, rich energy source from natural gas or via electrolysis 7. However, the
use of this flammable gas (in > 4% air) in FCs has several issues, including sourcing, safe
handling, efficient storage ® ° and transport. Moreover, hydrogen has a very low energy-
per-volume basis, meaning that it requires a large volume to store it; for example, a 180
dm? pressurised tank is required to store a mere 5 kg of hydrogen at 34 MPa (5000 psi)
of pressure '°. An alternative approach is to replace the gaseous H» with a liquid fuel as a

hydrogen carrier. With this method, the same amount of hydrogen in a 35 weight percent
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(wt.%) sodium borohydride (NaBH4) solution could be stored in only a 65 dm?, non-

pressurised tank !°,

The most promising types of FCs are thus direct liquid FCs, which have higher energy
densities, uncomplicated structures, compact fuel tanks, fast recharging capabilities and
are easier to store and transport !'. The most common liquid fuel is usually a type of
alcohol, such as ethanol or methanol !' 2. The latter is used in a direct methanol fuel cell
(DMFC); however, this system has persistent problems, such as methanol crossover,
anode poisoning (from carbon monoxide), low power densities and toxicity 7 !2.
Moreover, alcohol cells require delicate operating conditions, such as highly managed
temperature, humidity and impurity levels 3. Further information and discussion of many
direct liquid FCs, including direct methanol, ethanol, ethylene glycol, glycerol, formic
acid, dimethyl ether, hydrazine acid and borohydride FCs can be found in a new review
article !!. Chemical hydrides, such as lithium borohydride (LiBH4) and NaBHa, are
suitable liquid hydrogen carriers, as they can be fed into a borohydride FC. Even though
lithium borohydride has a higher hydrogen content (18.5 wt.%) than NaBHa, it needs
extreme temperatures (~ 600—-650 °C) and pressures (~ 70-350 bar) to decompose and
release H> '* 15, but NaBHj4 is more stable, easier to handle and can operate in ambient
conditions !©.

1718 "and the distance

NaBHa is produced from boron mines, 70% of which are in Turkey
between Turkey and Saudi Arabia is around 420 mile. Between 1930 and 1940, the
University of Chicago produced the first batch of borohydride compounds. Later, the
government requested the University to study more chemical hydrides for war purposes,
leading to the discovery of uranium borohydride '* 2, Currently, NaBHj4 is used as a
reducing agent for chemical compounds, as a bleaching agent for paper manufacturing

and as a cooling solution 2! 22 23,

1.2. The motivation for the direct borohydride fuel cell

Direct borohydride fuel cells (DBFCs) are a promising, novel source of energy due to
their many advantages. They have a higher theoretical cell potential, faster anodic

oxidation rates '* and higher theoretical power densities than direct ethanol and direct
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methanol FCs, as shown in Table 1.1 2*. DBFCs can generate a higher theoretical specific
energy: up to 17 kW h kg'! when using H,O; as an oxidant and up to 9.3 kW h kg'! with
Oa, which is at least ca. three times of the theoretical specific energy of methanol FCs
(6.09 kW h kg!) 25, two times that of ethanol FCs (8.04 kW h kg'!) 26 and about half of
that from HzlO, FC systems (33 kW h kg! but without a storage vessel) . DBFCs also
have a far higher energy density than the secondary batteries. For example, Li-ion
batteries — one of the most advanced types — can only generate 0.2 kW h kg 27, It is
claimed 2® that DBFCs could also provide ten times the density (1000 W h kg™! out of
2580 W h kg'!, theoretically) of space batteries (i.e. Li batteries).

Table 1.1. Different theoretical energies for some fuels with oxidants at 298 K and 1

atm.
_ Theoretical cell | Theoretical specific Electrons
Fuel Oxidant . energy / exchanged /
potential / V KW h ke e mol™ of fuel
NaBH,4 H,0; 3.02 17% 8
(in acidic)

NaBH,4 0, 1.64 9.3% 8

Ethanol 0, 1.144 % 8.04 % 12

(C2HsOH)

Methanol 0O, 1.213 6.08 % 6

(CH;0H)

H, 0, 1.23 3 3294 2

Borohydride FCs can operate under ambient conditions, making them more convenient
for some portable applications, such as nomad electronic devices. Another advantage of
sodium borohydride is its availability as a solid or diluted in water up to 30 wt.%, where
it remains unchanged in a strong alkaline mix with a half-life of around 270 days at pH
13.9 (25 °C) 3 3 34, Additionally, ethanol and methanol usually release carbon dioxide
when used as fuel, while the sodium borohydride FC does not produce any *°. Finally, the
final product of borohydride oxidation is metaborate, which is recyclable and
environmentally safe 3. NaBH4 has a high weight percentage of hydrogen (10.6 wt.%)

kept in a safe, innocuous form 37.
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Borohydride FCs can be divided into two types. The first is the DBFC, which oxidises
liquid fuel containing NaBH4 directly at the anode surface. The second type is the indirect
borohydride fuel cell (IBFC), which contains a separate reactor that generates high-purity
hydrogen from NaBHjs to feed a conventional H2102 FC 3%, The next chapter thoroughly
explains both types. Sodium borohydride is typically dissolved in water with up to a 30
wt.% concentration of high-concentrate sodium hydroxide (> 2 mol dm™) and is used as
the anolyte in a DBFC. In a typical cell, this solution is coupled with the reduction of
oxygen (pure or contained in the air) or a solution of hydrogen peroxide in acid (or
alkaline media). Different anode catalysts for DBFCs include noble metals (Au, Pt, Pd
Os, Ag and Ru), non-precious metals (Ni and Cu) and alloys, which can be used to oxidise

NaBHa.

1.3. Research challenges

Even though Indig and Snyder *° were the first scholars to explore the DBFC in the early
1960s, research is still in an early stage, since many challenges and issues remain
unsolved. Various studies of DBFCs have been done on half-cells (a conventional three-
electrode cell), single and multiple 28 cells. However, the ideal theoretical power density,
at which eight (or close to eight) electrons transfer, has not been achieved with a cost-
effective material. The critical issue is the hydrolysis of BH4 (at low potential) that leads
to hydrogen evolution during the electrochemical oxidation of BH, at the anode catalyst
sites. Another issue is the crossover of borohydride ions to the cathode electrode through
the membrane, which causes the deactivation of cathode catalysts and low utilisation of
fuel 4°. Accordingly, finding appropriate, cost-effective materials for cathode that are
inactive towards borohydride oxidation also need to be developed to make DBFCs
reliable and more efficient energy sources ! 12. The greatest issue, however, is the anode
material and its design structure [two-dimensional (2D) vs. three-dimensional (3D)],
which has not been investigated in sufficient depth. There is a lack of consideration from
an electrochemical engineering perspective, such as the characterisation of mass transport
in the DBFC. These issues need to be addressed to make DBFCs competitive on the

market.
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1.4. Opportunities for developing direct borohydride fuel cell

Many aspects of DBFCs remain to be investigated before they can compete against other

FC technologies, such as the following:

Designing 3D anode structures to improve the efficiency of the anode to extract
higher power density, increase durability and reduce the anode cost.

Suppressing the hydrogen evolution rate from the hydrolysis reaction of
borohydride ions, which occurs in parallel with borohydride oxidation. Using
surfactants can inhibit the mechanism that triggers hydrogen evolution and
promotes the direct oxidation of borohydride ions.

Developing an efficient and cost-effective cathode catalyst to increase the
reduction rate of O; (or H2O») that is not active towards the borohydride reaction.
Finding a highly efficient membrane material able to balance the chemical ions
and maintain the pH level in both anolyte and catholyte solutions. The membrane
needs to be developed to minimise the borohydride ion crossover at high BHy
concentrations.

Improving DBFC performance by optimising the operating conditions, such as
flow velocity, reactant concentration, temperature, background material and its
concentration, etc.

Discovering the optimal design of the flow field for a plate electrode to increase

the mass transport of reactants.

1.5. Aims and objectives

The core aim of this research is to investigate approaches to increase the overall

performance and efficiency of DBFCs. Therefore, this project focuses on the following

objectives:

Evaluation of titanium-supported Pt-Ir alloys as anode materials for DBFCs.
The reaction behaviour of BH,; oxidation at these electrodes is investigated by
determining the catalyst parameters, including the activation energy, ESP?, the
standard heterogeneous rate constant, ks, the heterogeneous rate constant, &, the
number of electrons exchanged in the reaction, z, the charge transfer coefficient,

o, the mass-transport coefficient, k., by electrochemical measurements in a
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half-cell arrangement and the power density output of a single DBFC to find an
adequate electrocatalytic material for borohydride oxidation.

e Design and construction of a single DBFC to evaluate the performance of
different 3D anode structures (such as mesh, micromesh, fine mesh and felt) to
discover the optimal anode geometry for DBFCs by obtaining the volumetric
mass-transfer coefficient using the limiting-current technique.

e Investigation of the effects of various operating conditions and electrolyte
compositions to maximise the power density of DBFCs using the optimum

anode material determined previously.

1.6. Thesis outline

* An introduction to DBFC system, its motivation, the
main challenges, the aim and objectives

A literature review of DBFC system

* The results and discussion of the electrochemical
oxidation of borohydride on Pt and Au electrodes

Evaluation of the use of Pt ;5-Ir, ,5 and Pt, ,5-Ir, ;5 as

Chaper 4 anode catalysts for DBFC

* The mass-transfer measurements of borohydride ions
at various titanium 3D structures coated by Pt ;5-Irg 55
in a flow cell

* The influence of different operational conditions and
anode geometries on DBFC using Pt -5-Ir, ,5 catalyst

Chapter 6

» The summary and future work

€<€€CC€ECEC€ELC
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2.1. Borohydride fuel cells

This section explains the two types of borohydride FCs in detail. As hydrogen storage is
an impediment to a hydrogen economy “?, chemical hydrides, especially sodium
borohydride (NaBH4), can offer a solution with their high storage density of hydrogen,
up to 6.5 wt.% hydrogen in an aqueous solution of 30 wt.% NaBHa4, as the latter has a
high hydrogen content (10.6 wt.%) .

The first process, then, uses borohydride fuel as an indirect hydrogen carrier [the indirect
borohydride fuel cell (IBFC)]. It could be stored as an aqueous solution in a tank, for
instance, to supply a catalytic hydrogen reactor (e.g. a packed-bed tubular reactor +*) and
produce pure hydrogen, as shown in Figure 2.1. The process involves a heat exchanger
to cool down the H> stream and the side products, like water, which are further removed
by a splitter. The hydrogen gas passes through a silica-packed bed to dry the residual
moisture and is fed into a conventional H2lO> proton-exchange membrane (PEM) FC.
This system is the most common process to generate pure hydrogen from NaBHy4 3 12,
However, it has been reported that the estimated cost of pure H> generated by reforming
natural gas is about 130 times (US$ 2 kg™! H») lower than that of H, produced from NaBH4
(US$ 260 US kg! Hy), and if the Ha is generated by electrolysis using wind power, even
50 times lower (US$ 5 kg'! H») 22. The high cost of NaBH4 could explain this price
difference; however, its cost is expected to fall in the future, which will make the
borohydride system more attractive for power generation. It was reported 22 in 2006 to be
about US$ 55 kg'!, and it has been claimed that its price could reach US$ 1 kg in the
next few years (from 2006). However, that seems impossible, as BH,; production depends
on hydrogen (Hz) gas. The second process uses borohydride directly. This method has
received considerable attention over the last decade because it offers numerous
advantages as an alternative to the well-known FCs, such as H>lO; and direct methanol
FCs. Figure 2.2 illustrates a typical process of creating DBFCs that uses NaBH4IH2O»,
where the most significant factors of using borohydride as a fuel are its high theoretical

power density and cell voltage.
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Figure 2.1. The IBFC scheme involves a hydrogen generator that feeds NaBH4 into a
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Figure 2.2. The flow diagram of the DBFC, where NaBHj4 is oxidised directly using
hydrogen peroxide as an oxidant .
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In this process, the direct oxidation of borohydride ions in an alkaline solution can
theoretically release eight electrons at an equilibrium standard potential of -1.24 V vs.
SHE, which provides a theoretical equilibrium cell potential of 1.64 V or 3.02 V when

using Oz or H>O» oxidising agents, respectively °.

In such a system, sodium borohydride solution is transferred by a variable speed pump
into the anode compartment to diffuse through the liquid diffusion layer, where sodium
borohydride oxidises in the presence of water at the anode catalyst to produce sodium
metaborate (NaBO.), protons and electrons 2*. The protons pass through the ion exchange
membrane towards the cathode side, while the electrons transport along the external
circuit to the cathode electrode. On the cathode surface, both electrons and protons react
with hydrogen peroxide (H20z) to produce water. See the Membrane section (2.4) for
more detail about the function of the membrane in a borohydride FC. The next section

explains the reactions occur at the cathode and the anode.

2.2. Reactions taking place in DBFCs

2.2.1. The reaction occurring at the anode

Complete oxidation of borohydride ions in an aqueous alkaline solution can occur directly
at a wide range of anode catalysts to release, in theory, a maximum of eight electrons.

The electro-oxidation (irreversible) reaction of BHy is as follows:

BH; + 8OH" — BO; + 6H,0 + 8¢ E%p0=-1.24vs. SHE 2.1)

The main issue for the DBFCs is the hydrolysis of BH,, which occurs at the same time
as the direct oxidation reaction, causing hydrogen evolution and generating hydroxy
borohydride intermediate 44, as shown in the following reactions Eq. (2.2) and Eq. (2.3).
The good news is that half of the hydrogen gas comes from water and the other half comes

from sodium borohydride, as it is a ‘water-splitting” agent 23 4°,

BH; + H,0 < BH;(OH) + H, (2.2)
BH;(OH) + H,0 — BO; + 3H, (2.3)
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Due to hydrogen presence, the anode potential acquires a mixed potential value,
combining the direct oxidation of borohydride ions, as seen in Eq. (2.1) with the hydrogen
oxidation reaction, Eq. (2.4). Thus, the anode voltage ranges usually from -1.24 to -0.828

V vs. SHE, depending on the anode material and fuel concentration #°.

H, + 20H" — 2H,0 + 2¢" Eyode= -0.828 vs. SHE (2.4)

Because of the competition between the two reactions, oxidation of borohydride and its
hydrolysis may reduce the coulombic efficiency. Larminie and Dicks 4" mentioned that it
is possible to increase the direct oxidation of BH; and force hydrogen molecules to
oxidise rapidly using a state-of-the-art, 3D electrode that can liberate eight electrons. In
addition, if the concentration of borohydride in the anolyte solution is low and sodium
hydroxide is high, the homogeneous hydrolysis reaction can be slowed down *’. Even
though 3D electrodes can provide a high active area per unit electrode volume and lower
catalyst loading *, resulting in reduced fuel-cell costs, the hydrolysis rate might increase
because the large surface area is exposed to the borohydride ions. Therefore, this research

carefully studies this subject (effect of the anode structure, see Chapter 5).

The exact mechanism of borohydride electro-oxidation is still not completely defined and
requires further investigation *° 7. It is experimentally shown that the behaviour of
borohydride electro-oxidation also depends on the electrocatalyst material. This section
describes the present understanding of the reaction mechanism. In the first step, the
transfer of one electron is followed by the formation of a BH4" (adsorbed), and its
immediate decomposition, which is the second step. A third step is a further electron
transfer: an electrochemical-chemical—electrochemical (ECE) reaction sequence. Mirkin
et al. °° used two Au microelectrodes (12.5 and 50 um) in CV experiments that applied
the fast-potential scan rate (up to 3x10* V s!) in a solution containing 0.01 mol dm™
NaBHj in 1.0 mol dm NaOH. The authors suggested that the ECE steps for the oxidation

of borohydride ions on Au electrodes occurred as follows:

BH,-¢ < BH, (E) (2.5)
BH, + OH < BH; +H,0 (C) Fast reaction (2.6)
BH; -¢ < BH; (E) (2.7)
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The intermediate monoborane (BH3), which is formed in the ECE sequence, undergoes
further reactions to liberate six electrons out of eight in total and are thought to take place
in a rapid electrochemical reaction. These steps were suggested for Au catalyst; the

oxidation of borohydride on Pt has even less information #° 3!

perhaps because it was
thought that Au is the ideal catalyst for BOR (8¢~ and no hydrolysis) >!. Elder and Hickling
52 among others, proposed a different reaction pathway for the oxidation of borohydride
on Pt 3 3% 5 5 Elder and Hickling showed that Pt catalyses the evolution of H> gas
through polarisation conditions and open-circuit potential (OCP) 32 >3, Concha et al. 37 3¢
used in situ mass spectrometry - a physical technique - Fourier Transform Infrared
Reflectance (FTIR) to monitor B-H and B—O bond regions on Au >’ and Pt °¢ (Pd by
similar study °®) electrodes during a positive sweep of electrode potential in 1 M NaBH4
+ 1 M NaOH. The authors presented different possible scenarios in the light of FTIR

t56

spectroscopy’s results for Au and Pt. In regard to Pt °°, it would flow chemical—

electrochemical (CE) reaction sequence and the heterogeneous hydrolysis of BH,

occured at low potential but the products (H> and BH3OH") do not block the surface as no
quantitative formation of hydrogen was shown, which suggested a fast electro-oxidation

of the them >°.

Recently in 2018, Olu et al. > investigated the BOR using differential electrochemical
mass spectrometry on 5, 50 and 500 mmol dm™ NaBH4 on Au and Pt electrocatalysts.
They combined their results with data from some chosen literature reviews which studied
the intermediate species generated in the BOR process using different electrochemical
techniques to propose a microkinetic model of the BOR for both electrocatalysts. The
suggested reaction mechanisms can be seen in Figure 2.3. The model considers the
general behaviour of H> generation during the BOR. The reaction pathway of the BOR
depends on the potential region, available active sites and borohydride concentration.
Two distinct mechanisms were suggested on Pt and Au catalysts:

1- Fully-dissociative adsorption of BH,; into BHags and 3Hags + € which is expected
to be at low potential values (~E <-0.27 V vs. SHE, i.e. before metal oxide region)
using low BH, concentration (< 10 mmol dm™). This mechanism likely takes
place on Pt (the red-coloured arrows represent the reaction steps that can occur
only on Pt), which demands free active sites to proceed (four Pt sites/BH,

adsorption). The BHags formed (a stable molecule on Pt) would get oxidised
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slowly — in the presence of OH" adsorption at high potential — to produce BOHags

and then again to form the final product BO, (4-5¢ process). The H> gases occur
from the adsorbed H* ions on Pt surface followed by hydrogen oxidation reaction
(HOR) simultaneously with BOR.

2- Partially-dissociative pathway is proposed for Pt and Au electrodes at high
potential; in this case, BH; electro-oxidises to BH3.4s intermediate, and then
BH3 .45 can react in four different ways:

a. Desorbs as BH3OH" to the solution

b. Self-dehydrogenates to form BHags + Ha

c. Dissociates into BHags + 2Hads (only with Pt and requires more free Pt
active sites)

d. Oxidises with OH" to produce BHags

- BH, _ — = Fully-dissociative
OH adsorption

Partially-dissociative
adsorption

2H20+2iy/ ko ke » HaOH"
H,O+e

BOz' Kqr 1
H20+e_4—? Hads Te—’ EHZ
OH"

Figure 2.3. Tentative borohydride oxidation reaction pathways for Pt and Au catalysts
proposed by Olu et al. %, red-coloured arrows represent the reaction steps that
can occur only on Pt.
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In general, the partially-dissociative pathway for Pt and Au electrodes is less demanding
in catalyst sites. Hydrogen might be produced from a self-dehydrogenate reaction (b
pathway) on both Pt and Au electrodes to form BHags, and this is the least demanding
mechanism in free active sites, but it would reduce the power efficiency. Moreover, if
high borohydride content is used (> 50 mmol dm™), BHags can block the Pt sites even at
low potential (E < -0.27 vs. SHE), and the partially-dissociative mechanism becomes
predominant. However, optimising borohydride concentration appears to be essential in

such a case.

The most of the proposed reaction schemes are uncertain, and these steps are still subject
to speculation 2 36 57 60 51 Tt has been observed that the reaction pathway of this multi-

step process could not only vary based on the anode material but also on the operational

conditions °! 44 (i.e. the pH and the ratio of alkali to fuel concentration [OH ]/[BH,] )

which make the system complicated.

2.2.2. The reaction taking place at the cathode

Oxygen and hydrogen peroxide are the most common oxidants that have been used for
cathodic reaction in DBFCs. The oxygen reaction at a cathode surface in an alkaline

electrolyte is as follows:

20, + 4H,0 + 8¢ — 8OH" E°ode= 0.4 V vs. SHE (2.8)

The mechanism of the cathodic reaction of oxygen is complicated, and it contains the
formation of intermediates such as H>O> and metal oxide, which reduces the activity of
the catalysts . The overall reaction of the DBFC with oxygen as the oxidant is shown

below:

NaBH4 + 202 — NaB02 + 2H20 E(c)ellz 1.64V (29)

When hydrogen peroxide is the oxidant — which is suitable for anaerobic applications,

29 28

such as space and underwater vehicles — both the power density and cell efficiency

are higher due its faster reduction rate and higher cell voltage 2*. Furthermore, from an
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operational point view, feeding the combination of liquid into DBFC is technically better
than using liquid and gas because of a reduced requirement for compressing the gas, ease
of storage and heat removal 28. The electro-reduction of H>O, in alkaline media at the

cathode can be written as the following:

4H,0, + 8¢ — SOH" Eode=0.87 V vs. SHE (2.10)

The theoretical cell potential, in this case, is 2.11 V, and the net cell reaction can be

expressed as the following 2°:

4HO; + BH4; — 40H™ + BO; + 2H,0 Ery=211V (2.11)
It is highly likely that H>O, decomposes at the cathode catalyst to generate water and
oxygen, as shown in Eq. (2.12), and that the latter is reduced electrochemically at the
cathode surface, as seen in Eq. (2.8) &.

H,0, — H,0 + 1/20, (2.12)

Cathode potential depends on the pH level of the oxidant; Egs. (2.13) and (2.14) show the

relationships of oxygen and hydrogen peroxide, respectively 64 6 66,
Ep,=1.23 - 0.059 pH (2.13)
Eip,0,=1.78 - 0.059 pH (2.14)

As the pH of the electrolyte decreases, the cathode potential increases and the rate of
H>0: decomposition decreases at the cathode interface 4. If the cathodic reactions take
place in an acidic solution (i.e. pH tending to zero), the possibility of direct reduction of
hydrogen peroxide raises, see Eq. (2.15). However, in an alkaline media (i.e. pH tending
to 14), H2O2 would decompose to O followed by its reduction, as expressed by Eq. (2.16)
and Eq. (2.17), respectively .

4H,0, + 8H + 8¢~ — 8H,0 0 thode=1.78 V vs. SHE (2.15)
4H202 g 4H20 + 202 (216)
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20, + 8H'+ 8¢~ — 4H,0 E® inoae = 1.23V vs. SHE (2.17)

Therefore, based on acidity of the hydrogen peroxide solution in the catholyte, the
theoretical OCP value alters between 1.64 V [Eq. (2.1) + (2.8)], and 3.02 V [Eq. (2.1) +
(2.15)] . The overall cell reaction of a NaBH4IH,O is the following ¢7:

NaBH4+ 4H202 i NaB02 + 6H20 E(c)ell: 3.02V (218)

2.3. Electrode materials

2.3.1. Anode catalyst materials

Finding a suitable anodic catalyst for the oxidation of BH, is a subject that has been
widely studied. Platinum, palladium and nickel all show high catalytic activity towards

both the electro-oxidation of BH, and its hydrolysis ¢! 4° 68

. That means, the selectivity
towards borohydride still needs to be improved to enhance the overall efficiency of the
fuel cell (FC). Gold and silver catalysts are also present good activity for BH,; electro-
oxidation, but their kinetic reaction parameters are slower by far than, for example,
platinum. Despite the high activity of these metals, their high cost presents a serious
restriction to the commercialisation of DBFCs. Many studies have thus been done with
noble metal alloys, such as Pt-Au ® 7% and Pd-Ir "' 72, as they show more activity than
single noble metals. Other materials that have been investigated to reduce cell cost include
the following: non-noble metal materials (Zn, Cu, Co) and their alloys (Pt-Zn 73, Pd-Cu
7475 ABo: Zro9Tio1Mno6Vo2C00.1Ni11 %*); non-metallic materials, such as mesoporous,

nitrogen-rich carbon ’¢; and catalytic polymeric electrodes 7. The activity and durability

of these materials, however, are still questionable.

A conductive polymer material has been considered by Bayatsarmadi et al. 77 as an anode
for DBFCs. They investigated the use of conducting polymer Poly (3,4-ethylene-
dioxythiophene) for the oxidation of BH; and the reduction of H,O,. The polarisation
curves showed a maximum power density of about only 7.5 mW c¢m and a cell voltage
of approximately 0.4 V at a current density load of 20 mA ¢m2. The DBFC was contained

an anolyte solution of 1 mol dm= NaBH4 in 4 mol dm NaOH, on the cathode side, 5 mol
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dm™ of H>O; in 0.75 mol dm™ H,SOys separated by a cationic membrane (Fumsep FKB).
The cell was examined at room temperature (23 °C). The results imply that the
performance of the polymer electrode is very low. The (long-time) durability test of
polymer electrodes needs to be investigated for their ability to survive in a strong alkaline

(pH ~14, for an anode) and acidic medium (pH ~0, for a cathode).

The application of non-noble metals and their alloys in DBFCs have been reported in

many publications. Nickel 6! 68 78 79 80 81 an( jts binary alloys 32 78 69 83 80 84

were
investigated via electrochemical measurements for their electrocatalytic activity towards
borohydride oxidation in an alkaline medium. Liu et al. ®' found Ni to be a suitable
catalyst for DBFC. The OCP for a Ni electrode presented higher potential than Pt and Pd
electrodes; however, the oxidation reaction of borohydride on a Ni electrode can release
only four electrons, whereas the other 50% of the borohydride turned into hydrogen gas.
Celikkan et al. 4° investigated the oxidation of NaBH4 on Au, Pt, Pd and Ni electrodes,
but they found that Ni was inactive for the direct oxidation of BH,, which contradicts the

results of Liu et al.®!.

Santos et al. 3 fabricated Ni alloys, including Nig.90-Dyo.10, Nio.95-Dy0.05, Nio.90-Smo.10 and
Nio.95-Smy 05, for borohydride oxidation reaction (BOR). The study revealed that Nig.os-
Dyo.0s was the most active catalyst and Nio.99-Smo.10 showed the lowest activity for BOR.
No data about power densities was found in the three studies for Ni and its alloys.
However, Ma et al. ® reported a peak power density of 77 mW c¢m? for a DBFC
consisting of a Ni-Pd/C (25:1, 1 mg metal cm?) composite anode and a Pt/C (1 mg metal
cm?) cathode separated with Nafion® 212 membrane. The anolyte was 1.32 mol dm™
NaBHz4 in 2.5 mol dm NaOH, and its flow rate was 5 mL min™!, while the oxidant was
humidified O at 0.15 mL min! at 28 °C. At an elevated temperature of 60 °C, the peak

power density reached up to 167 mW cm™.

Non-noble alloys as anode materials, such as AB> alloy (Zro.oTi0.1Mno.6Vo.2Coo.1Ni1.1),
were considered by Li et al. %. The authors obtained 100 mW c¢m from a NaBH4lO>
system (with 4 cm? of active area) at a high temperature of 50 °C (with no data at room

temperature). Pt/C was used as a cathode material, and the two electrodes were separated
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by Nafion® 117. The concentration of the fuel solution was 2.64 mol dm= NaBH4 in 5
mol dm™ NaOH, and the flow rate was 0.2 dm?® min’!. This alloy, which is a mixing of
alloy powder pasted onto Ni foam, was originally used in Ni-MH batteries (as a negative
electrode) ®. It is expected that AB, can also absorb the evolved H» during the

operation %4,

Silver catalysts have been investigated by several groups of researchers 62 87 88 89 Chatenet
et al. 62 studied the direct electro-oxidation of borohydride on Ag and Au (a 10 wt.%
catalyst loaded on Vulcan XC72) supported either on bulk and polycrystalline or nano-
dispersed over carbon (all from E-Tek). The authors used a rotating disk—electrode (RDE)
technique, linear sweep voltammetry (LSV) and cyclic voltammetry (CV) with a scan
rate ranging from 5-200 mV s to quantify the reaction kinetics and determine the
kinetics parameters, which consist of the Tafel slope (+ 2.3 RT/azF) *° and the exchange
current density. The oxidation of borohydride was carried out under an argon atmosphere
and bubbled into the electrolyte solution during the experiments. An electrolyte solution
of 1.0 mol dm=NaBHj in 0.01 mol dm™ NaOH was used. The NaOH concentration was
quite low. The suggested 3 '7 °! NaOH concentration is around 5 mol dm? to avoid
borohydride decomposition, specifically at high BH,; concentration. The geometrical area
of the anode electrode was 0.28 cm?. The authors used the Levich equation [Eq. (2.19)]
to determine the number of electrons exchanged in the reaction, z, of the Ag and Au

electrodes.

. 0.62zFD"c
JL= V176

'3 (2.19)

Where j; is the limiting anodic current density (A cm™), F is Faraday’s constant (96485
C mol), D is the diffusion coefficient (cm? s!), ¢ is the bulk concentration (mol cm™),
® is the rotation rate (rad s') and v is kinematic viscosity (cm? s!). The diffusion
coefficient of BH4 ions was taken from a different study in which it had been fixed to be
of 1.6 x 10~ cm? s! to obtain z from the Levich slope of limiting current vs. the square
root of rotation speeds. Ag/C and Au/C anodes were able to deliver 7.5 electrons, but

Ag/C showed slower kinetics parameters than the Au electrode. Duan et al. ¥ prepared

Ag/C, Cui-Agi/C, Cur-Agi/C, Cus-Agi/C and Cu/C nanoparticles (0.35 mg cm2) on glass
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carbon (3 mm in diameter) for NaBH4IH>O: cell. The anolyte was a 0.1 mol dm= NaBH4
in 2 mol dm NaOH, and the catholyte was a 2 mol dm™ HCl in 4.5 mol dm™ H,O,. The
anode of Cux-Agi/C provided the best performance of all the studied catalysts, but its
peak power density was only 6 mW c¢cm (17.27 mW mg™!) at a current density of 9.7 mA
cm? (27.8 mA mg). The peak power density of Ag/C was 1.5 mW cm™ (4.31 mW mg’

1, indicating that Ag materials have very low activity towards BH; oxidation.

Gold 92 87709394 and gold alloys 70 83 95 %6 979899 haye been investigated extensively by

a number of studies. Gyenge # studied the oxidation of borohydride ions on gold and
platinum electrodes. Seven electrons were calculated on Au, which is consistent with the
value reported by Amendola et al. °!. Celikkan et al. % investigated the oxidation of
NaBH4 on Au, Pt, Pd and Ni electrodes and found similar results as Gyenge. Au catalysts
have been recognized as effective, the main reason being their inactivity towards the
hydrolysis of BH,;. However, in 2010, the results of Chatenet et al. ' contradicted those
found by previous reports, as they used online mass spectrometry to detect the H» yield
during borohydride oxidation on Au electrodes and found that the amount of hydrogen is
not negligible, as the authors % have reported. Another study made similar conclusion
here ?3. Au is thus no longer thought to be faradaic-efficient for the electrochemical
oxidation of borohydride ions. Therefore, another reaction kinetic pathway for the
oxidation of borohydride on Au should be suggested. In another study, palladium was

compared with an Au electrode; the latter showed a lower cell performance 24.

Ponce de Leon et al. ?° ran a filter-press flow cell of NaBH4IH>O: with an electrode area
of 64 cm?. Borohydride oxidation occurred on Au supported by a carbon felt electrode
(0.5 mg Au cm), while the Pt/porous carbon paper (4 mg cm?) was employed as a
cathode. The anolyte consisted of 6.6 mol dm= NaBHs + 6 mol dm™ NaOH, with 1 mol
dm H,0; + 1 mol dm™ HCI as a catholyte. The authors used a high concentration of
NaBH4 and a higher flow rate of 95+ 5 L h'! than the average conditions reported in the
literature. At 20 °C and a current density of 31.8 mA cm, the maximum power density
and cell voltage were around 34 mW c¢cm and 1.06 V, respectively. Cao et al. '°! prepared
Au/Ni-foam electrodes with 3D structures (5 cm?) that served as both the anode and the
cathode for a NaBH4IH>O:> cell. The cell delivered about 42 mW c¢m at 25 °C in an
anolyte solution of 0.1 mol dm™ NaBH4 + 2 mol dm™ NaOH and a catholyte solution of
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2 mol dm NaOH + 0.5 mol dm™ H,0O,, and membrane Nafion® 115 was used to divide

the cell.

61 102 103 58 104 71 105 106 72 75 107

Palladium materials and its alloys are some of the best
materials for DBFCs. Liu et al. ¢! considered Pd/C and Pt/C as potential electrocatalysts
for DBFCs. They supposed that the reaction mechanism of borohydride oxidation
depends on the reaction conditions and the electrocatalyst’s nature. Both Pt and Pd
showed some similarities in terms of H» evolution behaviour; however, the evolution
decreased and almost stopped under special conditions, such as a low concentration of
NaBH4 and a large electrode current load. For example, the authors observed that a higher
fuel efficiency — between six and, ideally, eight electrons — could be achieved on both Pt
and Pd at a low concentration (< 1.5 mol cm™) of borohydride ions with a high anodic
current (4 A, 0.8 A cm™), as opposed to four electrons when a high concentration of BH,;
and a low current were used. Cheng et al. ' explored the performance of Au, Pt, Ag, Pd
and Ni electrodes for BH; oxidation. They fabricated the membrane (Nafion® 117)
electrode assemblies (MEAs) of the five anodes supported by carbon (Vulcan XC-72R
with a 2 mg metal catalyst cm?). The Pt and Au electrodes demonstrated substantially

better durability than the Pd, Ag and Ni at a current load of 20 mA c¢m (25 °C) and 50
mA c¢m (70 °C) for a 50-h test period, as can be seen in Figure 2.4.
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Figure 2.4. The stability test of different anodes electrodes in NaBH4lO2 FCs at a 50 mA
cm? current load and a temperature of 70 °C ', The anolyte contained 1.32
mol dm™ NaBHj in 2.5 mol dm™ NaOH with a flow rate of 0.01 dm?® min"!.
The cathode was Pt/C separated by Nafion® 117 membrane, and the oxidant
was 02 (200 cm® min™).
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The test used a solution of 1.32 mol dm™ NaBH4 in 2.5 mol dm™ NaOH with a flow rate
of 0.01 dm® min'!. The cathode was Pt/C separated by Nafion® 117 membrane, and the
oxidant was Oz (200 cm? min™"). Nevertheless, if one must choose between Pt and Pd for

BOR, Pt is the more economical material while still suiting DBFCs reasonably well, as it

costs around 50% less (£629 oz!') than Pd (£1203 oz!, metalsdaily.com, 2019).

For iridium ® and iridium alloys ® 7! 72 19 there is little research on their uses for anodic
oxidation in DBFCs. Kiran et al. % studied Ir supported on Vulcan XC72R carbon
(catalyst loading 0.5 mg cm™) as an anode and Pt/C as a cathode (2 mg cm™) with a
Nafion® 117 membrane in a NaBH4IH,>O; system. The concentration of the electrolyte on
the anode and cathode sides were 2.64 mol dm™ NaBH4 in 2.5 mol dm= NaOH (anolyte
flow rate: 1.35 ¢cm® min™!') and 2.2 mol dm™ H>O» in 1.5 mol dm™ H>SO4 (catholyte flow
rate: 2.1 cm® min'), respectively. The power density was 140 mW cm? with 165 mA cm
2 at 80 °C. They conducted polarisation experiments to oxidise BH, ions on bimetallic
rhodium-iridium alloy (Rh-Ir/C) under the same conditions, and the power density
reached up to 270 mW cm™ at a load current density of 290 mA c¢m™. The cyclic
voltammograms (50 mV s!, 25 °C) of different borohydride concentrations (0.01 and 0.1
mol dm> NaBH4 + 1 mol dm™ NaOH) on Ir/C showed only one oxidation peak at -0.32
V vs. Hg/HgO (~ -0.18 V vs. SHE). The hydrogen oxidation peak did not appear because
they ran the experiments at high potentials. The authors speculated that the direct
oxidation of BH, ions caused this peak (at -0.18 V vs. SHE). However, the peak is not
close to the DBFC anode potential, and the It/C electrode is known as a good catalyst for
H: evolution as well. Nevertheless, the performance of the It/C anode reported by Kiran
et al. implies that Ir could be a possible choice for the BOR (as an alloy). As few studies
have investigated the use of Ir alloy materials for DBFCs, they have been considered in

the current work for further research.
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Pt electrocatalysts and Pt alloys 62 70 73 110 113 114 115 116 117 118 119 haye

been substantially investigated as promising anode materials for DBFCs. The first study
of using Pt anode was reported by Jasinski dating back to 1965 120, The Pt was deposited
on Ni mesh and provided a good cell potential of 0.87 V at 100 mA cm™ and 45 °C. After
that many research groups have investigated of its use for DBFC, however in 2006,

Gyenge # examined the oxidation of borohydride ions on Au and Pt electrodes, and the

52



Chapter 2: Literature Review

Pt was more active towards both the catalytic hydrolysis and the direct oxidation of the
borohydride, revealing that the heterogeneous rate constant of Pt is ten times larger (1.86
cm s7) than that of Au (0.14 cm s!). The study also found that Pt, in the presence of
thiourea (TU) additive (1.5 x 10~ mol dm™), inhibits hydrogen evolution reaction (HER)

but negatively affects the oxidation performance (by reducing the current). Gyenge 4° ¢

concluded that, even though Pt provides half of the specific anode capacity (A h gi\}aBm)

as Au, it is an effective catalyst for BH, oxidation.

In another study, Gyenge et al. % also synthesised colloidal Pt and Pt alloys — Pt-Au, Pt-
Ni and Pt-Ir (1:1 atomic ratio, 5 mg cm) supported by Vulcan XC72R (20 wt.% metal)
— and fixed them onto glassy carbon disk electrodes (3 mm). They also experimented with
a commercial Pt-Ru anode electrode. A single DBFC with a 5 cm? geometrical area was
tested using a 2 mol dm™ NaBH4 in 2 mol dm™ NaOH solution and a Nafion® 117
membrane, where an O2 gas diffusion electrode was loaded on the cathode side by a Pt
catalyst (4 mg cm™). The anolyte flow rate was 50 cm?® min™!, and the oxygen flow rate
was 200 cm® min! (2.7 atm). The operational temperature was either 298 K (25 °C) or
333 K (60 °C). Figure 2.5 shows the polarisation curves of all studied electrodes for
DBFCs at 25 °C; as it illustrates, Pt-Ir and Pt-Ni were the most effective anodes,
demonstrating the highest cell voltage at any applied current density. For instance, the
cell potential with Pt:Ir (50:50) was around 0.1 V (10 mW cm™) and 0.53 V (53 mW cm-
2) at a current density load of 100 mA cm™ for 25 °C and 60 °C, respectively. These
outcomes were better than the power densities of Au and Au-Pd electrodes under similar
conditions, which were recorded by Atwan et al. including Gyenge ** in a previous study.
Observations ¢ suggest that, by increasing the temperature, cell performance improves

dramatically with all catalysts.

The chronopotentiometry test represents an electrode voltage at a specific current load on
an FC; chronopotentiometry experimental data were reported for all Pt alloys by the same
research group %°. The electrochemical measurements were made in a solution of 0.5 mol
dm™ NaBHj4 in 2 mol dm™ NaOH at a 10 mA c¢cm™ current load at 25 °C. The tests revealed
that, beside being the most stable, the Pt-Ir anode had the narrowest gap (0.08 V) between
the OCP and the steady-state operating potential, followed by Pt-Ni, Pt-Au and Pt (0.45
V). Additionally, Pt-Ir presented multiple oxidation peaks in the CV experiments [at -
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0.71,-0.51, and -0.13 V vs. SHE] at the most negative potentials, meaning that they have
the most potentially favourable kinetics of all the electrode materials that were reported
in the study. The Pt-Ir alloy also exhibited a more significant oxidation peak at potentials
>-0.26 V vs. SHE than the Pt-Ni alloy. Finally, the direct oxidation of borohydride on Pt

nanoparticles with a concentration > 0.1 mol dm™ performed better than H, oxidation.
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Figure 2.5. The polarisation curve of a DBFC at 298 K comparing the anode catalysts Pt-
Ir, Pt, Pt-Au, Pt-Ni and Pt-Ru with an anode catalyst load of 5 mg cm™ in 2
mol dm™ NaBHs in 2 mol dm NaOH, a cathode electrode (Pt) load of 4 mg
cm2, an anolyte flow rate of 50 cm?® min™ and an oxygen flow rate of 200 cm?
min! at 2.7 atm ©.

The authors proposed that the borohydride oxidation mechanism of the Pt-Ir catalyst
follows a chemical—electrochemical (CE) process between -0.26 and -0.06 V vs. SHE.
They concluded that the reaction mechanism of borohydride oxidation on Pt-Ir cannot be
satisfactorily explained and needs to be investigated further.

3

Figure 2.6 presents the “volcano plot” of hydrogen oxidation/evolution reactions
(HOR/HER) for the exchange current densities and free energy (the hydrogen metal bond
strength) on monometallic surfaces, where the currents were measured in both acidic and
alkaline electrolytes by Durst et al. 12!, The Pt and Ir catalysts plotted at the top of the
volcano indicate higher activity towards HOR/HER, and the binding energy between

surface and adsorbates exhibits neither poor adsorption of the species nor difficulty in
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releasing the final product (not poisoning the active sites) 122 123, Therefore, it is more
likely that H> gas may occur from BH,4 hydrolysis and would oxidise rapidly on these two
metals. The figure also displays that Pt, Ir and Pd have less reactivity to Hz in alkaline
media (around two orders of magnitude) compared to acidic solutions, and they are more
influenced by the pH level of a solution than non-noble metal catalysts (Ni, Cu, etc.). The
authors 2! reported that using Pt-group metal (Pt, Pd, Ir and Rh) electrodes is still
considered an effective choice for hydrogen oxidation in base electrolytes.
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Figure 2.6. A “volcano plot” presenting the logarithm of exchange current densities for
H> oxidation/evolution carried out in acidic and alkaline electrolytes on
monometallic surfaces by 2!

The thickness of the active layer should also be considered, as it might affect the reaction
pathway of borohydride ions. Concha and Chatenet ''° synthesised Pt nanoparticles (10
wt.% catalyst loaded on Vulcan XC72) to be examined in a 1 mmol dm™ NaBHj in 0.1
mol dm™ NaOH. The catalysts were nanodispersed on glassy carbon electrodes with
catalytic layers of different thicknesses. The authors used a 3 um active layer (which is
relatively thick) to obtain nearly eight electrons, and they observed that z depends on the
thickness; with the thin layers, in contrast, the number of transferred electrons decreased
(e.g. z was approximately 2 at a thickness < 1 um). They anticipated that the thick layer
offers sufficient residence time for the molecules, resulting in a complete hydrogen
oxidation reaction (HOR) and/or a borohydride oxidation reaction, which increases the
number of electrons transferred. However, it seems also that the activity increased
because the deposition time increased, which creates a greater coverage area for the

catalyst on the electrode surface.
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From the previous research, it seems that Ir metal and its alloys show significant activity
towards BH; oxidation even though there are few publications with these catalysts. In
particular, the bimetallic Pt-Ir showed remarkable kinetic parameters and high electrode
performance in contrast to Pt, Au, Ag, Pd and their alloys. Nevertheless, to the best of the

author’s knowledge, only one report ¢

, which was published in 2006, has investigated
the use of Pt-Ir (50:50) for DBFCs. Therefore, this study investigates Pt-Ir alloy, however,
in detail with different metal ratios (Pt:Ir; 75:25, 25:75) to accomplish its research
objectives, namely, the effects of anode substrate design and various operating conditions
on the overall efficiency and power density of DBFCs. Table 2.1 summarises some of the
related electrocatalytic materials that have been investigated by different research groups

as potential anode catalysts for DBFC.

2.3.2. Cathode catalyst materials

Most studies of DBFCs are focused on anodes because H2102 FC studies have largely
covered the development of cathode materials. Cathode efficiency plays a significant role
in the performance of DBFCs 24 124 125 126 Cheng et al. 1% investigated different cathode
materials, including Pt, Ni and Ag, using Au as an anode (all electrodes: 2 mg metal cm™)
for NaBH4lO, FCs using 1.32 mol dm™ NaBH; fuel and 0.2 L min™! O (1 atm) divided
by Nafion® 117 at an elevated temperature of 85 °C. The results revealed that the Pt/C
cathode presented the best power density (more than 72 mW c¢m2), which is more than
double the power densities of Ni and Ag catalysts under the same conditions. In the same
study, the authors performed a durability test — which is essential from a practical point
of view — on Pt, Ag, Ni, and Pd using a current load of 50 mA c¢cm™ at 70 °C 1%, as shown
in Figure 2.7. The data suggest that Pt is significantly more stable than other cathode
catalysts at 70 °C, which led Pt to be selected as a cathode for this project. Generally, as
the authors concluded ', Pt is considered the best cathode electrode for commercial FCs,
oxygen reduction, high electronic conductivity and stability; however, its high cost might

limit the competitiveness of DBFCs in the FC market %%,
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Table 2.1. A selection of the DBFC data and performance results with different anode
and cathode catalysts.

Anode Cathode Pow
. . . Fuel and er
material material T Oxidant concentration | dens
(catalyst (catalyst Membrane | , (flow / . Ref.
. . C 3. . 1 (flow / ity /
loading / loading / cm’ min™) 3. 1
2 2 cm’ min™) mW
mg cm™) mg cm™) 2
cm
Pto.75-Iro.25/Ti | Pt/Ti mesh (2) Nafion® 25 | 2M H202 0.5M NaBH4 | 93 This
plate (2) 115 1.5 M H2SO4 | 4 M NaOH work
Pto.75-Iro.2s/T1 | Pt/Ti mesh (2) Nafion® 65 | 2 M H202 0.5M NaBH4 | 162 | This
plate (2) 115 1.5 M H2SO4 | 4 M NaOH work
Pto.s0-Ir0.5/C Pt/C(4) Nafion® 25 | 02 (200) 2.0 M NaBHs | 22 6
%) 117 2.0 M NaOH
Pto.75Zno.25/C Pt/C Nafion® 25 | 2 M H202 1.0 M NaBHs | 66 73
4.5) 4.5) 117 0.5 H2SO4 3.0 M NaOH
Pt0.75Sn0.25/C Pt/C Nafion® 25 | 2 M H202 1.0 M NaBHs | 74 17
4.5) 4.5) 117 0.5 H2SO4 3.0 M NaOH
Pto67Cuo33/C | Pt/C Nafion® 25 | 2 M H202 1.0 M NaBHs | 53 127
4.5) 4.5) 117 0.5 H2SO4 3.0 M NaOH
Pto.75Co00.25/C | Pt/C Nafion® 25 | 2 M H202 1.0 M NaBHs | 69 128
4.5) 4.5) 117 0.5 H2SO4 3.0 M NaOH
Pt-Pd Pd-Ir Nafion® 251 0.04 M H202 | 0.01M NaBH4 | 55 129
(10) 117 1.0 H2SO4 1.0 M NaOH
Pt/ Au/XC-72 Nafion® 25 | 2 M H202 1.0 M NaBH4 | 55 130
Nanoporous 117 0.5 H2SO4 3.0 M NaOH
carbon (4)
Pt/C(4.5) Pt/C(4.5) Nafion® 25 | 2 M H202 1.0M NaBH4 | 43 17
117 0.5 H2SO4 3.0 M NaOH
Pt/C (0.7) Pt/C(0.7) Nafion® 25 | 2 M H202 1.0M NaBH4 | 43 3
117 0.5 H2SO4 3.0 M NaOH
Au/C felt Pt/C (4) Nafion® 20 | 1 M H20: 6.6 M NaBH: | 34 2
(0.5) 117 1 M HCI 6.0 M NaOH
Au/Ti mesh Pt/C (2) Nafion® 85 | 02 (200) 1.3 M NaBHs | 81 87
2) 117 2.5 M NaOH
(10)
Au/C (1.4) Pt mesh Nafion® 20 | 4.5 M H202 0.5 M NaBHs | 30 8
nanoparticles 212 2.0 M HCI 2.0 M NaOH
Au/Ni-foam Au/Ni-foam Nafion® 25 | 2 M NaOH 0.1 MNaBHs | 42 to1
115 0.5M H20: 2.0 M NaOH
Ag/Ti mesh Pt/C (2) Nafion® 85 | 02 (200) 1.3 M NaBHs | 58 87
2) 117 2.5 M NaOH
(10)
Ni-Au/C (1.4) | Pt mesh Nafion® 20 | 4.5 M H202 0.5MNaBHs | 74 83
nanoparticles 212 2.0 M HCI1 2.0 M NaOH
Pd/C (2) Pt/C (2) Nafion® 85 | O2 1.3 M NaBHs | 90 108
117 2.5 M NaOH
Ni+Pd/C (1) | Pt Nafion® 28 | 02(0.15) 1.3MNaBHs | 77 8
212 2.5 M NaOH
3
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Co(OH)2-PPy- | CoOOH-PPy-C | Nafion® 25 | 02(10) 1.3M NaBHs | 101 131
BP (10) 117 2.5 M NaOH
AB: alloy Pt/C Nafion® 85 | O2 2.6 MNaBHs | 180 |
117 5.0 M NaOH
ABs(39) Au Nafion® 25 | 2.0 M H202 1.1 MNaBHs | 50 132
961 1.5MH:SOs | 5.0 M NaOH
0.1 M HsPO4 | (10)
Poly (3,4- Poly (3,4- Fumsep 23 | 5 M H202 1 M NaBH4 7.5 7
ethylenedi- ethylenedi- FKB 0.75 H2SO4 4 M NaOH
oxythiophene) | oxythiophene)
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Figure 2.7. The durability tests of different cathode materials in a NaBH4lO2 FC at a 50
mA cm current load and a temperature of 70 °C %8, The anolyte contained
1.32 mol dm NaBHj in 2.5 mol dm> NaOH with a flow rate of 0.01 dm?
min!. The cathode was Pt/C separated by Nafion® 117 membrane and the
oxidant was O (200 ¢cm® min™')

Therefore, non-noble electrocatalyst cathodes, such as iron tetramethoxyphenyl
porphyrin (FeTMPP), were evaluated and showed a higher cell power performance than
either Ag and Ni, that is, up to 65.3 mW cm™ 33, However, the cell with the FeTMPP
cathode exhibited lower activity and stability compared to those observed with the Pt
cathode '33. Recently, Lin et al. '** synthesised a low-cost catalyst for the cathode:
polypyrrole modified carbon supported FeS (FeS-PPy-BP) in alkaline media for a
NaBH4lO2 FC. The open cell voltage was 0.92 V, and the maximum power density of the
cell was around 79 mW cm at 30 °C. Pt/C (5 mg Pt cm™) was employed as an anode in
1.3 mol dm™ NaBH4 + 2.5 mol dm NaOH and 100 mL min"! O under 0.2 MPa. Since

the use of HO; in DBFC at the cathode compartment provides higher open-circuit
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voltages and higher power density than Oz, many papers have studied the effectiveness
of various cathode materials for hydrogen peroxide. Gu et al. ?* examined a potential
catalyst for a direct borohydridelhydrogen peroxide FC using Pourbaix diagrams to guide
the experimental testing. Pourbaix diagrams represent the thermodynamically stable form
of an element as a function of the potential and pH of a given environment !*°, The authors
used activated carbon cloth as a supporting material since it has a higher surface area than
carbon powder or paper 2*. They recognised that Au was an effective cathode catalyst
material for a NaBH4IH>O> FC using a serpentine, bipolar plate. However, they did not
consider the electrode cost. The experiments showed, in another paper 2%, that using H>O»
as an oxidant in the direct oxidation of BH4 can provide a cell voltage 30% higher than
conventional H2102 FCs because, as discussed in section 2.2.2, the reduction potentials of

02 [Eq. (2.8)] and H2O> [Eq. (2.15)] are 0.4 V and 1.78 V vs. SHE, respectively.

2.4. Membrane

The membrane separator is an integral part of a DBFC. It allows the transport of selected
ions and prevents the crossover of borohydride towards the cathode, which can activate
borohydride decomposition and might deactivate the cathode sites by forming metaborate
on the cathode surface. Many properties should be considered when selecting a

membrane, such as conductivity, thickness, mechanical strength, ion exchange capacity

35 t 108

and equilibrium water content '”°. The latter is required during DBFC operation to
protect membranes from drying, as membrane hydration is essential for ion migration.
Cheng et al. '8, for example, reported that a 3541P membrane can absorb a higher amount
of water (45% '3 equilibrium water content) than the Nafion® 117 (19%), meaning that
a 3541P membrane would function well with a high current density and with
unhumidified O>. The cell temperature also affects the properties of a membrane;
membrane conductivity will increase if temperature increases, which can improve the cell

current output 37

. However, it also dries the membrane and changes the water balance,
causing its resistance to rise and thus decreasing cell efficiency 3. Ideally, a healthy

balance can be achieved.
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There are two kinds of membranes: the anion exchange membrane (AEM) and the cation
exchange membrane (CEM), both of which have been examined for use in DBFCs. Figure
2.8 shows different schematic diagrams of a direct borohydride system which exhibits
how the ions exchange in AEM and CEM membranes. AEMs, as illustrated in Figure
2.8a), allow hydroxyl ions (OH") to transport from the cathode compartment to the anode
compartment, maintaining the alkalinity of the anolyte at a high level, which helps
stabilise the borohydride ions. However, unlike CEMs, AEMs suffer from the migration
of borohydride ions (BHj) in the opposite direction of OH" ions. CEMs prevent the
crossover of BH, ions, which allows the efficient transport of sodium ions (Na* or K¥)

from the anode to the cathode compartment to preserve the charge balance: see Figure

2.8b) 12.

The most common membrane in FCs is CEMs, particularly Nafion®, because of their

35 139" commercially availability % and higher ion

mechanical strength, chemical stability
conductivity than AEMs '*°. Their long-term stability, however, has not been studied,
especially at high temperatures 2° !2 for alkaline electrolytes in FCs. The drawback of a
CEM (Na* transfer) in DBFCs is that it may decrease the alkali concentration in the
anolyte compartment which, in a longer-term operation, makes borohydride unstable
12 The thickness of the membrane also affects the cell performance, as thin membranes

show low ohmic and charge-transfer resistances '*° 63

, resulting in high cell efficiency
despite the increase in BH, crossover. Liu et al. 13° discovered the polarisation curves of
different Nafion® membranes, including NRE-211 (25.4 um), 112 (51 um), 115 (127 um)
and 117 (183 pm). Their results showed that thinner membranes increase maximum
power density, with the best performance presented by NRE-211. The cell performance

of Nafion® 115 was similar to that of Nafion® 117 for the borohydride FC.

Conversely, another study done by Li et al. % found that Nafion® 117 leads to better cell
performance than Nafion® 112 (51 pm), as Nafion® 117 exhibits considerable resistance
to borohydride crossover. One of the challenges in DBFCs is to decrease the ion transport
resistance in the cell. As Na* is larger than H", it may face higher resistance than that in
the PEM FC. However, Liu et al. '* noted that the ohmic losses are not literally related

to the membrane thickness; rather, it is primarily affected by electrolyte resistance.
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Figure 2.8. Different schematic diagrams of a direct borohydride fuel cell separated by a)
anion exchange membrane and b) cation exchange membrane.
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Sljukié¢ et al. "0 have published a report with the following title question: “Anion- or
Cation-Exchange Membranes for NaBH4IH>O> Fuel Cells?” They studied the impact of
membrane types on NaBH4lH>O> cell power output, comparing two commercial ion-
exchange membranes, including an AEM (AMI-7001S) and a CEM (CMI-7000S).
Several performance tests revealed that CEMs have significant performance advantages
over AEMs. Therefore, the cation exchange membrane, namely, the Nafion® 115

membrane, has been chosen for this project.

2.5. The influence of the operational variables of DBFCs

2.5.1. Effects of temperature

One of the main advantages of DBFCs is their capability to generate power at or near
room temperature, which makes them appropriate for mobile applications. Cheng and
Scott 1*% studied the effect of temperature (from 25 to 85 °C) on the performance of a
NaBH4lO; FC in which the catalyst loading was 2 mg cm for both of anode (Au/C) and
cathode (Pt/C). The fuel concentration was 1.32 mol dm= NaBHj in 2.5 mol dm™ NaOH.
The authors observed that the elevated temperature had a manifest influence on the
performance and power density of the DBFC (see Figure 2.9). They attributed this
improvement to the enhancement of the mass transfer of the reactants, the faster kinetics
of borohydride oxidation and the higher conductivity of the electrolytes 4! 138 142143 For
example, the maximum conductivity recorded for the fuel solution at 85 °C was about
three times greater than at 25 °C. However, increasing the temperature might also
adversely affect cell performance by enhancing BH,; crossover and its hydrolysis (Ha
evolution), reducing the fuel utilisation and the number of active sites on the cathode
surface because of increased metaborate formation. Moreover, as discussed in the

Membrane section, higher temperatures can dehydrate the membrane, which would also

increase its resistance.
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Figure 2.9. The influence of temperature on the performance of a NaBH4/02 FC. Catalyst
loading: 2 mg cm; anode: Au/C; cathode: Pt/C; concentration of the fuel:
1.32 mol dm NaBH4 in 2.5 mol dm NaOH !,

2.5.2. Effects of reactant concentrations

Changing the concentration of NaBH4 and NaOH affects the performance of DBFCs.
Cheng and Scott 138 recognised that the OCP of DBFCs improved by concentrating BH,

a finding which validates the Nernst equation!4*:

RT  (Cpp) > (Chur)
E=E°+ — g2t o (2.20)
SF (CBO-Z)

Where E° is the formal standard electrode potential (-1.24 V vs. SHE), R is the universal
gas constant (8.314 J mol! K'"), T is temperature (K), F is Faraday's constant (96485 C
mol!) and c is the bulk concentration of borohydride (mol cm™). The Nernst equation
could be used to determine the electrode potential (E) of the electro-oxidation/reduction

reaction under non-standard equilibrium conditions.
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As BHy concentration rises, the power density improves due to the enhancement of both
the fuel mass transfer and the electro-oxidation of borohydride; however, a higher
concentration of NaBH4 may increase the crossover rate of BHy to the cathode side, which

t 138 observed and which agrees with Li et al.’s *° findings. It also

is what Cheng and Scot
leads to higher hydrogen evolution, reducing the fuel utilisation '2. The catalyst loading
limits the current density and thus further raises the borohydride concentration might be

a disadvantage.

In addition, regarding the effect of NaOH, Li et al. ** reported that its concentration should
not affect the cell voltage, as it does not involve the cell reaction [Eq. (2.9)] but that it
would reduce the mobility of the charge carrier (Na") in the anolyte solution. As a result,
the cell polarisation would be dominated by the anolyte viscosity, especially at higher
current densities. Increasing the NaOH concentration would increase the anolyte
viscosity, which hinders the movement of borohydride ions towards the anode catalyst

145

sites '*> and decreases the mobility of Na to the cathode compartment, which would

138 18

reduce the cell’s performance . The concentration should therefore be optimised in

view of the cost of the fuel and cell performance !2. Chatenet et al. 52 reported that the
[OH]/[BH,4] ratio has a great influence on the reaction kinetics, as 8 OH ions are required
for each BH, ion, where the suggested ratio should be 100 times and more in this process.
An optimal NaOH concentration of 5 mol dm™ was proposed by Celik et al. !” for the
DBFC system. However, it seems that the optimal concentration also depends on the
electrode materials and the other operating parameters; as the current study concludes, it

is around 4 mol dm™ (see Chapter 6).

As the NaOH concentration affects the diffusion of the reactants, Wang et al. 46 have
obtained an empirical polynomial equation [Eq. (2.21)] that can be used to determine the
BH, diffusion coefficient, D (cm? s!), without knowing the borohydride concentration or

the electron number involved in the anode reaction.

D =2.01 x 107°-3.65% 10%x+2.25 x 107x? (2.21)
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Where x is the NaOH concentration in mol dm ranging from 0.5 to 6 mol dm at 30 °C.
The authors applied chronoamperometry experiments on a spherical Au electrode fused
to the tip of a glass tube. They found that the temperature dependence of D can be
described (by the Arrhenius equation) for a NaOH concentration of 2 mol dm? as:

5.57x10 exp(-15.2 kJ/RT).

2.5.3. Effects of fuel and oxidant flow rate

L7

DBFCs are also affected by the anolyte and catholyte flow rates. Celik et a applied
different flow rates during the oxidation of a NaBH4lair (humidified) FC using Pd/C (10
wt.%) as an anode and Pt/C (10 wt.%) as a cathode separated by a Nafion® 117 membrane.
The fuel concentration was 1.0 mol dm= NaBH4 in 5 mol dm NaOH and the flow rate
of the solution was 2 cm® min™! at 25 °C. The authors detected a small improvement in
the power density by increasing the flow rate; for example, when the flow rate of the
oxidant increased from 10 to 150 cm® min™!, the power density increased from 8.5 to 10.1
mW cm™. It should be mentioned that, when the air is used as an oxidant, carbonate is
formed due to the CO; associated with ambient air, which could affect both the electrode

and solution 138 147,

Cheng and Scott 3® also experimented with different flow rates of fuel (5, 10 and 100
cm® min'") and observed only a 3.5% improvement in the power density when the flow
rate was changed from 10 to 100 cm?® min!. They concluded that higher fuel flow rates
provide better mass transport and alleviate possible blocking of the channel by product
accumulation. Accordingly, operating DBFCs at a lower flow rate is more economical,
since its influence is relatively small 48, Moreover, a higher flow rate increases the risk
of leakage because of additional stresses on the cell, especially on the tubes, the electrode
and the sealing materials; on the other hand, a higher fuel rate ensures uniform distribution
of the reactants (avoiding dead zones) and might improve the mass transport by removing
the hydrogen gas !2. In short, the operating conditions deeply influence the performance
of FC systems. Therefore, they have been considered in this research by using a practical

DBFC and studying their effects on its performance (see Chapter 6).
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2.6. Effects of electrode geometry

Noble metals presented higher performance of the electro-oxidation of NaBHj, but they
would increase the cost of DBFCs. Most studies on the DBFC have used microstructures,
meaning that the catalysts are usually supported by carbon powder, or they have used 2D
electrodes ®. Using 3D electrodes has several advantages. For example, reticulated metals
allow full utilisation of the active sites, minimising the amount of noble metal required
and thus reducing electrode costs '°2. A porous, 3D electrode also substantially increases
the rate of electrocatalytic reaction because it offers a high surface area and develops
turbulent flow, which enhances the mass-transport conditions close to the electrode
surface 4. 3D electrodes also increase the space-time yield, raising the efficiency of the
FC. Finally, they prevent the active sites from absorbing gas bubbles and becoming

blocked by facilitating the release of by-product gases, such as H, and O, 10! 102,

Different reticulated materials have been used to build 3D electrodes, including nickel
1027 Cu ', reticulated vitreous carbon (RVC) # and titanium 37. Several 3D electrode
geometries are commercially available, such as felt, foam, sponge and mesh. One
example is the RVC material illustrated in Figure 2.10, which is characterised by the
number of pores per linear inch (ppi). To study the influence of pore size on the electro-
oxidation rate of BH,, Ponce de Ledn et al. ® experimented with the oxidation of
borohydride ions on RVC of various ppis coated with Au nanoparticles using the
sputtering method — which is the physical vapour deposition (PVD) of a catalyst — and
different exposure times. The authors observed that increasing both the Au deposition
time and the porosity of the RVC electrodes led to higher performance of the electrode.
The average efficiency of the charge transfer was between 87 and 98%; they attributed
this variation to uneven current and potential distribution on the 3D electrodes, which
suggests that the thickness of the RVC electrode and its coating quality need to be
optimised 8. Low et al. 1! tested Au nanoparticles supported by the nanotubular titanate
(NT) oxide electrodes (Figure 2.11) to examine the oxidation of borohydride ions. The
Au-coated titanium oxide nanotube array offered approximately double the electrical
charge of a Au/commercial carbon felt electrode (E-TEK) in agreement with the results
of Santos et al. (AuCo/TiO2-NTs) 132 and Ponce de Leodn et al. 133 (Au/NT). Titanate oxide
nanotubes offer a large surface area with a reliable, low-cost technique '°!. However, in

the reported data of Ponce de Leon et al. '53, the onset potential of BH, oxidation was
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shifted by 0.3 and 0.33 V towards positive values compared to the Au foil and the Au/C,

respectively, under the same conditions.

(@) 1 mm

Figure 2.10. SEM micrographs of reticulated vitreous carbon (RVC) samples: (a) 10, (b)
30, (c) 60 and (d) 100 ppi '3*.

Figure 2.11. Surface morphology of two Au-coated TiO: electrodes with a different
sputtering time 1): 10 min and 2): 30 min °!,

Cheng and Scott ¥’ investigated the oxidation of borohydride ions on Au and Ag anodes
that were supported by titanium mesh in a DBFC. The two anodes were coated with 2 mg

cm? metal using the reported thermal deposition method '3°. The membrane electrode
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assembly (MEA) was fabricated with a Nafion® 117 membrane separating the selected
anode and the Pt/C cathode and was assembled between two graphite blocks with parallel
flow channels to provide a 4 cm™ active area. The fuel concentration was 1.32 mol dm
NaBHj in 2.5 mol dm™ NaOH with a fuel flow rate of 0.01 dm* min! and 0.2 dm? min!
of oxidant (Oy) at 85 °C. The DBFC, employing Ti mesh supporting Au and Ag anodes,
exhibited remarkable current densities — up to 50% higher and power densities up to 20%
higher (81.4 and 51 mW c¢m™ for Au/Ti mesh and Ag/Ti mesh, respectively) — than those
of the same anodes supported by carbon, as can be seen in Figure 2.12. Titanium materials
are promising alternative catalyst supporters because of their many advantages, such as
given acceptable conductivity, high mechanical and electrochemical stability, open
structure and ease of manufacturing . Most of the studies on DBFCs have focused on
2D electrodes substrates, and, to the best of the author’s knowledge, no publication has
studied the performance of different 3D Ti structures or characterises the mass-transport
parameters of them for DBFCs. Therefore, this study uses 3D titanium materials,
including a flat electrode, as substrates because of their many advantages mentioned
above. The core objective of using 3D Ti structures is to improve the performance of the
DBFC by finding the most efficient electrode structure (2D or 3D) regardless of the

catalyst.
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Figure 2.12. The power densities vs. metal loading for anode catalysts with 4 cm™ of
active area; Au and Ag in a NaBH4lO> FC; Nafion® 117 membrane; a fuel
concentration of 5 wt.% (1.32 mol dm) NaBH4 in 10 wt.% (2.5 mol dm™)
NaOH; a fuel flow rate of 0.01 dm?® min!; O, as the oxidant; a flow rate of
0.2 dm® min'!; and a temperature of 85 °C ¥’



Chapter 2: Literature Review

2.7. Effects of surfactants in DBFCs

One of the most challenging aspects of DBFCs is minimising the hydrolysis reaction to
avoid the oxidation of hydrogen gas, which lowers the number of electrons and causes a
mixed cell potential. The formation of hydrogen gas in a running DBFC not only
minimises the efficiency of fuel utilisation but can also create a safety hazard. The
hydrogen evolution depends mainly on the electrode material and the fuel concentration.
Liu et al. ¢! studied the hydrogen generation behaviours in Ni, Pd/C and Pt/C anode
electrodes using different anodic currents and different fuel concentrations. Surprisingly,
the results demonstrated that the Pt electrode generated the lowest hydrogen evolution
rate, which supported the selection of a Pt catalyst for the current study. All anode
catalysts in Liu et al.’s study showed a dramatic increase at high current, especially for
Ni; see Figure 2.13 for the solution of 1.02 mol dm™ NaBH4 in 6 mol dm> NaOH. The
results also showed that a significant amount of hydrogen is generated when the initial

concentration of borohydride is increased.
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Figure 2.13. The hydrogen evolution rate vs. the applied anode current on Pt, Pd and Ni
electrodes at 1.02 mol dm NaBHj, at 30 °C 61

The hydrogen generation issue can be solved in two different ways: the use of a suitable
anode material that favours borohydride oxidation instead of the hydrolysis reaction or

the use of surfactants to inhibit the hydrogen generation ',
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Few papers have reported on the use of additives to suppress the H» evolution 56 157 158

159/37:49 160 161 ‘Merino-Jimenez et al. !¢ analysed the kinetics of borohydride oxidation
both in the presence and the absence of surfactants, using rotating and static gold disc
electrodes in a conventional three-electrode cell. Three surfactants were selected:
alkoxylated ether (non-ionic) Triton X-100, sodium dodecyl sulphate (SDS; anionic, i.e.
it contains anionic functional groups, e.g. sulphate and phosphate) and FC4430 (non-
ionic). Harvey !6? described SDS as “[having] a long-chain hydrophobic (tail) and an ionic
functional group, providing a negatively charged (head)”. The experimental results of
Merino-Jimenez et al. '*® showed that the SDS surfactant in 3 mol dm= NaOH (no
NaBHy4) is not electroactive in a potential range of -0.8 to 0.6 V vs. Hg/HgO (-0.66 to 0.74
V vs. SHE); meaning that all the increased CV’s peaks in the presence of NaBH4 with
SDS were due to BOR. The authors concluded that SDS was a promising inhibitor, since
it improved the diffusion coefficient of borohydride, the limiting current and the kinetic
constant. The authors also mentioned that the concentration of SDS should not exceed
0.001 wt.%; otherwise, it partially blocks the active sites and reduces the current density.
The use of the other non-ionic surfactants, Triton X-100 and FC4430, showed a decrease
in the current density. Thiourea (TU) and tetraetylammonium hydroxide (TEAH) have
been reported as suggested inhibitors for hydrogen evolution *° 15°, but Demirci !°® argued
that TU acts as a poison for the anode active sites, since TU is an organic sulphur
compound and thus may absorb on the electrode surface. Gyenge *° found that, in the
presence of TEAH, the H» oxidation peak still existed and shifted by 0.3 V in the positive
direction, while only the peak of direct oxidation of borohydride was observed in the
presence of TU, although the current was lower than without it. Surfactants may enhance
the fuel utilisation efficiency and coulombic efficiency of DBFCs; however, future work
is needed to determine the long-term stability and the chance of catalyst poisoning in a

solution containing a surfactant.

Generally, it is believed that surfactants play an essential role in the inhibition of
corrosion, improvements in reaction rates and the performance of FCs and batteries '%.
For example, cetyltrimethylammonium bromide (CTAB) can influence and modify

157 Alternatively, Jamard et al. '®! suggested that it is better to

electrode properties
optimise the catalyst loading rather than adding surfactants to the fuel solution, which

leads to high utilisation of the fuel and maximises the power density, possibly improving
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the durability of the electrodes and the efficiency of the cell. The current study uses SDS
additive because of its suppression of the Hz evolution in a single borohydride flow cell,
as most of the studies were performed in the half-cell configuration that Merino-Jimenez

1 156

eta used.

2.8. The recycling process of sodium metaborate to sodium borohydride

Sodium borohydride (NaBH4) is a promising chemical substance for hydrogen storage
for PEM FCs and DBFCs. The by-product of NaBH4 reactions (hydrolysis or oxidation)
is metaborate (NaBO), which can be recycled back into NaBH4 many ways 64 165 166 167
168 One of the challenges that limits DBFC and IBFC technologies is this costly and

inefficient process of recycling. However, Chen et al. '¢7

recently reported a cost-
effective, efficient process to regenerate NaBHs by high-energy ball milling the
NaBO>+2H,0O or NaBO>+4H,O with MgH> to achieve 90% or 88% yields of
borohydride, respectively, at 25 °C and 1 atm. High-energy ball milling synthesises
NaBHj through the reaction of the mixed powder of Mg/MgH> and NaBO, at 25 °C 165,

Magnesium hydride (MgH>) is used as a reducing agent to transform H- into NaBO, 6

168 165 168

. The experimental details can be seen in various studies . The raw material of
magnesium hydride is very costly, however, which might raise the overall cost of the
recycling system 6. Nevertheless, finding a cost-effective recycling process for the
magnesium oxide byproduct to MgH> and minimising milling energy requirements would
make this a good choice; that has been suggested by Dow Chemical Company (top
manufacturer of NaBHy, reported in 2010) '®°. Celikkan et al. ** studied some patents for
reconverting NaBO> to NaBHa, revealing that the electrochemical process (see this patent
170) is the most economical, promising method. Metaborate could also be utilised in other
processes. For example, Kibar and Akin !”! discovered a novel way of producing a high
added-value chemicals via the carbonation reaction of metaborate and carbon dioxide (at
400 °C), as the latter is a controversial greenhouse gas. In conclusion, there appears to be
progress on regenerating NaBH4 or reusing its by-products in other systems, but further
investigation is essential to provide a simple, economic recycling system to make

borohydride FCs more attractive to the market.
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2.9. The limiting current technique and mass-transfer coefficient

The idea of the limiting current technique is based on driving the electrochemical reaction
to the upper bound of its rate, where it is limited by mass transport !’2. The limiting current
is a crucial design parameter, as it represents the maximum rate for a particular electrode.
Furthermore, it is a useful technique for mass-transport studies because mass-transport
coefficients can be calculated accurately from the experimental plot of current versus
applied potential 72, According to Faraday’s law, the kinetic rate of an electrochemical
process, r;, depends on the current, /, a number of exchange electrons, z, and on the

Faraday constant, ' % (96485 C mol!):

I
= (2.22)

The rate of component transfer, 2, can also be defined by the following equation:

ry=kyA(c-cp) (2.23)

Where ki (cm s7) is the mass-transfer coefficient, 4 (cm?) is the active electrode area and
¢ and cg (mol ¢cm™) are the concentration of the controlled species in bulk and at the
electrode surface, respectively. When the current reaches its limit, ¢z becomes zero, r;
and > are equal, and so / takes the value /;, which can be determined from the V-1 plot
(i.e. Figure 2.14). As a result, in this situation, the value of k, can be easily calculated

from the following equation !72:

" 2FAc

(2.24)

Determining the overall rate of mass transfer is used to evaluate the performance of an
electrochemical reactor, which can be determined by calculating the mass-transport
coefficient, ku, from the evaluated limiting current, /; (A), under mass-transport
controlled conditions !73. Under these conditions, the reaction depends on the product of

the mass-transfer coefficient, k» (cm s™), and the active electrode area, 4 (cm?) 173
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Figure 2.14. The LSV of a solution containing 0.018 mol dm= in NaBH4 in 2 mol dm™
NaOH using a gold planar electrode and a rotation rate of 800 rpm at 23 °C
(the data is from the current work).

Evaluation of %, by the limiting current technique can also be used to study the
performance of two or more electrochemical cells which have similar conditions to select
the one most suitable for a particular process !72. The experimental conditions have to be
set under known electrolyte concentrations, where the process operates at a constant
temperature and within a constant geometric electrode area !7%. Overall, the limiting
current is proportional to a range of main experimental variables, such as the electrode
area (A4), the reactant concentration (c¢) and the mean linear flow velocity of the electrolyte

(v) at a controlled temperature based on the following equation '7°:

I; o Azc Fv* (2.25)

There are many techniques to determine the limiting current. The most common one is
the potential sweep method. In this method, linear sweep voltammetry (LSV) can be used
to obtain the polarisation curve by changing one of the mentioned variables. However, a

more convenient option is the potential step technique, in which the potential is stepped
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from a low potential to one in the mass transfer region !”

, as shown in Figure 2.14
between 11 and 1. In the borohydride process, in which the electro-oxidation mechanism
is sophisticated and might involve the direct oxidation of borohydride ions, BH3OH™ and
H, form from the hydrolysis reaction ¢. In this case, it is preferable to control the potential
at a selected value and incrementally step the electrolyte flow rate or borohydride

concentration.

Walsh '7° reported the following factors that cause non-uniformity in the limiting current
distribution and which might show a fluctuation in limiting current measurements:
e The difference in flow rate due to local turbulence, gas evolution or flow
pulsation.
e The difference in surface roughness due to electrode manufacturing and the
catalyst deposition method.
e The electrode structure (especially 3D electrode materials), causing non-

uniformity in the potential distribution.

For porous electrode materials, it is hard to determine the active electrode area (4) ',
and the real electrochemical active area is much lower than the surface area that can be
determined by the Brunauer-Emmett-Teller (BET) method 77, which was published in
1938 '8, In this method, the surface area is determined by obtaining the amount of liquid
nitrogen (at ~77 K) adsorbed isothermally on a solid surface, assuming a completed
monolayer in a close-packed state !”. Therefore, for the 3D electrode, many authors have
suggested using knd. (s'!) as one product so that it is not necessary to know the value of
the area separately 76 149 175 180" 4 is defined as the active electrode area per unit of

electrode volume (cm? cm™), 7, i.e. 17> 181 180 the following:
A,= 4 2.26
e Ve ( . )

The combining of Eq. (2.24) and Eq. (2.26) leads to the electrode performance factor (ki

A.), which can be named the ‘volumetric mass-transport coefficient’:
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I

A =
kndle zFcV,

(2.27)

The goal is usually to maximise 4. to achieve a compact electrochemical reactor '3°. By
assuming a mass-transport rate control, the volumetric mass-transport coefficient can be
evaluated in two ways: 1) by determining the limiting current that could be obtained from
a certain electrode or 2) by measuring the depletion of active species with time 7 182,
The latter method is slower, more difficult and inconvenient '¥2. Accordingly, in this
project, the first approach was used to evaluate different 3D electrode geometries. The
characterisation of an electrode and the evaluation of its coefficients are important to

obtain the dimensionless parameters during cell scale-up. As a result, the cell size and its

corresponding investment can be determined.

2.10. Dimensionless parameters

The most common design used in industrial electrochemical reactors is a flow-through
parallel plate reactor which is approximate to a rectangular channel '7° (see Figure 2.15).
The geometry of the rectangular flow channel is usually characterised by the equivalent
(hydraulic) diameter, d., the dimensionless length group, L., and the aspect channel ratio,

v, which is the channel’s height, S, over its width, B (Figure 2.15) '7>:

7" 2.28
de B+S ( )
d, (2.29)
Le—z

S (2.30)
7~ B

cathode

. |

F 3
Gap () ! Electrode length (L)

Flow in
< >
Breadth (B)
Figure 2.15. A sketch of the flow through a rectangular channel.
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In the mass-controlled region, a convective-diffusion mode was assumed, i.e. both the
velocity gradient (external mechanical force by a pump) and concentration gradient
(physical force) contributed to mass transport 7>, Thus, the mean linear electrolyte flow

velocity past the electrode surface, v (cm s!), can be calculated from the following:

_9
V=l (2.31)

Where Qy (cm? s7!) is the electrolyte volumetric flow rate, ¢ is the volumetric porosity of
the porous electrode and A, (BS) is the cross-sectional area (cm?) of the electrode. The
mass transport in electrochemical cells can be explicitly expressed by the dimensionless
groups, named the Sherwood (S%), Reynolds (Re) and Schmidt (Sc) 4 7> numbers, which

can be described by a dimensionless group correlation 4 175

Sh=aRe"Sc"? (2.32)

Where a and b are empirical constants dependent upon both electrode geometry and flow

conditions ', The dimensionless groups can be defined as:

k. d

_ Kkm@e 2.33

Sh 5 (2.33)
d

o Ve (2.34)
Vv

Y (2.35)
5 D

Where D (cm? s!) is the diffusion coefficient of the electroactive species, and v (cm? s™!)
is the kinematic viscosity of the electrolyte. One of the measurement techniques
(mentioned previously) to determine the limiting current, Iz, is to vary the mean linear
electrolyte flow velocity while the potential is held constant within the limiting current
region !>, In this work, the chronoamperometry measurement, at +0.20 vs. Hg/HgO (0.34
V vs. SHE), was used to determine the /; vs. different electrolyte velocities. It is useful to
obtain the volumetric mass-transport coefficient, k»n 4., as a function of linear flow
velocities for both 3D and flat electrodes, which were then fitted to Eq. (2.36) '3, where

p and g are empirical constants that can be used to characterise various electrodes:
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k,A.= pV (2.36)

Several studies have investigated the performance of three-dimensional materials using
the mass-transfer coefficient. Brown et al. '* have used the reduction of cupric ions to
Cu metal to characterise the mass-transport properties of six types of plastic mesh
turbulence promoters. The authors noted that the limiting current is not only increased by
the faster electrolyte linear flow but also that the increased turbulence at the electrode
surface has a significant effect on it. Moreover, using mesh turbulence promoters (TPs)
had a strong influence on the current distribution, smoothing out the current within the
reactor. In another study !%, the authors analysed the relationship between the mass-
transport coefficient and the mean linear flow velocity both with and without a TP in a
parallel plate electrolyser using a number of patterns of a segmented line made from Cu.
The TPs increased the average mass-transport coefficient by 1.7 to 3.8, while the pressure
drop in the reactor was small. The turbulence promoters also reduced the variation of the

current distribution by about 30%.

In another publication '*, the same authors also explored the performance of different 3D
materials in an FMO1-LC reactor using the reduction of ferricyanide ions as a model
reaction. The examined electrodes were nickel materials, including two types of expanded
metal mesh (both short and long diagonal arrangements), twin grid, a fine nickel mesh
and a stacked grid and foam (see Figure 2.16). The two expanded meshes differed only
in the orientation to the flow; the short diagonal arrangement doubled the effect of the
long diagonal arrangement. However, in another study conducted by Leroux and Coeuret
186 the factor was only 1.4 for similar materials. Both articles considered 45 ppi nickel
foam; however, the empirical constant of the linear flow velocity (knde= pv?) was g =
0.49 in Leroux and Coeuret’s study, while Brown et al. found it to be 0.7. Brown et al.
attributed this to the difference in their cell design, which did not have an entry (or
calming) zone to allow for a well-developed flow at the entry and the exit to the solution
reservoir, possibly affecting the mass-transport correlation equations of the electrode.
Brown et al. '*% also reported a less than 20% increase in the pressure drop when the 3D

electrode materials were used.
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Figure 2.16. Photographs of 3D nickel electrodes that were examined in a FM01-LC
reactor using the reduction of ferricyanide ions: a) expanded nickel type
197V, b) 197H, ¢) twin grid, d) foam, €) stacked nets and f) stacked grids '®.

2.11. Conclusion

In summary, the DBFC is a promising, novel source of energy due to its high theoretical
specific energy that can reach up to 17 kW h kg! (at room temperature). It has at least ca.
three times of the theoretical specific energy density of methanol FCs and two times that
of ethanol FCs, not to mention secondary batteries (e.g. Li-ion batteries, which can have

only 0.2 kW h kg™).

The current review indicates that high concentrations of borohydride can provide more
current density; however, they also lead to anodic poisoning, BH; hydrolysis and its
crossover to the cathode compartment, which reduces fuel efficiency and poisons the
cathode. It is essential that sodium hydroxide is present in the anolyte solution to prevent
BH; from decomposing and to increase the solution conductivity. However, higher
concentrations of NaOH increase the electrolyte viscosity, which reduces the transport of
borohydride towards the anode and of sodium ions towards the cathode. Furthermore,
adding surfactants to the anolyte (such as SDS) would help with inhibiting the H>
evolution; however, it might block and poison the catalyst sites at high concentrations. In

brief, optimising the operating parameter is essential to maximise the cell power density.
Polymer materials presented a modest performance (7.5 mW cm) compared to non-

noble metals and their alloys, such as Ni. However, borohydride oxidation on the Ni

electrode can release only four electrons and demonstrated higher hydrolysis rates than
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Pd and Pt, the latter being the lowest in terms of the H> evolution rate. Au is no longer
considered faradaic efficient for the electrochemical oxidation of borohydride ions, as the
online mass spectrometry detected a non-negligible amount of H yield during
borohydride oxidation on Au electrodes. The Pt catalyst presented faster kinetic reaction
parameters by far than Au, where the heterogeneous rate constant of Pt is ten times larger
(1.86 cm s') than Au (0.14 cm s!). Pt and Pd showed some similarities in terms of H»
evolution; however, Pt demonstrated substantially better durability than the Pd, Ag and
Ni catalysts at various current loads. Additionally, Pt as a raw material costs roughly 50%
less (£629 oz!) than Pd (£1203 oz!). Pt-Ir alloy (50:50, 2D structure) formed a more
effective anode than Pt-Au, Pt-Ni or Pt-Ru, demonstrating the highest cell voltage at any
applied current density. The chronopotentiometry tests revealed that the Pt-Ir anode had
the narrowest gap (0.08 V) between the OCP and the steady-state operating potential,
followed by Pt-Ni, Pt-Au and Pt (0.45 V); it also formed the most stable anode. Pt-Ir
exhibited oxidation peaks at the most negative potentials, which meant the most
potentially favourable kinetics of all electrode materials that have been reported in the

study .

3D electrode materials provide a high surface area and develop turbulent flow, both of
which can increase the rate of electrocatalytic reaction. They can also increase the mass-
transport rate and space-time yield, cause full utilisation of the active sites and minimise
the amount of noble metal required, which leads to both lower electrode costs and higher
DBFC efficiency. Titanium materials are promising alternative catalyst supporters
because of their many advantages, such as given acceptable conductivity, high

mechanical and electrochemical stability, open structure and ease of manufacturing.

From the cited research, Ir and its alloys showed a significant activity towards the BH,
oxidation, although few publications studying this material have been found. Pt-Ir
bimetallic (1:1) showed remarkable kinetic parameters and high electrode performance
in contrast to Pt, Au, Ag, Pd and their alloys. Therefore, Pt-Ir alloys have been nominated
to be investigated thoroughly with new metal ratios (Pt:Ir; 75:25, 25:75) to evaluate
various 3D Ti anode substrates and the influence of operating conditions to improve the

overall efficiency and power density of DBFCs.
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Chapter 3: Oxidation of Borohydride on Platinum and
Gold

The objective of the chapter is to study the kinetic reaction and the electrochemical
behaviour of borohydride ions in alkaline solutions. This chapter presents the
experimental electrochemical results of comparative cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) of borohydride oxidation on Au and Pt electrodes using a

typical three-electrode cell.

3.1. Electrochemical experiments

3.1.1. The electrochemical behaviour of borohydride on Au and Pt

The chemicals that have been used in all experiments are sodium borohydride, 98% (12—
13 mm pellets, Acros Organics) and sodium hydroxide, 98% (pellets, Merck KGaA). All
water used is deionised water (5 uS cm!) using the Purite Fusion 160 BP water
purification system. A planar gold (0.125 c¢m?, Pine Research Instrumentation) and
platinum disk electrodes (0.071 ¢m?, Eco Chemie) were examined in a conventional
three-electrode cell, as seen in Figure 3.1. A platinum mesh (I cm? geometrical area)
served as a counter electrode, while mercury/mercury oxide (Hg/HgO, 1.0 mol dm?
KOH, Radiometer Analytical, XR440) was selected to be the reference electrode.
Electrochemical measurements were performed by a potentiostat/galvanostat (Autolab).
The Autolab brand (Metrohm AG, the Netherlands) is controlled by a computer and
operated by advanced electrochemical system software (NOVA 2.0). Cyclic
voltammograms were carried out (-1.0 to +0.6 V vs. Hg/HgO) at different scan rates from
10-100 mV s! in an anolyte solution containing 0.03 mol dm= NaBH4 in 2.0 mol dm™
NaOH at 295 K. The counter electrode was immersed in 6.0 mol dm™ NaOH and
separated by a cation exchange membrane, Nafion® 115 (Dupont Co, USA, 127 pm
thick). In each experiment, the Pt and Au electrodes were polished to a mirror finish with
alpha alumina paste (0.3 um particle size) for 50 s, followed by thorough washing with

distilled water before being introduced into an ultrasonic bath for 3 minutes.
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3.1.2. Determination of the diffusion coefficient of the borohydride ions

The typical three-electrode cell (Figure 3.1) was used to evaluate the diffusion coefficient
of BH; in a solution consisted of 3.75 mmol dm™ NaBH4 + 6 mol dm NaOH on the gold
rotating disk electrode (RDE) using a Compact Pine Rotator. The gold electrode was
selected due to its inactivity towards the hydrogen oxidation reaction. A graphite rod (5
mm diameter, 150 mm length, Alfa Aesar, 99%) was employed as a counter electrode
instead of Pt mesh. Nafion® membrane was absent in these experiments because BH;
does not oxidise on the graphite material, unlike Pt. Linear voltammograms were
performed at different rotation speeds (@ = 500, 1000, 1500, 2000, 2500 and 3000 rpm)
ata 40 mV s’! scan rate and potential range between -0.8 and 0.2 V vs. Hg/HgO at 296 K.

3.1.3. Monitoring of borohydride in aqueous solutions by a voltammetric method

An electrochemical test could be used to detect the BH,; concentration in a solution;
therefore, cyclic voltammetry was employed to determine the peak current for different
borohydride concentrations using the potentiostat. The electrochemical measurements
were carried out in the three-electrode cell (Figure 3.1). The gold RDE was chosen due
to its well-defined signal. The graphite rod served as a counter electrode, and the reference
electrode was Hg/HgO. The CV scan rate was 100 mV s™! with a potential range of -1.0
to 0.3 V vs. Hg/HgO with a 10 mV potential step at 296 K. Different borohydride
concentration solutions were examined (20, 15, 7.5, 3.75, 1.875, 0.938 and 0 x 10~ mol
dm NaBH,) in 2.0 mol dm™ NaOH. The test was done five times for each solution. The
solution was stirred for five seconds and left for ten seconds between each CV
measurement. The plot of borohydride concentration vs. peak current was performed to

determine the borohydride concentration in a solution at any time.

3.1.4. Stability of borohydride in aqueous solutions using LSV

The stability of borohydride ions was studied by applying LSV in the three-electrode cell
containing 1.75 dm? of 0.02 mol dm™ NaBH; in 2 mol dm NaOH (see Figure 3.2). The
counter electrode was the graphite rod, and the potential was swept from 1 to 0.2 V vs.

Hg/HgO with a 25 mV s™! scan rate on a gold working electrode (2 mm diameter).
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Figure 3.1. A typical three-electrode cell. Pt or Au planar is the working electrode in
NaBH4" 2.0 mol dm, platinum mesh (1 cm? geometrical area) is the counter
electrode in 6.0 mol dm™ and the reference electrode is Hg/HgO (1.0 mol dm-
3 KOH).
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Figure 3.2. The setup for borohydride ion stability to apply an LSV vs. time. The potential
swept from 1 to 0.2 V vs. Hg/HgO with a 25 mV s scan rate. The gold
working electrode and the graphite counter electrode were contained in a tank
containing 1.75 dm?® of 0.02 mol dm™ NaBH4 + 2 mol dm™ NaOH at 23 + 1
°C.
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The peak current was recorded every 15 minutes for 15 h of continuous operation using

the potentiostat. The total number of LSV measurements was 62 runs at 23 + 1 °C.

3.2. Results and discussion

3.2.1. Cyclic voltammetry on Pt and Au electrodes

The planar Pt (0.071 cm?) and Au (0.125 cm?) electrodes were tested in the conventional
three-electrode cell (Figure 3.1) to understand the kinetic reaction and the electrochemical
behaviour of borohydride ions in an alkaline solution. Figure 3.3a-b shows the forward
scan of cyclic voltammograms (-1.0 to +0.6 V vs. Hg/HgO) of Pt and Au electrodes,
which revealed three peaks (al, a2 and a3), while only one peak (c1) was observed on the
backwards scan. Many authors have observed these peaks, although disagreements persist
49 119 83 187 51 188 37 The explanation below is taken from the literature and helps for

understanding the experimental results of this research.

Figure 3.3a) shows the cyclic voltammogram of 2 mol dm= NaOH (with the absence of
BH;) on Pt. A single anodic peak was observed at a potential of about -0.85 V vs. Hg/HgO
and with a 0.5 mA cm? current density. This peak was attributed to the ionisation of
hydrogen bonded to Pt which was generated because of the cathodic discharge of water
18949 37110 Tn the case of the presence of BH,, a peak (al) was observed at -0.4 V vs.
Hg/HgO and 20 mA ¢cm, which is a superior value than the ionisation of hydrogen peak.
The formation of wave al was at onset potential of ca. -0.85 V, according to Figure 3.3a)
(inset), which could be attributed to the electro-oxidation of H> (2¢”) and/or BH3;OH™ (3¢7)
[Eq. (3.2), Eq. (3.3)] that occurred by the hydrolysis of borohydride ions [Eq. (3.1)] on
the Pt electrode surface. A similar peak was observed by Gyenge *° at approximately -
0.81 V vs. Hg/HgO at 25 mV s! and 25 °C. Concha and Chatenet '!° found it to be around
-0.59 V vs. Hg/HgO on Pt/C nanoparticles but at 100 mV s in 1 mmol dm + 0.1 mol
dm™ NaOH (25 °C).

BH; + H,O « BH;OH + H, 3.1
H2+2OH_ — 2H20 +2¢e” (32)
BH;OH +30H — BO,+ 3/2 H,+2H,0+3¢ (3.3)
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Figure 3.3. The typical cyclic voltammogram on a) Pt and b) Au electrodes. The solution
consisted of 0.03 mol dm= NaBHj4 in 2.0 mol dm> NaOH at a 10 mV s’! scan

rate and 295 K. The red curve is for 2 mol dm= NaOH (background) without
NaBHj4 on the Pt electrode.
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The oxidation of borohydride on Pt is presented in the entire potential window (from -
0.95 to +0.6 V vs. Hg/HgO, Figure 3.3a), which suggests that both Ha¢s and BH, 44

190 _ even at lower

contribute to the anodic current — reported by Lam and Gyenge
potential '°. Peak al was absent in the cyclic voltammetry wave of the gold electrode,
Figure 3.3b), due to the non-catalytic nature of Au catalysts towards hydrogen oxidation
but the heterogeneous hydrolysis of BH; still exist 1% %%, In the same figure, there is an
anodic peak (a2) at -0.23 V for the Au electrode and a shoulder between -0.25 and 0.05
V vs. Hg/HgO for the Pt electrode seen in Figure 3.3a). These are reported in the literature
to directly oxidise borohydride ions, according to Eq. (3.4), which was observed at -0.14
V vs. Hg/HgO (10 V s'! scan rate) for Au electrode, while the anodic peak of Pt was at -
0.09 vs. Hg/HgO (25 mV s!) ¥, Atwan et al. °* obtained a wide wave between -0.5 and
0.05 vs. Hg/HgO (100 mV s) on a colloidal Au electrode. All the authors tested the
electrodes at 295 K (in the same concentrations of current work), but Atwan et al.

examined at 298 K. This peak (a2) is important for the DBFC, as eight electrons are

expected to be released at this range of potential.
BH; + 8OH — BO; + 6H,0 + 8¢ E°=-1.24 vs. SHE (3.4)

It is also expected that the intermediate product [BH3(OH) ], from Eq. 3.1, goes under
further electro-oxidation [Eq. (3.3)] and/or hydrolysis occurring wave a3 (see Figure 3.3a-

b) according to the following equation #°:

Pt
BH;0H +3H,0 - B(OH),+3H, (3.5)

Above 0.6 V vs. Hg/HgO, the Au and Pt show a deactivation towards BOR because of
the metal-oxide formation on their surfaces !'° °!, Finally, in Figure 3.3a-b, an additional
peak (cl) is revealed on the reverse scan, which is also possibly due to the electro-
oxidation of the adsorbed intermediate product [BH3(OH) ] of borohydride oxidation [Eq.
(3.3)] on the partially oxidised Pt and Au surfaces *°. Martins et al. *” attributed this peak
to the oxidation of BH, in agreement with the results of density functional theory (DFT)

192 as the hydroxyl species are reduced from the metal surface.
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Rostamikia and Janik '3 12 studied the mechanism of the BOR over Pt(111) and Au(111)
using DFT methods. The results of DFT recommend al peak (shown in Figure 3.3a) with
a Pt electrode due to the competition between the BOR and HOR at low potentials (< -
0.4 V vs. Hg/HgO), which would affect the cell efficiency. The BH, reaction in this case

could follow the fully-dissociative adsorption pathway '3 12

and presented by Olu et al.
3%, using the microkinetic model in Figure 2.3 (similar technique for Au(111) was also
done '°%). The adsorption of the BH, to the Pt sites take places with the dissociation of
3B-H bonds, producing 3Hag¢s and BHags species; however, the activation of B-H bonds
over the Au surface requires a substantial overpotential where the adsorption rate is
sluggish at low overpotentials. The electrooxidation reaction mechanism over Au that
caused peak a2 (a shoulder with Pt) is likely based on the partially-dissociative adsorption
of BH, to form BH3 .45, where the latter would self-dehydrogenated to evolve to hydrogen
gas >? or undergo further oxidation with OH- species until reaching the final product (BO2-
) at high potentials. The declines (a3) that appear in Figure 3.3a-b are due to the adsorbed
hydroxide that was formed on the metal electrodes and hydroxyl groups poisoning the
surface (reducing the current density), preventing further BOR. The formation of surface
hydroxide/oxide on Pt and Au is reduced, freeing more sites for the oxidation of BH, to

cause the large cathodic peak (c1), suggested by the DFT results 2 13

. In general, not
only the electrocatalyst type would affect the borohydride oxidation behaviour, the nature
of the electrode (e.g. Pt surface structure) may also affect the reaction mechanism as it

can be seen in these two studies '!! 3.

The cyclic voltammograms of a solution of 0.03 mol dm= NaBHs in 2.0 mol dm NaOH
using the Pt and Au electrodes, are shown in Figure 3.4a) and Figure 3.4b), respectively.
Increasing the scan rate raises the anodic peak current density (al, a2 and a3) shifts the
peak potential towards more positive potentials for both Pt and Au electrodes, which
agrees with the cited studies ® °* 37, This shifting nature of the peak potential is typical of
the irreversible electrochemical process 82, The Pt planar electrode produced a higher
current density from BH, oxidation at a much lower potential in contrast to the Au results
(see Figure 3.4), which agrees with the findings of Elder and Hickling !*°. For example,
at a scan rate of 100 mV s!, the current density reached up to 54 mA cm™ at -0.29 V for
Pt, while it was about 41 mA cm (32% lower) at -0.13 V for Au. Similar observation by

other research groups has been reported for Pt 3* 1% and Au 16 191197,
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Figure 3.4. The cyclic voltammogram (forward scan) of 0.03 mol dm™ NaBHj4 in 2 mol
dm NaOH on a) Pt and b) Au disk electrodes at different scan rates and 295
K.
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3.2.2. Determination of the diffusion coefficient of borohydride anion using Au

LSVs were applied to determine the diffusion coefficient of BH, using the Levich
equation, as seen in Eq. (3.6). The diffusion coefficient can be obtained from the slope of
the limiting current density, j. (A cm), and the square root of the rotation speed of the

rotating electrode 44,

. 0.62zFD"c
JL= V176

!5 (3.6)

Where z is number of electrons that transfer, F' is Faraday’s constant (96485 C mol!), D
is the diffusion coefficient (cm? s!), ¢ is the bulk concentration (mol cm™), w is the
rotation rate (rad s™') and v is the kinematic viscosity (cm? s!), its value being reported in

1198 The number of electrons was assumed to

the literature as approximately 0.02 cm? s°
be 7.7, a number obtained by Wang et al. '*® using a gold RDE and a solution containing
0.02 mol dm> NaBH4 in 6 mol dm™ NaOH at 30 °C. This equation is valid when the
system is mass-transport limited °. Chatenet et al. '*® reported that the limiting current
plateau of the borohydride oxidation, like the chronoamperometric and Levich
techniques, cannot be reached above 0.01 mol dm NaBHj in solution. Moreover, Cheng
and Scott 2 indicated that an increase in the rotation rate caused an increase in the current;

however, with a further increase in rotation rates, the diffusion limiting currents were not

well-defined due to the high irreversibility of BH, oxidation.

Figure 3.5 shows LSVs of BH, oxidation in the gold RDE at different rotation rates in a
solution containing 3.75 mmol dm™ NaBH4 in 6 mol NaOH. At a negative potential below
-0.4 V, the current was completely limited by the kinetics of electron transfer, while above
-0.3 V it was affected by the mass transport of BH, species. The limiting current increases
with the rotation speed means that the kinetic is limited by the borohydride diffusion. The
electrochemical signals are flatter as the rotation rate decreased. The calculated diffusion
coefficient was 0.52 £ 0.06 x 10 cm? s”! at 23 °C, which was obtained from the Levich
slope of the jz vs. @3 plot, as shown in Figure 3.6. The D result was near to that recorded
by Wang et al 46 of 0.66 + 0.03 x 105 cm? s at 30 °C (see Figure 3.7). The difference
was about 12%, which could be attributed to the difference in operating temperature, the

method and the experimental setup that were used to determine the diffusion coefficient.
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Figure 3.5. The LSV of 3.75 x 10~ mol dm> NaBH4 in 6 mol NaOH on a gold RDE
(0.125 cm?) in a three-electrode cell. Graphite was used as a counter electrode.

40 mV s was the scan rate and the potential ranged between -0.8 and 0.2 V
vs. Hg/HgO at 296 K.
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Figure 3.6. The Levich plot for Eq. (3.6) of 3.75 mmol dm™ in 6 mol dm= NaOH on a Au
RDE (0.125 cm?) at a scan rate 40 mV s™! with different rotation rates at 296
K.
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Figure 3.7. The diffusion coefficient in NaOH concentration and 1/solution viscosity at
30 °C %6, In the current study, D = 0.52 + 0.06 x 10 ¢cm? s'! in 6 mol dm™
NaOH at 23 °C, being about 12% lower than the results of Wang et al. 146,

Wang et al. applied a chronoamperometry technique using a spherical Au electrode fused
to the tip of a glass tube. The diffusion coefficient should have one value only, so
uncertainties in determination method could cause different values. The Levich method
might lead to inaccuracy while calculating the diffusion coefficient of BH; ions due to
the fact that the z-value is usually assumed, and electrolyte kinematic viscosity should be
known. Moreover, a boron-oxide film is expected to form at the RDE surface — which is
possibly behind the irreproducibility of the limiting current measurements — while using
the rotating ring-disc electrode technique is suggested to obtain an accurate D value for
the current system, reported by Chatenet et al.!®. Therefore, in this research, the D value

1s taken from the literature.

3.2.3. The voltammetric method to determine borohydride concentration

In order to quantify the concentration of sodium borohydride in an alkaline solution, a
family of cyclic voltammograms was carried out in alkaline aqueous solutions using a
gold working electrode. The electrode materials should be inactive towards BH,
hydrolysis and the oxidation-reduction of any other species in the solution in the oxidation
potential range of borohydride '°. Mirkin and Bard have been using a voltammetric
method using a gold electrode since 1991 2%°. The gold catalyst was found to be the most

suitable material for the analytical determination of borohydride because of its well-
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defined signal, unlike, for example, Ni, Pd or Pt 290 19 201 Tn addition, the gold electrode
is quite stable with a low level of background current in the potential region of
borohydride oxidation 2%. It was also found in this project that the peak current decreases
with increased cycling, see Figure 3.8a). This behaviour has been observed by many
authors and discussed thoroughly by Tokash and Macdonald, but they could not offer a
conclusive explanation 2°2. The authors attributed this to either the stagnation of reaction
products close to the electrode or adsorption of an intermediate (boron-oxide film) on a
gold surface. Finkelstein et al. '? demonstrated the poisoning behaviour of Pt and Au
electrodes and suggested a cleaning potential or ‘self-cleaning potential’ at -0.2 V vs.
Ag/AgCl for Pt, freeing it of both surface hydrides and oxide or hydroxide while
enhancing the one-borohydride reaction mechanism. From the current project, it was
observed that some small bubbles appeared on the electrode surface which sometimes
block the surface while sweeping the potential for a series of cycling; however, mixing
the solution would remove the bubbles and refreshes the solution close to the electrode.
Therefore (after many trials), this issue — current decreases with increased cycling — has
been successfully solved by stirring the RDE electrode for about 5 s and waiting for 10 s
to allow the solution to settle down for the next cycle, as can be shown in Figure 3.8b)

where the five cycles are almost identical.

0005 T T T T T T T T 0005 T T T T T T T T
a)s Cycles without stirring b) 5 Cycles with stirring

0.004 Standard deviation = 0.001 - 0.004 | T
< <
= 0.003 - -1 0.003 | b
5 5
£ 0.002 - E 0.002 |- E
o

0.001 - A= 0.001 |- =

0.000 - 0.000 |- -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-12 -10 -08 -06 -04 -02 00 02 04 -12 10 -08 -06 -04 -02 00 02 04
Potential, £ vs. Hg/HgO / V Potential, £ vs. Hg/HgO / V

Figure 3.8. The cyclic voltammogram for 0.03 mol dm™ NaBH4 in 2.0 mol dm= NaOH
on a planar gold electrode (0.125 cm?) at a scan rate of 100 mV s at 296 K.

Figure 3.9 shows five repeated cyclic voltammograms of six different borohydride
concentrations (ranging from 0.94 to 20 mmol dm™). The potential sweep was between
-1.0 and 0.3 V vs. Hg/HgO at a scan rate of 100 mV s'! and at 296 K. To prevent the
hydrolysis of the borohydride, all solutions contained 2 mol dm™ NaOH. The calibration
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curve of the borohydride concentration vs. the peak current is presented in Figure 3.10,
which shows the increase in the peak current with borohydride concentration. The

empirical relation [/,= 0.182 cgy; ] between the peak current (mA) and the borohydride

concentration was obtained, which is valid for a concentration ranging from 0 to 20 mmol

dm?.

A further increase in borohydride concentration might lead to a wide fluctuation of the
peak current, which explains why, according to the best of the author’s knowledge, most
studies report a concentration of NaBH4 less than 20 x 10~ mol dm™. This phenomenon
has also been observed in this project; for example, see Figure 3.9 for 20 x 10~ mol dm"
3 NaBH4. However, the average of the five peaks was fitted nicely to the calibration curve.
The fluctuation could refer to the significant bubbling that occurred close to the electrode
surface during the electrochemical measurements, even though the gold electrode was
used. This may be due to the increase in borohydride concentration, which, in turn,
increases the hydrolysis rate. Colominas et al. 2% speculated that these bubbles are
hydrogen formed by hydrolysis; because the oxidation reaction consumes OH-, the

concentration of OH™ decreases at the gold-solution interface.

3.2.4. Sodium borohydride stability

The stability of borohydride ions in an aqueous solution is vital for mass-transport studies
(see Chapter 5) to select a solution composition which ensures that borohydride is stable
during experiments. The LSV, using the setup and conditions described in Section 3.1.4,
was carried out in a tank containing 1.75 dm® of 0.02 mol dm= NaBH4 + 2 mol dm™
NaOH to determine the peak current at every 15 minutes using a gold electrode (2 mm
diameter). Figure 3.11 shows all the obtained peaks vs. time, and the average peak current
over the 15-h test period being evaluated as 0.774 mA by taking the mean of 62 peaks.
The average standard deviation of the samples was 0.024, and the average error was
around 5%, which suggests that this method is highly reliable to detect BH, stability in
any aqueous solution. The borohydride is stable in 2 mol dm™ NaOH over a 15-h test
period. Colominas et al. 23 examined 0.1 x 10~ mol dm NaBH4 (low concentration) in
2 mol dm™ NaOH for a 19-day test period using CV and a gold electrode (6 mm diameter).
The authors concluded that NaBH4 is stable over that period as well.
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Figure 3.9. Cyclic voltammograms (5 times) for x mol dm NaBH, in 2.0 mol dm™ NaOH
on a gold electrode (0.125 cm?) at a scan rate of 100 mV s! at 296 K.
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Figure 3.10. The current peak vs. borohydride ion concentration in 2 mol dm NaOH
using a static planar gold electrode (0.125 ¢cm?). The scan rate was 100 mV s-
!, and the scan ranged from -1.0 to 0.3 V vs. Hg/HgO at 296 K.
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Figure 3.11. The stability of borohydride ions. These are the 62 current peaks of linear
sweep voltammetry vs. time. The potential swept from 1 to 0.2 V vs. Hg/HgO
ata 25 mV s’! scan rate. The gold working electrode (2 mm diameter) and the
graphite counter electrode were in a tank containing 1.75 dm? of 0.02 mol dm
3 NaBH; + 2 mol dm™ NaOH at 23 + 1 °C.
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3.3. Conclusion

The kinetic reactions and the electrochemical behaviour of borohydride ions in the
alkaline solution were investigated by applying CV and LSV experiments on gold and
platinum electrodes using a typical three-electrode cell. The Pt electrode revealed three
peaks (al, a2 and a3) for the forward scan, but Au showed only two (a2 and a3). Peak al
is attributed to the competition between BOR and HOR at low potentials on Pt because
of the fully-dissociative adsorption of BH; to 3Hags and BHags, while a2 shows partial
dissociation. The shoulder a3 showed a decrease in the current density due to the hydroxyl
groups poisoning the metal surfaces, which in turn prevented further BOR. The increased
scan rate increases the anodic peak current density (al, a2 and a3) and shifts the peak
potential towards more positive potentials for both Pt and Au electrodes, which is typical

of the irreversible electrochemical process.

The diffusion coefficient was found to be 0.52 + 0.06 x 10 cm? s™!' at 23 °C, which was
close to the reported data using a different method (chronoamperometry) 46, In this
project, it was obtained from the Levich slope of the j; vs. @ plot for a low concentration

of 3.75 mmol dm> NaBH4 in 6 mol NaOH.

A cyclic voltammogram was used to quantify the sodium borohydride in alkaline aqueous
solutions. A gold working electrode was used, as the gold catalyst is the most suitable
material for analytical determinations of borohydride because of its well-defined signal
and the low level of background current in the potential region of borohydride oxidation.
Further increasing the borohydride concentration might cause the current peak to
fluctuate widely. The calibration curve of the peak current vs. the borohydride ion
concentration was prepared to monitor the fuel concentration in the aqueous electrolyte.
It was found that stirring a solution for about 5 s and waiting for 10 s to allow the solution
to settle down for the next cycle is a good technique to overcome the decreases of the

peak current with increased cycling during CV experiments for a Au electrode.

The stability of borohydride ions in an aqueous solution was studied using LSV on a gold
electrode (2 mm diameter) over a 15-h test period. The result suggested that borohydride
is stable in 2 mol dm™ NaOH.
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The Pt planar electrode presented a higher current density from BH, oxidation at a much
lower potential than the Au electrode. It is well-known from the experimental results that
bimetallic transition metals have demonstrated higher electrocatalytic activity and
selectivity than the corresponding monometallic catalysts *>. Therefore, the next chapter
aims to investigate Pt-Ir alloys in detail, as they are expected to be promising anodes for

borohydride system.
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Chapter 4: Platinum-Iridium Alloy Anodes for Direct
Borohydride Fuel Cells

This chapter studies the electrochemical behaviour of two Pt-Ir alloys (75:25, 25:75)
compositions towards the borohydride oxidation in alkaline media by means of linear
sweep voltammetry and chronoamperometry using a conventional three-electrode cell.
The kinetic parameters to evaluate the two electrocatalysts involved the charge transfer
coefficient, the number of exchanged electrons, the standard heterogeneous rate constant,
the heterogeneous rate constant, the reaction order and the mass-transport coefficient. The
effects of these anodic electrocatalysts on the performance of a direct borohydride—

hydrogen peroxide fuel cell was investigated as well.

4.1. Introduction

Noble metals, such as gold 4° °4 133 enable the transfer of a large number of electrons
during the oxidation of borohydride ions. However, many authors have demonstrated that
the oxidation on gold is much slower than on platinum 4° 204 51 100 142 Gyenge et al. %
have reported that the heterogeneous rate constant was about ten times larger on
Pt/thiourea (1.86 cm s') than on Au (0.14 c¢cm s!) using chronoamperometry tests.
Finkelstein et al. °! have also observed that Pt has faster reaction kinetics (0.029 cm s)
than Au (0.012 cm s') using RDE experiments (Koutecky '-Levich equation) but the
values of the heterogeneous rate constants and activation energies were lower than those
obtained by the Gyenge group for both catalysts. The performance of Pt-Ir electrocatalysts
was only studied by Gyenge et al. * (this has been revised previously in the literature
review chapter). The group used Pt-Ir metal colloids with a 50:50 composition supported
on Vulcan XC72R (20 wt.% metal, 5 mg cm™ catalyst loading) in a 5 cm? geometrical
area single fuel cell. However, the Pt-Ir of 75:25 and 25:75 have not been investigated as
potential electrocatalysts for direct borohydride fuel cells (DBFCs). The goal of this
chapter is to study the fundamental electrochemical kinetics of the borohydride oxidation
reaction on these Pt-Ir/Ti alloys by a variety of electrochemical techniques and then

evaluate their performance in a single practical DBFC.
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4.2. Experimental preparation

4.2.1. Electrode preparation and characterisation

All electrocatalysts included Pt and bimetallic Pt.-Ir, used in this chapter and the rest of
the thesis were supported by titanium materials in which they were cut and spot-welded
in-house and coated by a commercial supplier (Magneto Special Anodes B.V). In this
study, a Ti plate (0.9 mm thick, 99.7%, Alfa Aesar) was coated with Pto 75-Iro .25 and Pto2s-
Iro.75 alloys to be employed as a working electrode in both a conventional three-electrode
cell and a flow cell with exposed projected areas of 1 cm? and 9 ¢cm? (20 x 45 mm),
respectively. The typical procedure used by the manufacturer is the ceramic coating
method of Pt-IrO; which was performed for all anode electrodes using paint-stove cyclic.
The Ti material was cleaned and etched, and a thin layer of the liquid precursor was
applied onto the surface with a roller. After evaporation of the solvent, the layer was
activated at an elevated temperature in a stove; after cooling down, this process was
repeated until the required coating loading has been achieved (1 g m™ per cycle). The
catalyst loading was 2 mg cm™ of the Pt + Ir alloy. For the counter electrode, a Pt/Ti mesh
was requested from the same supplier (3 mm sheet thickness, 2 mm strand width, 12.5
mm LWD, 7.0 mm SWD); see Figure 4.1 for the geometrical standard of a mesh. A
seeding layer was applied, as described above, to prepare the Pt/Ti mesh cathode (2 mg
Pt cm™); after that, the Pt was applied galvanically in an aqueous, high-alkaline plating
bath (as received from the manufacturer); the details of this method have been also

described by Chandler et al. 2%,

Width N

A
v

LWD

Figure 4.1. The top view of a mesh. The standard dimension abbreviations are ‘long way
distance between connected knots of the diamond’ (LWD) and ‘short way
distance between connected knots of the diamond’ (SWD).
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The surface morphology and composition of the prepared electrocatalysts were
characterised using scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) analysis using a JSM-6500F field emission electron microscope
(JEOL Inc, USA). The inductively coupled plasma-optical emission spectrometers (ICP-
OES) method is widely used for inorganic chemical analysis (e.g. all metals). Therefore,
the alloys’ composition of Pt,-Ir, were also confirmed by using ICP-OES (Varian 720ES,
USA). 5 g were scratched from the coated layer of one side of the 9 cm? electrode while
the other side was kept for the electrochemical measurements. The samples then were
sent to a commercial laboratory (MEDAC Ltd, UK) to be analysed. Nitric acid (69%,
ARISTAR grade for trace analysis) was used to digest the metals and prepare them for

the analysis.

4.2.2. Half-cell tests

The electrochemical characterisation of the two electrocatalysts, that is, the Pt-Ir/Ti plates
(Pt:Ir: 75:25 and 25:75, 1 cm?), was carried out in a typical three-electrode cell shown in
Figure 4.2 using the potentiostat (Autolab, Metrohm AG, the Netherlands). The counter
electrode, Pt mesh (1 cm? geometric area), was immersed in 6 mol dm= NaOH, and the
cathode compartment was separated by the cation exchange membrane (CEM) Nafion®
115. All measured potentials in this research were vs. Hg/HgO (1 mol dm™ KOH,
Radiometer Analytical, XR440) which was used as a reference electrode. In each
experimental borohydride oxidation, fresh NaBHs4 (99%, powder, Sigma-Aldrich)
solutions were prepared immediately prior to measurements to avoid loss of BH4 due to
its hydrolysis during solution storage. Different linear and cyclic voltammograms were
performed (from -1.0 to 0.6 V vs. Hg/HgO) using a family of scan rates from 25 to 1000
mV s in an electrolyte containing 0.03 mol dm= NaBH, in 2 mol dm NaOH at 294 K
(21£1 °C). In order to obtain the borohydride oxidation reaction (BOR) kinetic
parameters, different concentrations of BH; (0.01-0.2 mol dm™) were prepared. Short
chronoamperometry experiments (0.4 seconds each) were carried out by shifting the
electrode potential from the open-circuit potential (OCP) value to -0.2, 0.0 and +0.2 V vs.
Hg/HgO. The influence of the operation temperature on borohydride oxidation was

studied with a temperature range of 298-338 K (2565 °C) using chronoamperometry
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tests (at +0.2 V vs. Hg/HgO, for 50 seconds). A thermostatic water bath was employed to

control the solution temperature for all experiments.

Potentiostat

Counter Working Reference
electrode é Pt-Ir /Ti plate [ electrode
Ptmesh (1 cm?) Hg/HgO
Aemd) " \
NaBH,in
1) 2.0 M NaOH
/
/ (0.1 dm3)
6.0 M NaOH @ ” L
__J N . s
- I

Cation exchange Nafion membrane

between two silicone gaskets Luggin capillary

Figure 4.2. A three-electrode cell with a Pt-Ir/Ti plate as the working electrode (1 cm?) in
x mol dm™ NaBH4 + 2.0 mol dm> NaOH, Pt mesh (1 cm?, geometrical area)
as the counter electrode in 6.0 mol dm™ and Hg/HgO (1.0 mol dm KOH) as
the reference electrode.

4.2.3. The preparation of a single flow cell

The electrochemical flow cell compartments shown in Figure 4.3 were designed using
3D computer-aided design (CAD, Solidworks® software) and manufactured using
acrylic polymer; the cell included two endplates, two current collectors (holders) and two
electrolyte channel frames. Interchangeable electrodes were used with projected areas of
9 ¢cm?. The cathode electrode (No. 4 in Figure 4.3) was spot-welded onto a titanium plate
(No. 3) to ensure adequate electrical contact. The current collector (holder for both
cathode and anode) frame (No. 2) was grooved (1 mm in depth) to maintain the level of
the electrode as equivalent to the flow level into a rectangular channel (No. 5), avoiding
any causes of turbulent flow. The width of the (grooved) current collector (No. 2) is 10
mm wider than the flow channel breadth (20 mm, Figure 4.3) to hold the electrode, which

1s stuck, between the flow frame and the current collector frame so that it will not come
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loose while the connector adapter (a 4 mm male-to-female connector) is screwed in,
making contact with the current collector Ti plate (No. 3). The flow channel plate (5) has
been designed to allow a smooth distribution of the electrolyte at the entrance to the
rectangular channel. A black silicone sealant paste (158, Acc Silicones) was used to seal
the current collector’s Ti plate and frame. To seal the cell compartments, a silicone gasket
(PAR Group Ltd, UK) 0.5 mm thick (ca. 0.4 mm compressed) was installed between each
part. The cell was divided by a Nafion® 115 CEM (Dupont Co, USA) to separate the
anode and cathode compartments. Finally, all compartments were rearranged,

compressed and tightened with six M4 steel screws.

4.2.4. Experiments with the single flow cell

Chronoamperometry and cell polarisation measurements of borohydride oxidation were
carried out using the setup in Figure 4.4. The hydraulic circuit of the experimental
arrangement can be seen in Figure 4.5. The Autolab digital potentiostat was connected to
the platinum alloy/titanium working electrode with an exposed area of 9 cm?, while a
platinised titanium (Pt/Ti) mesh was used as a counter electrode (8.55 ¢cm?, geometrical
area). The counter electrode compartment was supported by one turbulence promoter
(TP). The TP was inert polypropylene mesh (1.3 mm thickness, 8.0 mm LWD and 6.8
mm SWD) as shown in Figure 4.6. The two compartments were separated by a CEM
(Nafion® 115). Polytetrafluoroethylene (PTFE) tubing (1 mm internal diameter) was
fitted at the anode compartment to serve as a Luggin capillary to measure the anode
potential vs. the reference electrode (Hg/HgO). A peristaltic pump (323S/D, Watson-
Marlow) with two heads was used to recirculate and control the electrolyte flow rate into
the working and counter electrode compartments. The pump was calibrated before it was
used (see the calibration curve on Appendix I). The mean linear flow rates were the same
in the working and counter electrode compartments. To smooth out the flow pulsation
during the experiments, pressure pulse dampeners were fitted to the hydraulic circuit. A

thermostatic water bath was used to control the electrolyte temperature.
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Figure 4.3. An expanded view of the designed single DBFC.
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Figure 4.4. The schematic diagram of the experimental setup for the DBFC.
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Figure 4.5. The flow diagram for the single flow cell to carry out the electrochemical

measurements at the Pt-Ir anodes
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Figure 4.6. A plastic mesh turbulence promoter used in the flow cell above.

In order to study the effect of the electrolyte flow velocity, chronoamperometry was used
on both Pt-Ir/Ti working electrodes (75:25, 25:75) to measure the limiting current vs. time
(s) at linear flow velocities ranging from 1 to 10 cm s™'. The electrode potential was
stepped from the OCP to +0.2 V vs. Hg/HgO (40 seconds) in an electrolyte of 0.01 mol
dm™ NaBHs and 2 mol dm? NaOH (0.18 dm?®) at 298 K. The counter electrode
compartment contained 2 mol dm™ NaOH (0.18 dm?). The limiting current values were
obtained based on the average of ten records at 25 to 35 s. Each chronoamperometry
measurement was repeated three times at each flow velocity, and the average limiting

current was obtained vs. mean linear flow velocity.

The performance and stability of the DBFC were evaluated using a BST8-A3 battery
analyser (MTI, USA) on the single flow cell shown in Figure 4.5. The cell potential and
power density vs. current density were measured for the two Pt-Ir anode electrodes with
9 cm? geometric areas. The rate of applied current density was 5 mA ¢cm? min! from 0
to 250 mA c¢cm. The anolyte composition was 1 mol dm= NaBHj in 4 mol dm™ of NaOH
(0.2 dm?), and the corresponding catholyte was composed of 1 mol dm= H>O» in 1 mol
dm HCI (0.2 dm?). The polarisation curve was performed at 298 and 333 K (25 and 60
°C), and the mean linear fluid velocity was 3 cm s'. Using the same electrolyte
compositions, the cell stability was examined for a short-term period (80 min) at a
permanent current density of 25 mA c¢m™. The temperature was maintained at room

temperature and the fluid velocity at 1 cm s
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4.3. Results and discussion

4.3.1. Characterisation of the Pt-Ir alloys

The SEM micrographs of Pt-Ir alloys with nominal compositions of Pt 75-Iro 25 and Pto.2s-
Iro.75 are presented in Figure 4.7 (a, b) and (c, d), respectively. Figure 4.7a) and ¢) has a
lower magnification (%25, 1 mm scale), than Figure 4.7b) and d) (x150, 100 um scale).
The homogeneity and rough surface can be seen in these pictures (b and d), which could
be beneficial to the mass transport of the electrolyte components. The Pto25-Iro.75 image
(d) shows an agglomeration of the alloy material that may provide a larger active area

than the Pto 75-Iro.25. However, more hydrogen evolution would be expected in that case.

¢) Pt-Ir (25:75) e

X25 Tmm X150 1004m

Figure 4.7. The SEM images of Pt-Ir alloys (a, b) Pto7s-Iro2s and (c, d) Pto2s-Iro.7s
deposited on Ti plate.

Elemental analysis was carried out using EDS, showing the average phase of Pt:Ir to have
an atomic ratio of 76:24 and 16:84 for Pto.75-Iro.25 and Pto.25-Iro 75, respectively. It can be

seen that the average ratios of these alloys are slightly different (1.3% for Pto75-Iro.25)
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especially with Pto25-Iro.75 (12%) than the nominal values. For the rest of this thesis, Pto.75-
Iro2s and Ptoas-Iro7s electrodes would represent the atomic compositions that were
obtained from the EDS analysis, which were calculated from nine random quantitative
measurements of different spots on each electrode, see Appendix II. The standard
deviation of the EDS composition values of the nine spots was less than one, indicating

good homogeneity of the coated materials.

Figure 4.8a) and b) show the Pt and Ir EDS maps, respectively, in the prepared alloys, are
evenly distributed throughout. The colour density of the Ir (red dots) clearly reflects its

composition, unlike the Pt (yellow dots).

Figure 4.8. The EDS map of the two anode electrodes: Pto.75-Iro.25/Ti and Pto.2s-Iro.75/Ti.
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The variety of Pt presence in the two spots of 75:25 and 25:75 electrodes was confirmed
by calculating the percentage of the area of platinum (the yellow dots, Figure 4.8, Pt) in
each image using image-processing and analysis software (ImageJ, National Institutes of
Health, USA). The results showed that (Pt) approximately covered 5.3% [in Figure 4.8a),
Pt] and 2.5% [Figure 4.8b), Pt] for Pto7s-Iro2s and Ptoas-Iro7s, respectively, which
indicated that the amount of Pt distributed on Pto.75-Iro 25 surface for this spot is more than
twice of that on Pto2s-Iro.7s. As EDS analysis might be affected by the surface texture
because the beams will be reflected in different angles if the surface is not smooth. That
could result in different compositions for the measured elements. Therefore, each sample
was analysed four times, from 0°, 90°, 180° and 270° at the same spot. The Pt:Ir
compositions were obtained and the standard deviation of Pt:Ir compositions turned out
to be negligible (about 0.3%), meaning the element compositions that were determined
using the EDS method can be considered for Pt-Ir alloys (see Appendix III for the raw
data). Newbury and Ritchie 2°° answered the following question: ‘Is scanning electron
microscopy/energy dispersive X-ray spectrometry (SEM/EDS) quantitative?” They
reported that SEM/EDS analysis results could match the electron-excited wavelength

dispersive spectrometry output except for H, He and Li (with low atomic numbers).

Nevertheless, for Pt.-Ir, compositions in this project, the wavelength dispersive
spectrometry method was carried out using inductively coupled plasma-optical emission
spectrometers (ICP-OES, Varian 720ES, USA), and different digestion methods for the
materials were applied. However, some material remained undigested, which is
presumably Ir, as it is notoriously difficult to digest. The results of this method were not
close to the EDS results. The alloy compositions obtained using ICP-OES were 86:14 and
28:72 for Pto7s-Iroos and Ptoas-Iro7s, respectively; as the reader may notice, the Ir
composition is always less than the expected percentage, possibly due to the remaining

amount of undigested Ir metal.

4.3.2. Oxidation of borohydride ions at Pt-Ir alloy electrodes

Figure 4.9a) and b) show a family of linear voltammetry at different scan rates (25-1000
mV s') of borohydride oxidation on Pto7s-Iro2s and Pto2s-Iro7s, respectively. The

background current densities — the orange curves — of Pt.-Ir/Ti electrodes were
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apparently very low; for that reason, they have been ignored in this project. The two
anodes showed similar behaviour, exhibiting four oxidation peaks al, a2, a3 and a4 at an

approximately equivalent potential range.
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Figure 4.9. The linear voltammograms of BH, oxidation on Pt-Ir alloy catalysts deposited
on Ti plate (1 cm?) using the three-electrode cell at 294 K (21 + 1 °C). The

inset legend indicates different scan rates using 0.03 mol dm* NaBHs+ 2 mol
dm? NaOH.
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At OCP the hydrogen bubbles evolving from the surface of the catalyst was clearly
observed as a result of heterogeneous hydrolysis of BH,; even with the presence of
concentrated NaOH. Jusys and Behm 7° reported that, at OCP conditions for the Pt
electrode, a mixed potential would be formed from a competition between the partial
BOR and water reduction (HER) that occur simultaneously and release hydrogen. As the
hydrolysis of borohydride [Eq. (2.2) + (2.3)] and the direct oxidation reaction expected
to occur simultaneously in the presence of Pt, the two waves al and a4 emerged around -
0.65 V and -0.90 V vs. Hg/HgO on Pt-Ir alloy catalysts, respectively. The peak al due to
the electro-oxidation of the intermediate product, BH3(OH) [Eq. (3.3)], while a4 due to
the hydrogen oxidation [Eq. (2.4)] %° % ', The small shoulder a2 was located in the range
between -0.4 and -0.1 V where the direct electro-oxidation of borohydride is expected .
This a2 peak was near Gyenge et al.’s ® findings for Ptos-Iros [the range between -0.4
and 0.0 vs. Hg/HgO (2 mol dm= NaOH)]. It is also likely that the intermediate product
[BH3(OH) ], undergoes further electro-oxidation [Eq. (3.3)] and/or hydrolysis at wave a3
[Eq. (2.3)]*. The mechanism of borohydride oxidation is still under discussion;
moreover, the BH; oxidation on Pt,-Ir, needs further investigation. However, Olu et al.
9 recently proposed different reaction pathways, that depend on borohydride
concentration and the onset potential on both Pt and Au (seen in Figure 2.3 and discussed
in Chapter 2). For the Pt-Ir CVs shown on Figure 4.9 at low potentials <-0.4 V, a fully-
dissociative adsorption of BH,; into BHags to release 3Hags + € likely occurred (the 4-5¢
process), while the partially-dissociative pathway is suggested (BH, electro-oxidises to
BH3 .45 intermediate) at higher potentials. The Pt,-Ir, catalysts appear very active towards
the HOR (peak al and a4) due to the fully-dissociative adsorption of BH,, which would
definitely cause a reduction in the coulombic efficiency of the electrodes. Pt is well known
for its activity towards water reduction at potentials below the hydrogen reversible
potential causing HER of water and producing a huge current, meaning that there would
be a small chance for the BOR at these potentials. Consequently, the DBFC with Pt alloys

should be run at higher potentials.

With increasing scan rates, the peak potentials shifted slightly towards more positive
values in all alloys, as the BOR involves the slow, irreversible electron transfer process
88, The produced current densities with Pt,-Ir,/Ti were superior; for example at a 100 mV
s”! scan rate, the current densities (mA cm) of 30.7 (75:25) and 25.3 (25:75) [at a2: -0.31
V vs. Hg/HgO (1.0 mol dm> KOH)] were observed. Even though Gyenge et al. ®
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examined Pt-Ir (50:50, 20 wt.% metal load) colloidal catalysts at a higher temperature
(298 K), the current density was only 10 mA c¢cm for 100 mV s! [peak a2: -0.28 V vs.
Hg/HgO (2 mol dm NaOH)]. This value was lower by far than those obtained by Pt,-
Ir,/Ti in this study, although the hydrogen evolution was higher on both Pt,-Ir,/Ti anodes
(see a4 in Figure 4.9) due to the higher activity of Pt and Ir towards the hydrolysis of
borohydride. The current density of Pto7s-Iro2s always surpassed the current density
observed for Pto2s-Iro.7s at any scan rate, but the latter presented slightly more negative
potentials at high scan rates. It indicates that the electrode with more Ir content favours
the borohydride oxidation at lower potentials in good agreement with . For example, the
peak current densities (at 200 mV s! and peak a2) were 47 (-0.30 V) and 38 (-0.30 V)
mA c¢m? for Pto75-Iro 25 and Pto 2s-Iro 75, respectively, while 130 (-0.23 V) and 106 (-0.28
V) mA cm? were recorded at 1000 mV s

Figure 4.10 illustrates the oxidation performance of BH, by using a potential linear sweep
of 100 mV s using Pto 75-Iro25/Ti (1 cm?) and Au (0.125 cm?) electrodes. The Pty 75-Iro 25
electrode presented 25% less peak current density (31 mA c¢m2) than the maximum
current density obtained from the Au electrode (41 mA cm) at the peak potential (a2: -
0.13 V vs. Hg/HgO). Nevertheless, in the expected region of direct BH; oxidation (-0.42
to +0.50 V vs. Hg/HgO), the area under the I-V curve of the Pty 75-Iro2s catalyst was
approximately 35% higher (28 mA cm V) than the area obtained from the Au electrode
(21 mA cm™ V) under the same potential range. Moreover, the Pt-Ir catalyst could oxidise
BHj at lower potential in contrast to Au, indicating that Pto.75-Iro.2s is a far better material
for borohydride oxidation. A similar observation has been reported for platinum,
palladium, and nickel ' 62, However, the hydrogen oxidation peak was not presented in
the case of the Au electrode as it is relatively inactive towards H> oxidation, unlike the
Pto.75-Ir0.25 electrode; Figure 4.10 shows a hydrogen oxidation peak (a4) at -0.85 V vs.
Hg/HgO. This issue can be resolved by using additives that can suppress borohydride
hydrolysis. The potential window at which the borohydride oxidation occurs, as well as
the peaks, could be different in each electrode. It would be useful to confirm the
performance of these catalysts by evaluating the cell power output of these electrodes

using, for example, a single DBFC.
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Figure 4.10. The potential linear sweeps of 0.03 mol dm NaBH4 in 2.0 mol dm NaOH
on Pt-Ir and Au disk electrodes at a 100 mV s! scan rate at 294 K.

4.3.3. The charge transfer coefficient

As suggested before in this chapter, the current density of the peak a2, j, between -0.4 and
-0.1 V vs. Hg/HgO was attributed to the direct oxidation of borohydride ions to release 8
electrons #°. That potential window was claimed an interesting domain for DBFCs ¢, but
this is too high for the reaction. Figure 4.9 shows that the increasing scan rate, v, in the
two anodes leads to a marked shift of the oxidation peak potential, £,, of the peak a2,
which is accompanied by a rise of the current density with no significant change of the
curve shape, typical of an irreversible process 2°7. Bard and Faulkner 2°® reported that Eq
(4.1) could be applied for the z-electron transfer of an irreversible heterogeneous process
when the rate-determining first step involves one-electron transfer [i.e. a pure
electrochemical (E) step 2%°], which is more likely in the borohydride oxidation systems,
as considered by many studies 8 119 207 210 Tp this case, the following equation can be
used to analyse the dependence of the electrode peak potential, £, (V), on the potential

scan rate, v (V s7) 208;

RT Dé/I.ZL; (I-a)n, Fov 12
=F°4+ — 78 + + s — 4.1
E,=E o, 0.78 ln( k. In 4.1)
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Where E” is the formal potential (-1.24 V vs. SHE), R is the universal gas constant (8.314
J K''mol!), T is the temperature (K), F is Faraday's constant (96485 C mol™), a is the
charge transfer coefficient (ranging from 0 to 1), n, is the number of electrons involved
in the rate-determining step (the most likely value being 1) 2 119207150 D is the diffusion
coefficient of BH,; (cm? s™!), and &; is the standard heterogeneous rate constant (cm s).

Rearranging Eq (4.1) results in the following linear equation:

RT D7 (I-a)n,F
=E°+ ———— |0.78 + +0. —
E,~E T, [0 78 1n< r 0.5In

N RT
2(1-a)n, F

(4.2)

nov

Where the charge transfer coefficient, a, can be calculated from the slope of E, vs. In(v)

for the peak a2 (Figure 4.11):

RT

T = @
he slope 2w F

(4.3)

The values of a were 0.59 and 0.42 for the BH; oxidation process on the catalysts of
Pto.75-Ir0.25 and Pto25-Iro.75, respectively. In most electrochemical systems, a lies between
0.3 and 0.7 2%, Its value being higher than 0.5 in the case of Pty 7s-Iro2s implies that the
system 1is irreversible, suggesting a low energy barrier to the oxidation process that
requires less overpotential to generate a more substantial current 208 144 82 The o value
(0.42) of the Pto2s5-Iro.75 electrode suggested that its oxidation reaction is somewhat less
favoured and required additional energy for the anodic oxidation # than Pto 7s-Iro2s. The
average transfer coefficient values obtained here agree with Gyenge *° and with
Finkelstein et al.’s >! findings that the a value was 0.55 with a Pt ring-disk electrode (3
mm diameter, 5 mmol dm™ NaBH4 in 1 mol dm™ NaOH, 298 K). Gyenge found that the
o value was equal to 0.67 for the BH, electro-oxidation on the Pt disk electrode (1 mm
diameter) in the presence of thiourea (TU) (1.5%103 mol dm™) in 0.03 mol dm™ NaBH4
in 2 mol dm= NaOH at 295 K.
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Figure 4.11. The peak potentials vs. In [scan rate, v] using Eq (4.1) of Pt,-Ir,/Ti electrodes
(1 cm?) in 0.03 mol dm™ NaBH4 + 2 mol dm™ NaOH recorded at 294 K for
peak a2.

Santos et al. 2°7 obtained « values of 0.75, 0.76, 0.78 and 0.81 for Pt, Pt-Ho, Pt-Sm and
Pt-Ce (all alloys ratios around 1:1), respectively. They used a similar electrolyte
composition (0.03 mol dm= NaBH4 in 2 mol dm> NaOH), but the temperature was
different (298 K). Sljukic et al. ''° found that « values can be affected, not only by anode
materials, but also by the electrolyte concentration and the operating temperature. Similar
observations have been published ¢ 2!!. For example, a values fell from 0.87 to 0.68 for
Pt0.75-C00.25/C and from 0.93 to 0.80 for Pto75-Nio2s/C when the temperature increased
from 298 to 338 K !'!°. With concentrations of borohydride of 0.01, 0.03 and 0.06 mol
dm™, the a values (at 298 K) were 0.83, 0.91 and 0.77, respectively !'°. The a values in

49 results and within the range of most

the present work were close to Gyenge’s
electrochemical systems (0.3-0.7) 2°8. However, they were lower than those of Santos et
al. 27 and Sljukic et al. ', possibly because of different electrode materials (Ptc-Iry

supported on Ti plate) and operating temperatures.
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4.3.4. Number of exchanged electrons

Figuring out the total number of electrons exchanged, z, is an essential aspect of the
borohydride oxidation process. Figure 4.12 shows the observed increase of peak a2
current density, j, (A cm™), with the square root of the scan rate, v/ (V s71)%, for Pt,-
Ir/Ti electrodes. The variation of j, with respect to v can be described by the following

modified Randles-Sevcik equation for irreversible processes 208 144

J,= 2.99x10°[(1-a) n,)"zeD!? 1?2 (4.4)

Where z is the total number of exchanged electrons during BH,4 oxidation, c is the bulk
concentration of BH; (mol c¢cm™), and D is the diffusion coefficient (cm? s') of
borohydride ion towards the anode surface. As explained previously (Chapter 3), the
diffusion coefficient value falls as the NaOH concentration rises (since a highly viscous
solution reduces the borohydride mobility '3 18), as seen in Figure 3.7. In 2005, Wang et
al. 146 159 published an expression that could be used to evaluate D, which describes its
temperature dependence based on the well-known Stokes-Einstein relation [D = f(T)]
(requires the solution viscosity) using a gold electrode in 2 mol dm™ NaOH solution (the

concentration used in this work). The authors found that changing the temperature from

293 to 333 K (20-60 °C) can present good linearity of D corresponding to 7:

-15.2x103
D= 5.57><10'3675RT (4.5)

For the present work, using Eq. (4.5), the calculated D value was 1.12 x 10 cm? s™! at
294 K. The total number of electrons exchanged on Pt.-Ir./Ti anodes for borohydride
electro-oxidation can be determined from the slope of the linear fitting of j, vs. v using
Eq. (4.4), as shown in Figure 4.12. The calculated values of z were 7.5 and 5.2 electrons
for Pty 75-Iro 25 and Pto 2s-Iro 75, respectively. However, Chatenet et al. 1 indicated in 2009
that the diffusion coefficients should be ca. twice as large as those generally reported in
the literature, as some of their techniques (such as Levich) have led to z value above 8e
which is not accepted from a thermodynamic point of view. The authors !°® used a transit-
time technique of rotating ring-disk Au electrode, which does not need z value or BH,

concentration unlike the Levich equation, as seen in Eq. (3.6). Thus, the calculated value
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of D was multiplied by 2 (D =2.23 x 10 cm? s'!), and, in this case, z values became more

reasonable: 5.3 and 3.7 of Pto.75-Iro.25 and Pto2s-Iro.7s, respectively. Table 4.1 summarises

these values.
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Figure 4.12. The current density peak (peak a2 from Figure 4.9) vs. the square root of the
scan rate with a Pt,-Ir/Ti plate in 0.03 mol dm™ NaBHs4 + 2 mol dm NaOH
recorded at 294 K.

Table 4.1. The total number of electrons exchanged, z, using different parameters. The
solution contained 0.03 mol dm™ + 2 mol dm™ NaOH, at 294 K:

Pt,-Ir,/Ti Dgyy;, cm?*s™! Dgyy;, cm?*s™!
1.12x107 2.23x107

75:25 7.5 5.3

25:75 5.2 3.7

To the best of the author’s knowledge, Pt,-Ir,/Ti figures have not yet been reported in the

literature. Elder and Hickling 2 (in 1962) and others *° have reported that the number of

electrons exchanged on a Pt electrode is between 2 and 4, which agrees well with many

recent studies of the BOR on Pt electrodes, namely, that up to 4 electrons are

liberated #° 62 43, 1t was also found that z = 4 © %° and z = 2.5 2%7 for the Pt catalyst using

117



Chapter 4: Platinum-Iridium Alloy Anodes for Direct Borohydride Fuel Cells

the same experimental setup as the present work. It can be concluded that, in the present
work, Pto.75-Iro2s alloy shows good coulombic efficiency for the BOR compared to

monometallic Pt.

Sljukic et al. ' found that z could decrease when the borohydride concentration ¢! and
the temperature of the solutions increases. For example, they evaluated the oxidation of
BH, on Pty75C00.25/C in 0.03 and 0.06 mol dm™ NaBHs and found that the number of
electron interchanged was 3.4 e and 1.8 e, respectively. They also studied the effects of
various temperatures on the number of exchanged electrons in the electro-oxidation
process, and they concluded that increasing the temperature would decrease the z value.
For example, when the temperature increased for experiments using Pto.75C00.25/C
electrode from 25 to 65 °C, the z values fell from 4.5 to 1.7. The reduction in z at elevated
temperatures might be linked to the hydrolysis of borohydride, which can be observed in
the formation of gas bubbles in electrolytes at higher concentrations and temperatures ''°.
Another effect on the number of electrons is the concentration of the supporting
electrolyte, for example, increasing the NaOH concentration can suppress the hydrolysis,
resulting in a greater number of exchanged electrons. Molina and Chatenet 33, for
instance, found that the z value when using a Pt electrode increased from 2.9 to 5.5 when

NaOH concentration was changed from 0.1 to 1 mol dm™ in 0.01 NaBHj at 298 K.

4.3.5. The standard heterogeneous rate constant

It is possible to evaluate the standard heterogeneous rate constant, ks (cm s™), of the BOR
at Pt,-Ir,/T1 anodes by using the data obtained from the LSVs, as seen in Figure 4.9. For
irreversible systems, the peak potential is typically shifting (for an oxidation) towards a

208

positive potential with the scan rate <°°. Therefore, the following expression has been

driven by Bard and Faulkner 2% to describe the relationship between the peak current

density, j, (A cm), and the peak potential, £, (V), for an electrochemical system:

jp=0.227chkS exp{(%) (Ep- E")} (4.6)

By rearranging Eq. (4.6), the following linear equation can be obtained:
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(I-a)n, F

lnjp =1n(0.227zFck,) + 2T

(,- E) .7)

The interception of In j, vs. (E, - E°) was used to determine the value of &y for each
electrode using the data shown in Figure 4.13. Many studies have used this
method 2% 8 82 to determine ; values as it is applicable for borohydride electro-oxidation
process. The obtained values of & for the BH; oxidation on the two catalysts were
0.1x10°1% and 5x10'° c¢m s for Pto7s-Iro2s and Ptoos-Iro7s, respectively. This result
indicates that the oxidation reaction is faster by far on Pto7s-Iro2s than on Pto2s-Iro.7s

catalysts, which has the slowest rate. Ponce de Leon et al. 3

reported the same order of
magnitude for ks (9 x 101% cm s!) for a Ag porous sponge material using a similar
approach to determine ks. The values of ks here indicate that the borohydride oxidation
process is a sluggish system, likely due to its multistep electron reaction mechanisms and
the complexity of the reactions, unlike simple electron-transfer processes in the range of
1 to 10 cm s71 28, Bard and Faulkner 2°® mentioned that the values of k, with lower than
10 cm s! for different kinds of electrochemical systems have been found by many
studies 212 213 214 215 "Qantos et al. 2%7, nevertheless, evaluated Pt, Pt-Ce, Pt-Sm and Pt-Ho
(Holmium, atomic number 67) and discovered average ks values of 2.6 x 10”7, 1.2 x 107,

2.2 x 10°% and 1.2 x 107 c¢m s, respectively, meaning that the Pt-Ho alloy showed
relatively higher oxidation kinetics than the Pt-Ce alloy.

The ky values were higher in order of magnitude compared to the current results; which
could be related to the materials nature and the method of calculations. The authors
extracted ks values from (a different method) chronopotentiogram measurements (13 mA
cm?) by using the same concentrations used here but at a higher temperature of 298 K.
In theory and it is an empirical fact that, in most electrode materials, the ks values increase
with elevated electrolyte temperature, as can be seen from the well-known Arrhenius Eq.
(4.8), where Z is a constant known as the frequency factor and ES. (kJ mol!) is the

standard activation energy (energy barrier) for charge transfer 2%.

Ege
k=7 exp <-ﬁ ) (4.8)
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Therefore, a further study was carried out by Sljukic et al. !'? revealed that elevating the
solution temperature from 298 to 338 K (2565 °C) increases ks values from 6.8 x 107 to
3.62 x 1073 cm s7! for Pt/C, from 1.2 x 107 to 1.1 x 102 ¢cm s~ ! for Pty.75Nio2s/C, and
from 2.1 x 107 to 4.6 x 1072 cm s~ for Pto.75C0025/C electrodes, which are similar

conclusions as another study that used a gold electrode (25-65 °C) 216,
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Figure 4.13. A plot of In j, vs. (E, - E°), for Eq. (4.7) with Pt,-Ir,/Ti electrodes (1 cm?) in
0.03 mol dm NaBH4 + 2 mol dm™ NaOH at 294 K.

4.3.6. The heterogeneous rate constant

The heterogeneous rate constant of the electron-transfer reaction depends on the applied
potential 2%, The electron transfer control most likely occurs at an early transient regime
(the beginning of the current transient) 44, At that regime, the heterogeneous rate constant
of BH; electro-oxidation, k, (cm s!), was evaluated using chronoamperometry over a
very short time period (< 1 s). Figure 4.14 demonstrates the short chronoamperometry
results (40 ms), where the potential stepped from the OCP to +0.2 V vs. Hg/HgO on Pt,-
Ir,/Ti electrodes in 0.03 mol dm™NaBHj in 2 mol dm=NaOH. The figure shows a higher

activity of Pto.75-Ir0.25 than Pto25-Iro.75.
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Figure 4.14. Chronoamperometry (from OCP to +0.2 V vs. Hg/HgO, 40 ms) of 0.03 mol
dm™ NaBHj4 in 2 mol dm NaOH in the three-electrode cell using different

Pt-Ir alloys (1 cm?). Pt mesh was the counter, and the temperature was
controlled at 294 K (21 =1 °C).

The values of the heterogeneous kinetic rate constant, k., for borohydride oxidation over
Pt,-Ir./Ti electrodes at certain potentials can be obtained from the cumulative charge,

Q(C), with overtime 2%, as the following equation expresses:

20771
Q(l‘) = ZFACka (W -E> (49)

where H can be defined as follows

7.[1/2

:W (4.10)

Here, 1”7 is the positive intercept on the '/ axis employing a shorter linear extrapolation,

as seen in Figure 4.15a), which shows a linear plot of the cumulative charge (Q) vs. ¢'/2

for Pt,-Ir./Ti anodes. With H in hand, the k, value can be calculated from the intercept or
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the slope [2zFAck./(Hr'?)], which was chosen here; see Eq. (4.9). As the kinetic rate
constant depends on the electrode potential, the short chronoamperometry experiments
were also repeated with potentials (where the direct oxidation of BHy is expected) of 0.0
and -0.2 V vs. Hg/HgO (see j. vs. ¢ in Appendix IV), the results of which (Q vs. ¢'?) are
illustrated in Figure 4.15b) and Figure 4.15c), respectively. The total number of electrons
exchanged, z, for the two electrodes has been taken from Table 4.1 [5.3 e (75:25) and 3.7
e (25:75)].

Accordingly, Table 4.2 shows the rate constants for the anodic reaction at different
potentials, where Pto.75-Iro.25 and Pto2s-Iro.7s presented average reaction rates of 0.39 and
0.53 c¢cm s™!, respectively, at any potential between -0.2 and +0.2 V vs. Hg/HgO. In the
case of the Ptoas-Iro7s electrode, the Cottrellian response (diffusion-controlled) was

dominant, and the highest values of k, were for this electrode.

Table 4.2. The heterogeneous rate constant, k, cm s™!, of borohydride oxidation on
Pt,-Ir./Ti electrodes at different potentials at 294 K.

Electrode E vs. Hg/HgO

-0.2 0.0 +0.2
Pto.75-Ir0.25 0.40 +£0.01 0.37 £0.01 0.38 £0.01
Pto.25-Ir0.75 0.55 £0.05 0.64 +0.09 0.41 +0.11

This method has been discussed thoroughly by Bard, Faulkner 2°® and Pletcher '#4.
Gyenge * applied it experimentally using Pt and Au disk electrodes at 0.0 V vs. Ag/AgCl,
KClsq, in a similar electrolyte solution (0.03 mol dm NaBH4 in 2 mol dm™) but with
additive of 1.5 x 10 mol dm™ Thiourea (TU) (to suppress the hydrolysis) at room
temperature (295 K). The author found that Pt has a higher k, = 1.86 cm s! than a Au
electrode (0.14 cm s') at 0 V vs. Ag/AgCl (KClga). Finkelstein et al. 3! applied the
Koutecky-Levich equation using the voltammograms of BH, obtained from an RDE.
They reported significantly lower values — 0.029 and 0.012 c¢cm s for Pt and Au,
respectively — than those found for Pt-Ir alloy electrodes. This finding could be attributed

to differences in the reaction mechanism or experimental and calculation techniques.
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Figure 4.15. The charge density vs. time!? for the two Pt,-Ir. electrodes (1 cm?) at a)
+0.20, b) 0.0 and c) -0.2 V vs. Hg/HgO. The data was obtained from the
chronoamperometry measurements under similar conditions as the previous
figure.
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4.3.7. The activation energy — the influence of temperature

The activation energy can express the prospect of using thermal energy to overcome an
energy barrier 2% to proceed with a reaction process. Evaluation of apparent activation
energies, E;"° (kJ mol™), of the two alloys for the oxidation of borohydride ions was
made using chronoamperometry tests at different temperatures (25-65 °C), as shown in
Figure 4.16. The activation energies were determined by applying the other form of the

Arrhenius equation [Eq. (4.11)] 1 82 217;

app

Inj, = Ind;- RT (4.11)

Where 4; is the Arrhenius pre-exponential factor 82, E.PP

was determined from the fitting
data of the limiting current densities, jz, at +0.2 V vs. Hg/HgO vs. the reciprocal
temperatures, 1/7, as seen in Figure 4.17, for each electrode. E."? values were calculated
to be 18.6 and 28.0 kJ mol™! for borohydride oxidation at Pto7s-Iro2s and Pto2s-Iro.7s,
respectively. This result means that Pto 75-Iro.2s required less thermal energy than the Pto.2s-

1. 119 obtained

Iro.75 catalyst to surmount the energy barrier of BH; oxidation. Sljukic et a
values of 20, 25 and 34 kJ mol! for Pto.7sNio.25/C, Pto.75C00.25/C and Pt/C, respectively,
using a similar electrolyte composition, revealing the advantages of the bimetallic Pt alloy

over monometallic Pt.

Oliveira et al. '8 tested a polypyrrole-carbon (5-35 wt.% carbon) decorated with Pt
nanoparticles and found that the values of E."?range from 10 to 18 kJ mol but using
cyclic voltammetries (j, vs. 1/T) at 50 mVs™! in 0.03 mol dm= NaBHs+ 2 mol dm NaOH
at 25-65 °C. Many other materials have also been evaluated; for example, Ni alloys
presented values of 18, 23 and 31 kJ mol™! for borohydride oxidation on Nig9sDyo.0s,
Nio9oDyo.10 and NigosSmoos, respectively 82, which was determined from
chronoamperometric curves recorded in 0.03 mol dm= NaBH4 in 2 mol dm> NaOH.
Santos and Sequeira 2%° reported significantly higher values (4072 kJ mol™!) for a gold
disc electrode [0.03 mol dm™ NaBH4 at -0.5 to +0.5 V vs. saturated calomel electrode
(SCE)] than those obtained for Pt,-Ir, (present work), however, Cheng and Scott °? applied

linear sweep voltammograms on a Au rotating disk electrode (25-70 °C, 1000 rpm) and
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it found that the apparent activation energy to be 27 kJ mol-!. Recently, Oliveira et al. 2!

found it to be around 29 kJ mol™! for Pt-Cu/nanoalloys and mesoporous carbon nitride.
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Figure 4.16. Chronoamperometry (at +0.2 V vs. Hg/HgO, 50 s) at different temperatures
using a three-electrode cell. The electrolyte consisted of 0.01 mol dm
NaBH4 in 2 mol dm NaOH (0.1 dm™), the anode was Pt,-Ir,/Ti (1 ¢cm?) and
the counter electrode was Pt mesh.
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Figure 4.17. Arrhenius plots for the Pty 75-Iro.2s and Pto2s-Iro 75 catalyst electrodes (1 cm?).

4.3.8. The reaction order — the influence of concentration

Figure 4.18a) and b) show the linear sweep voltammograms at 100 mV s™! scan rate, from
-1 V to 0.6 V vs. Hg/HgO for borohydride oxidation on Pto75-Iro.25, and Pto25-Ir0.75
electrodes in an electrolyte containing BH; ranging from 0.01-0.2 mol dm™
concentration. The current densities increased linearly with borohydride concentration. It
can be seen that the peak potential for borohydride oxidation shifted to more positive
values as the BH, concentration increased. This behaviour, as was suggested by Sljukic

et al. ', Santos and Sequeira 2%

, 1s due to the longer time required to achieve full
depletion of borohydride ions when there is a higher concentration at the electrode
surface. O, evolution was observed at higher positive potentials (> +0.6 V vs. Hg/HgO)
for both electrodes. At positive potentials > +0.2 V and higher BH; concentrations (> 0.1
mol dm), Pt 75-Iro 25 showed superior activity towards BH, oxidation, providing a high
current densities (seen in Figure 4.18a), possibly due to the increase of [BH,] as it cannot
be from an oxygen evolution reaction. For the Pto2s-Iro7s electrode at the highest

concentration of 0.2 mol dm 3, as seen in Figure 4.18b), the peak potential shifted to the

positive direction but the peak current was lower at a low potential, which means probably
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that the electrode with a higher content of Ir favours the borohydride oxidation than H»

oxidation at BH, concentration > 0.2 mol dm™.
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Figure 4.18. Linear voltammetry (-1 V to 0.6 V vs. Hg/HgO) of BH, oxidation on a)
Pto.75-Iro 25, b) Pto2s-Iro.7s on Ti (plate, 1 cm?) using the three-electrode cell
for the effect of borohydride concentration. Scan rate 100 mV s at a
controlled temperature of 294 K (21 £ 1 °C) in electrolyte consisted of
different NaBH4 in 2 mol dm™ NaOH.
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The reaction rate can be expressed as a kinetic current density (j/A cm™) given by Eq.

(412) 219 220 92 119 209 217:

j=ycP (4.12)

Where y is a reaction constant and f is the order of the reaction for a bulk concentration
(c mol em™). The linear form of Eq. (4.12) is Eq. (4.13), which was used to estimate the
reaction rate constants and the order of the borohydride oxidation reaction on Pt.-Ir./Ti
catalysts. The slopes and intercepts of the linear plots of Inj vs. Inc, were obtained to

determine £ and y, respectively, from Figure 4.19:

Inj=lny +fInc (4.13)

The reaction orders at -0.2 V (a2) vs. Hg/HgO — where the current was taken for all curves
in Figure 4.18a) and b) — were 0.82 and 0.69 for 75:25 and 25:75 alloys, respectively,
while y values were equal to 198 and 60 A cm mol!. The calculations were also repeated
for the electrode potentials 0.0 and +0.2 V. Table 4.3 and Table 4.4 summarise all values

of f and y, respectively.
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Figure 4.19. The kinetic current density vs. concentrations of NaBHy at -0.2 V (a2) vs.
Hg/HgO collected from Figure 4.18 for Pto.75-Iro.25 and Pto2s-Iro.75 electrodes.
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Table 4.3. The reaction orders, S, of BH, at different potentials of Pt,-Ir, electrodes.

Electrode E vs. Hg/HgO
-0.2 0.0 +0.2
75 25 0.82 0.76 0.73
2575 0.69 0.59 0.53

Table 4.4. The reaction constants values, y, at different potentials of Pt,-Ir, electrodes.

Electrode E vs. Hg/HgO
-0.2 0.0 0.2
75 25 198 106 77
2575 60 22 11

In all cases, Pto.75-Iro2s presented approximately a first-order reaction, and its reaction
constants were more than three times larger than those of the Pto2s5-Iro.75 electrode at -0.2

209

V vs. Hg/HgO. Even though Santos and Sequeira mentioned that undertaking

voltammograms in hydrodynamic conditions could be affected by other parameters (but

204 51191 198 _ 4 yndertake the

have not determined them), they advised — among others
CV tests using the RDE technique. Therefore, it is useful to employ the data from Chapter
5, where the mass transport has been studied in detail using different anode structures of
Ti materials coated with Pto75-Iro25 catalyst to confirm the reaction order results obtained

here.

The limiting current densities were obtained at a mean linear flow velocity of 3.8 cm s™!
using chronoamperometry measurements (at 0.2 V vs. Hg/HgO) on Pto.75-Iro.25/Ti mesh
for concentrations from 2 to 18 mmol dm= BH; + 2 mol dm~ NaOH (Figure 5.11b). By
using the same technique of applying Eq. (4.13) and getting the limiting currents from the
chronoamperometry data shown in Figure 5.11b, the reaction order of borohydride
oxidation rate was calculated from the linear slope in Figure 4.20 to be 1.03 for Pto.7s-
Iro25/Ti mesh. The agreement between the two methods (hydrodynamic and non-
hydrodynamic conditions) is generally good and aligns with the literature. A range of
reaction orders (0.83—1.11) was reported ' using a Pty .75-C0o25/C RDE (1200 rpm) in
solutions from 0.01 to 0.09 mol dm™ BH,; + 2 mol dm™ NaOH. The authors '* found
consistency between the reaction order obtained from CV RDE data and those obtained
from CV (diffusion control) data (f = 0.85 to 0.91). They observed that the current trend

with increasing BH,; concentration was similar in both methods, meaning the CV data (in
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natural diffusion control) leads to a good agreement with the RDE data (via convection-
diffusion) in terms of the reaction order calculation, as seen from this research and the
cited publications. Gyenge *° compared the limiting current obtained from Pt in 0.03 and
0.3 mol dm™ BHj, solutions (with the presence of 1.5 x 10~ mol dm™ thiourea). The
current was ten times greater with 0.3 mol dm= BHj, suggesting a first-order reaction

rate, but the author did not apply any equation to calculate 5.

-2.5 y T g T y T g | y |

Pt, ,s-Ir, ,5/T1 mesh

1 L 1 L 1 L 1 L 1

-13.5 -13.0 -12.5 -12.0 -11.5 -11.0 -10.5

In (¢py; / mol cm™)

Figure 4.20. The logarithmic plot of the current densities and the different borohydride
concentrations from Figure 5.11b). The limiting current vs. different
borohydride concentrations was obtained from chronoamperometry (+0.2 V
vs. Hg/HgO) on a Pt-Ir/Ti mesh (8.55 ¢cm?) working electrode for a half-cell
operating at 296 K. The electrolyte composition was x x 10~ mol dm= NaBH4
in 2 mol dm= NaOH. The mean linear fluid velocity was 3.8 cm s, The Pt/Ti
mesh counter electrode was in 2 mol dm NaOH.

Cheng and Scott °> have also confirmed that (first-order) at 1000 rpm and onset potential
of 0.45 V vs. Hg/HgO using an Au RDE in 0.27 to 2.65 mol dm™ borohydride solutions
(2.5 mol dm NaOH). An Au electrode was also used in a different study 2°°; however,
CV experiments were carried out in natural diffusion conditions. The authors 2% found

that the reaction order of the BH, oxidation (at 0.0 vs. SCE and a scan rate of 2 V s7!) laid
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between 0.82 and 1.25 for a range of solution temperatures (25-65 °C). Lately, Oliveira
et al. 217 obtained the average reaction order of Pt-Cu/mesoporous carbon nitride to be

0.87. In short, it can be concluded that the borohydride process is a first-order reaction.

4.3.9. The mass-transport coefficient — the influence of flow velocity

Figure 4.21a) and b) present the effects of changing the mean linear flow velocity, v (cm
s1), on the current density, j (A cm™), gained from the Pto75-Iro2s/Ti and Pto2s-Iro 7s/Ti
electrocatalysts, respectively. Figure 4.5 shows the single flow cell that was used to
investigate the two anodes with a projected area of 9 cm?. Figure 4.21a) and b) present
the mass control region (steady-state), where the current remains approximately
unchanged (/ = I1; limiting current) at # > 25 s, which represents the maximum reaction

rate '73

of borohydride oxidation for Pt,-Ir./Ti as well. The limiting current densities, jz,
were obtained using the average of the last ten current records (at ¢ > 25 s) for each flow
velocity in Figure 4.21 (a & b) and plotted in Figure 4.22a). This plot (log-log) illustrates
increasing jz in both electrodes with respect to the mean flow velocity. Although Pto2s-
Iro.75 has a lower j; than Pto75-Iro.25, the slope of Pto2s-Iro.7s was higher, and, as a result,
its j; exceeded the current obtained from Pty 75-Iro2s at a high flow velocity (> 8 cm s™).
This result could be attributed to the surface roughness of Pty 2s-Iro.75, as seen in Figure
4.7c) and d), which might cause a turbulent flow at higher v. At this stage, it is valuable
to determine the mass-transfer coefficients, k» (cm s!), of the two alloys by the following

relationship 75 221;

I

_ 4.14
" zFAc ( )

Where A4 (cm?) is the active surface area of the plate electrode (assumed to be 9 cm?) and
z is the stoichiometric number of electrons exchanged in the system. Accordingly, Figure
4.22b) shows the log-log plot of &, with respect to the electrolyte mean flow velocity for
the two Pt,-Ir, alloys. The curve of each &, vs. v of Pto.75-Iro.25 and Pto2s-Iro.75, at steady-

state conditions, can be expressed by the following equations:
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Ko, iy »s—irg s = 0.8%1070-38 (4.15)
ky b oo o= 0.6x107310-54 (4.16
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Figure 4.21. Chronoamperometry (at +0.2 V vs. Hg/HgO, 40 s) with different mean linear
flow velocities of a single cell operating at 298 K. The anolyte consisted of
0.01 mol dm™ NaBH4 in 2 mol dm NaOH (0.18 dm™) and 2 mol dm NaOH
Catholyte (0.18 dm™). The anodes were a) Pto 75-Iro.2s and b) Pto2s-Irg.7s on Ti
plat (9 cm?) and the cathode was Pt supported on Ti mesh (9 cm?).
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Figure 4.22. The a) limiting current density (at 0.2 V vs. Hg/HgO) and b) mass-transport
coefficient vs. linear flow velocity using Pto7s-Iro25/Ti and Pto2s-Iro.7s/Ti
anode catalysts (Ti plate, 9 cm?). The anolyte consisted of 0.01 mol dm™
NaBHjs + 2 mol dm NaOH and 2 mol dm= NaOH catholyte at 298 K.

As can be seen from Eq. (4.15) and Eq. (4.16), the flow velocity order of Pto.2s-Iro.75 (0.54)
is 40% higher than that of Pt 75-Iro.25 (0.38). However, the latter has a larger mass transfer

coefficient (33%, 0.8x107 cm s71) than Ptos-Iro.75 (0.6x10~ cm s1). In general, the two
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catalysts have approximately similar &, which was expected, as a similar substrate was
used (Ti plate). However, the Pto.75-Iro.25 electrode could present a slightly faster mass
transport of BH, ions only at lower flow velocity (v < 6 cm s!) and the Pto2s-Iro.7s at a
higher (v > 6 cm s'!), which may be due to the microsurfaces of the two electrodes. It has
become obvious that DBFC system is dominated by the mass transfer of BH, rather than

the electron transfer as 4, larger than k.

4.3.10. Polarisation curves — the influence of temperature on a single cell

The schematic experimental system of the DBFC can be seen in Figure 4.5. The influence
of the temperature on the polarisation and power density using Pto.75-Iro.25 and Pto2s-Iro.75
anodes was studied at 298 K (25 °C) and 333 K (60 °C), as shown in Figure 4.23. The
electrolyte on the anode side consisted of 1 mol dm= NaBHs + 4 mol dm NaOH, while
the cathode solution (Pt/Ti mesh) was 1 mol dm™ H,O, + 1 mol dm HCI, the two of
which were separated by the CEM Nafion® 115. As was discussed in the literature review,
this membrane allows only protons to crossover (in this case, Na*). The rate of applied
current density was 5 mA cm™ min'! from 0 to 250 mA c¢cm for less than 50 minutes. The
power densities were calculated by multiplying the applied current densities and the
measured cell potential (Figure 4.23). The two electrodes showed an OCP of about 1.8
V, which is approximately 1.2 V lower (40%) than the theoretical value of the
NaBH4IH2O: cell [3.02 V, Eq. (2.18)] probably due to the mixed potentials at the anode
and cathode electrodes caused by the reaction of intermediate products in the two
compartments (see Chapter 6 for more detail). The OCP must also be decreased by the
liquid junction potential (~826 mV) 2 222 between the catholyte (pH ~ 0) and anolyte
(pH ~ 14) solutions.

Table 4.5 summarises the temperature effects on the peak power densities, the cell
potentials and current densities at the peak power densities of Pt,-Ir./Ti anodes in the
DBFC. The maximum power density of Pt 75-Iro.25 was practically double the maximum
of Pto.25-Iro.75 in both cases of 298 K and 333 K. For example, at 333 K, the peak power
density of Pto75-Iro2s was 84 mW cm2, while it was 40.7 mW cm in the case of Pto.s-

Iro.75. This result is evidence that DBFCs using Pty 75-Iro.25/Ti anode catalyst performed
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better. Increasing the temperature from 298 K to 333 K improved the maximum power
density dramatically by ca. 70% (50 to 84 mW c¢m ) with Pty 75-Iro.2s and 50% (26.7 to
40.7 mW cm™) with Pt2s-Irg7s. Under a 100 mA c¢cm™ load with the Pto75-Iro2s anode,
the fuel cell provided a cell potential of only 0.30 V (30 mW c¢m) at 298 K, while at 333
K a cell potential of 0.82 V (82 mW cm) was measured. As was mentioned before, only
Gyenge et al. have studied Pt-Ir with a catalyst load of 1:1 %°. The authors used double
the borohydride concentration than that used here (2 mol dm™ NaBH4 + 2 mol dm™
NaOH). Their oxidant was O, (200 cm® min™), which is known experimentally to be
lower (1.64 V theoretical cell potential) in terms of power density and cell efficiency than
hydrogen peroxide, as the latter has a faster reduction rate and higher cell voltage (3.02
V) 24, They measured the cell voltage using Pt:Ir (50:50) at 0.1 V (10 mW ¢m) and 0.53
V (53 mW cm) at 298 K and 333 K, respectively, under 100 mA ¢cm. Even though they
used a higher catalyst load (5 mg cm™, while 2 mg cm™ was used in the current study),
the cell power in the present work obtained using a Pto.75-Iro.2s anode was up to three times

higher than the results of Gyenge et al. for the cell operated under 100 mA cm at 298 K.
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Figure 4.23. The effect of the operation temperature on cell polarisation and the power
density curves of the NaBH4IH2O:> cell using Pto.75-Iro.25/T1 and Pto 25-Ir.75/Ti
anode catalysts (Ti plate, 9 cm?). The anolyte consisted of 1 mol dm NaBH4
+ 4 mol dm™ NaOH and 1 mol dm™ H>O> + 1 mol dm= HCI catholyte at a
scan rate of 5 mA c¢cm™ min'! and a mean linear fluid velocity of 3 cm s™! at
298 K (25 °C) and 333 K (60 °C).
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Table 4.5. The temperature effects on Pto.75-Iro25 and Pto2s-Iro 75 anodes in the DBFC.

Pto.75-Ir0 .25 Pto.25-Ir0.75
2908 K | 333K | 298K | 333K
Open-circuit potential / V 1.80 1.80 1.75 1.79
Peak power density / mW cm™ 50 84 26.7 40.7
Cell potential at peak power density / V 0.85 0.75 0.64 0.7
Current density at peak power density / mA cm™ 58.5 111 41.3 57.8

However, the differences in the catalyst composition, catholyte solution and cell
operation conditions could explain the difference in cell performance. Yi et al. 73 tested a
single cell using Pt, Pto.75-Zno.2s, Pto.s7-Zno 33 and Ptos0-Zno 50 as anode materials and Pt
as a cathode (all electrodes had a 0.9 mg cm™ catalyst load supported by Vulcan XC-72R
carbon). The anolyte solution was composed of 1 mol dm NaBHs+ 3 mol dm™ NaOH,
while a 2 mol dm H>02 + 0.5 mol dm? H2SO4 was used as a catholyte. A Nafion® 117
membrane separated the two electrolytes. The OCP was 1.7 V, which was lower than that
obtained in the present work (1.8 V). The authors 7 reported that the peak power densities
using Pt, Pty 75-Zno2s, Pto.7-Zno 33 and Ptoso-Znoso were 42.8 mW cm™ (39.6 mA cm™2),
66.3 mW cm™ (69.8 mA cm?), 79.9 mW cm? (79.5 mA cm™) and 59.5 mW c¢m? (65.0
mA cm), respectively, at 298 K, which suggests using Pt alloys with 67:33 Pt:Zn. Others
have examined many Pt-M alloys (M=Zn 73, Sn '7, Co 28, Cu %7 139 and Fe ?2%) and found
that bimetallic catalysts are more active and improve the performance of DBFCs more
than monometallic Pt catalysts. Generally, in all five studies, the Pt-M/C showed the
highest catalytic activity for the BOR when the ratio of Pt:M was 67:33 rather than 80:20,
75:25, 50:50 or 100:0 (Pt), the last of which was the worst catalyst. Even though Pto 7s-
Iro.25s — which is studied here — showed promising activity, a further investigation of Pt:Ir
catalysts needs to be made to find the optimal bimetallic catalyst ratio for borohydride

systems.

4.3.11. The cell stability test

In order to confirm the high electrocatalytic activity of a Pto.75-Iro2s/Ti plate anode
towards borohydride electro-oxidation, the short-term stability of the single cell shown in
Figure 4.5 was studied. Figure 4.24 shows the cell voltage recorded over a continuous

operating period of about 75 minutes at a constant current load of 25 mA c¢cm of the
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DBFC using Pt,-Ir, anodes at 298 K (25 °C). The cell exhibited a relatively stable
performance with both Pto.75-Iro2s and Pto2s-Iro.7s anodes. The operating potential with
the Pto.75-Iro25 anode presented a little decay (1.38 V to 1.19 V over 75 min), while, for
the Pto2s-Iro.75 anode, the cell voltage had slightly higher fluctuation around 1.0 V over
the tested period. The fluctuation of the cell potential could be attributed to the oxygen
escape from the cathode by the decomposition H>O: [see Eq. (2.12)] or/and the evolution
of H from BH,; hydrolysis at the anode surface. O> and H> gas bubbles could also
accumulate on the surfaces of the catalysts and hinder '#° the transferring of the primary

reactants (BH,; or H,0O,), which could be the cause of potential loss 2.

Long-term stability test can be done using larger volume of electrolytes, or periodically
refreshing the solutions. However, some studies showed good cell stabilities for a more
extended period [(90 h) #, (25 h) 13°] using Pt alloys. For example, Ma et al. 3 evaluated
the performance of Ni-Pt/C and Ni-Pd/C (both catalysts 25:1) as potential anodes for
DBFCs. The test was carried out under 50 mA cm™ in a period of about 100 hours at 298
K. The anode electrolyte contained 1.32 mol dm™ BH, + 2.5 mol dm™ NaOH (5 cm? min-
) and the catholyte was humidified oxygen (0.15 dm?® min'), and a Nafion® 212

membrane separated the two solutions.

The cell started with a low potential of 0.68 V (BH4IO; cell), and it lost around 0.1 V
over 90 hours of continuous operation. The authors observed the gradual decline and
mentioned many possible reasons, such as the dissolution and agglomeration of the anode
catalysts, the poisoning of active anode sites, deactivation of cathode and ion exchange
membrane by sodium hydroxide and sodium carbonate (formed from the CO; in the

ambient air).

Cheng and Scott ®’ evaluated the durability at 20 mA cm for 50 hours of titanium mesh—
supported Au and Ag anodes (3D) in a DBFC, the performances of which were compared
with two carbon-supported catalysts. Even though Au was expected to be more stable
than Pt, the authors reported double the decline in the cell potential of all Au and Ag
(mesh and carbon) electrodes of Ma et al.’s ® results, who used a Pt alloy for a longer
time period. For example, the cell voltage of Cheng and Scott’s DBFC with a Au/Ti mesh
anode declined by approximately 0.2 V within 50 h (from 0.68 V to 0.48 V). They ¥’

attributed this decline to the same factors that were mentioned by Ma et al. %, which
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caused a gradual deterioration in the Au and Ag electrodes. However, replacing H>O» for
O2 as an oxidant could prevent sodium carbonate formation; using a AEM so that OH"
will migrate, not Na®, could also be a solution. Cheng and Scott observed that 3D
electrodes presented somewhat good stability — 50% higher in terms of the current

densities — and power densities around 20% greater than those of Au/C and Ag/C (2D).

These findings led the current author to evaluate the performance of a Pto.75-Iro 25 catalyst
with different Ti structures from an electrochemical engineering perspective, as Pto.7s-
Iro25s showed promising kinetic parameters and cell performance. To the best of the
author’s knowledge, however, no publication has ever presented mass-transfer
measurements of borohydride ions using different 3D electrodes, which can potentially

further improve the DBFC and which are considered in next chapter.
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Figure 4.24. The stability of the NaBH4IH2O; cells using Pto.75-Iro.25/Ti and Pto.25-Iro.75/T1
plate anode catalysts (9 ¢cm?) and Pt/Ti mesh as a cathode operating at a
current density of 25 mA ¢cm at 25 °C. The anolyte consisted of 1 mol dm™
NaBH4 + 4 mol dm™ NaOH (0.2 dm?®) and the catholyte consisted of 1 mol
dm H,O; + 1 mol dm™ HCI (0.2 dm?). The mean linear fluid velocity was 1

cm s,
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4.4. Conclusion

In summary, the Pto 75-Ir0.25/T1 and Pto 2s-Iro.75/T1i anodes were prepared, characterised and

evaluated for DBFCs. The two electrocatalysts presented activity towards direct oxidation

of BHy, along with its hydrolysis. The Pt,-Ir, catalysts also showed high activity towards

the HOR due to the fully-dissociative adsorption of BH, over the surface of the examined

catalysts at low potentials. CV measurements of Pt,-Ir, showed four anodic peaks in

sodium borohydride alkaline solutions. Among the catalysts investigated, the bimetallic

Pto.75-Iro.25/T1 catalyst demonstrated both the highest BOR current densities and the most

number of electrons exchanged. Its reaction rate was faster and its activation energy was

lower than Pt2s-Iro.7s/Ti.

electrochemical measurements.

Table 4.6 summarises the kinetics parameters and

Table 4.6. The summary of the electrocatalyst parameters of Pty 75-Iro.25 and Pto.25-Iro.75.

Anode catalyst Conditions
Parameters
Pto.75-Iro.25 | Pto.2s-Iro.7s at

Apparent activation energy, E.*? / kJ mol’! 18.6 28 02V *
Charge transfer coefficient, o 0.59 0.42 peak a2
Total number of electrons exchanged, z 53 3.7 peak a2
Standard heterogeneous rate constant, ks/ cm s | 0.1x101° 5%1071 peak a2

0.40 0.55 -0.2V
Heterogeneous rate constant, k, / cm s™! 0.37 0.64 0.0V

0.38 0.41 +0.2 V
The reaction orders, f 0.82 0.69 -0.2V
The reaction constants, y 198 60 02V
Mass-transfer coefficient, kn(v) / cm s7! 0.8x10>v%3% 0.6x1077  +0.2 V
Peak power density / mW cm? 84 40.7
Cell potential at peak power density / V 0.75 0.7 333K
Current density at peak power density / mA c¢cm™ 111 57.8

*All potentials vs. Hg/HgO
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Chapter 5: Mass-Transfer Measurements at Porous 3D
Platinum-Iridium/Titanium Electrodes in Direct

Borohydride Fuel Cell

The volumetric mass-transport coefficients (kn4d.) for borohydride ion oxidation at
various titanium three-dimensional (3D) electrode structures in a rectangular flow
channel were determined by applying chronoamperometry tests in a single
electrochemical flow cell. The 3D electrodes used for the oxidation of borohydride in
alkaline media included flat, mesh, micromesh, fine mesh and felt coated with Pto 75-Iro 25
alloy catalysts. These five electrodes were prepared, characterised and evaluated by using

different electrochemical techniques.

5.1. Introduction

The advantages of the direct borohydride fuel cell (DBFC, NaBH4IH>O>) include high
theoretical cell potential (2.11 V) # and specific energy density (ca. 12 kW h kg!) from
a liquid fuel at 25 °C. The possibility of achieving high energy density in this system has
attracted academic and industrial interest for applications in portable electronic devices,

29 28 24

transportation, space and underwater vehicles The anodic oxidation of

borohydride ions in an aqueous alkaline solution can occur directly at a wide range of

anode catalysts to release a maximum of eight electrons 88 12;

BH; + 8OH — BO; + 6H,0 + 8¢ EY, 4= -1.24 vs. SHE (5.1)

This reaction coupled with the cathodic reduction of H>O; in alkaline media, Eq. (5.2),

can provide a theoretical cell potential of 2.11 V 2 63;

4H202 + 8¢ — 8OH" E(c)athode: 0.87 V vs. SHE (52)
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Many advantages of employing 3D materials have been observed 22° 177226 for FCs as the

following:

1. Allowing high residence time (space-time yield) '7¢ 227, which might help to
consume the hydrogen generated in the anode by the borohydride hydrolysis [Eq.

142. enhancing the fuel utilisation

(2.2)] during the heterogeneous reaction
efficiency.

2. The porous 3D electrodes can provide a highly active area per unit electrode
volume which is expected to reduce the cell volume and electrode costs 92 by
minimising the amount of noble metal required ® and fully utilising the active
site.

3. Developing turbulent flow, which enhances the mass-transport conditions close
to the electrode surface '#°.

4. They are mechanically robust and perform remarkably due to the quick release
of by-product gases, preventing the active sites from attracting gas bubbles and

becoming blocked 0! 102,

Many materials were used to investigate the effectiveness of 3D electrodes in DBFCs,

1 102 150 87

such as nickel '92, copper '°°, reticulated vitreous carbon (RVC) ¥ and titanium
Borohydride oxidation on gold nanoparticles/nanotubular titanate oxide presented the
double performance of that from a Au/C 1! in agreement with !33. Titanium mesh coated
with Au (4 cm?) revealed significant power densities — 50% higher at 85 °C — than those
obtained with Au/C %’. Titanium supporter is promising material because of their
acceptable conductivity (2.1 x 10 Sm!, Alfa Aesar data sheet) compared to carbon (0.07
x 10® S m! at 293 K), high mechanical and electrochemical stability (unlike carbon in
high alkaline solution), open structure and ease of manufacturing . However, Ti should
be coated to avoid developing titanium oxides, which create a non-conductive layer

(insulating oxide layer).

Several limitations restrict the rapid development of DBFC technology. One of the major
challenges is finding cost-effective electrocatalysts for borohydride oxidation that can
minimise the hydrolysis of borohydride and increase its selectivity and reaction rate.

Another challenge is to find electrode support structures and architectures which improve
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mass-transfer rates and can be scaled up. In this research, titanium materials were
considered as substrates due to the above advantages. They were coated with Pt-Ir (75:25)
to investigate the oxidation of borohydride ions on 3D electrodes. This chapter seeks to
improve DBFC performance by evaluating well-defined 3D anode structures using the
limiting current technique to characterise their mass-transfer properties. The limiting

current technique 185 183 228 229 182

represents the maximum possible rate of electrochemical
reactions on the electrode surface, under complete mass-transport control, at a given mean
linear flow velocity 2*°. In the mass-transfer controlled region, the current depends on the
rate of the supply of electroactive species to the electrode, which can be determined by

the volumetric mass-transport coefficient (kn A.):

zFcVl,

kA, (5.3)

Where k» (cm s!) is the mass-transport coefficient, 4. (cm™) is the active electrode area
per unit of electrode volume, I (A) is the limiting current, F'is Faraday’s constant (96485
C mol!), ¢ (mol cm™) is the concentration of the electroactive species (BH;) in the bulk
electrolyte, V. (cm™) is the electrode volume and z is the number of electrons exchanged
in the reaction. The number of electrons was assumed to be 8 based on the stoichiometric

anode electrode reaction in Eq. (5.1).

5.2. Experimental details

5.2.1. Electrode preparation and characterisation

In this study, 2D and 3D electrodes were used for the oxidation of borohydride, including
flat, mesh, micromesh, fine mesh and felt-coated electrodes with Pto75-Iro25 alloy
catalysts. Figure 5.1 shows titanium anodes coated with Pt-Ir (2 mg cm): (a) flat, (b)
mesh, (¢) micromesh, (d) fine mesh and (e) felt. The counter electrode (f) was the Pt/Ti
mesh (2 mg cm?, the same one was used in Chapter 4). All the electrodes were
constructed in-house from commercially available Ti materials and coated by a
commercial supplier (Magneto Special Anodes B.V.). The deposition method of the six
electrodes was described thoroughly in Chapter 4 (section 4.2.1). The physical

characteristics of these anodes are listed in Table 5.1. The porosity of the electrodes was
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measured volumetrically by measuring the amount of liquid filling the void space within
the solid structures. Scanning electron microscopy (SEM) was carried out using a JSM-

6500F field emission electron microscope (JEOL Inc, USA).

The Pt-Ir/Ti plate electrode (9 cm?) in Figure 5.1a) was formed with a thickness of 0.9
mm and a 99.7 wt.% of pure titanium (Alfa Aesar Ltd., UK) coated with Pt-Ir catalyst
(75:25 for all working electrodes in this work). The electrode was tested with three
stacked, inert polypropylene mesh turbulence promoters (TPs, 1.3 mm thickness, LWD
8.0 mm and SWD 6.8 mm). The used TP can be seen in Figure 4.6 and the plot of standard
dimension abbreviations of mesh in Figure 4.1. Its effect on electrochemical flow cells

was discussed in Chapter 2.

a) Pt-Ir/Ti plate b) Pt-Ir/Ti mesh Tem i
: ‘.’I’ ) electrode

s — e \
Electrolyte channel (acrylic)y | =

The current collector

Current collector (Ti Plate)  holder frame (acrylic)
(e _ | (Ti Plate (aeryli)

¢) Pt-Ir/Ti micromesh d) Pt-Ir/Ti fine mesh

e) Pt-Ir/Ti felt

Figure 5.1. Various electrode materials spot-welded into a Ti plate and placed in a current
collector holder frame a) Pt-Ir/Ti plate, b) Pt-Ir/Ti mesh, c) Pt-Ir/Ti
micromesh, d) Pt-Ir/Ti fine mesh, e) Pt-Ir/Ti felt and f) Pt/Ti mesh (the
counter electrode).
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The Pt-Ir/Ti mesh in Figure 5.1b) was only one mesh (3 mm thickness, strand width 2
mm, LWD 12.5 mm, SWD 7.0 mm) spot-welded to a Ti plate (0.9 mm thickness) to form
an overall 19 mm x 45 mm x 3 mm (8.55 cm?) electrode. An inert polypropylene mesh
stacked on the surface of the Pt-Ir/Ti mesh electrode was used as a TP to evaluate its

effect on the mass-transport rate.

Fifteen identical Ti micromeshes (170 pm thickness, LWD 1.0 mm, SWD 0.670 mm)
(Dexmet Co., USA) were coated with a Pt-Ir/Ti micromesh and spot-welded to a Ti plate,
forming a 20 mm x 45 mm x 2.4 mm (9 cm?) electrode, as seen in Figure 5.1¢). The Ti
fine mesh electrode (Dexmet Co., USA) was formed from 30 identical expanded titanium
fine meshes (50 pm thickness, strand width 0.15 mm, LWD 0.79 mm, SWD 0.46-0.61
mm) and then coated with Pt-Ir and finally spot-welded to a Ti plate to be 20 mm X 45

mm % 2 mm (9 cm?), as seen in Figure 5.1d).

The Pt-Ir/ Ti felt (3.6 mm thickness, 19 mm x 45 mm area) (NV Bekaert SA, Belgium)
was also connected to a Ti current collector plate at two spot-welded points, as seen in
Figure 5.1¢). For the counter electrode, Pt/Ti mesh (3 mm thickness, strand width 2 mm,
LWD 12.5 mm, SWD 7.0 mm) was spot-welded to a Ti plate, as seen in Figure 5.1f). The
five anode electrodes were investigated using the single flow cell that is shown in Figure
4.5 (the hydraulic circuit) and explained in Chapter 4 (section 4.2.4.); the expanded view

of the cell can be seen in Figure 4.3 (described in the same section).

5.2.2. Flow dispersion measurements

A perturbation-response technique was used to obtain the flow dispersion curves by
carrying out electrochemical measurements, namely, chronoamperometry. Normally, the
conductivity of the electrolyte is monitored at the cell outlet, while a saturated solution
[such as potassium chloride (KCl)] is manually injected through the electrolyte inlet.
Because an alternating-current (AC) conductivity meter connected to a chart reader was
not available, the experiment was conducted with electrochemical measurements instead.
In the experiment, deionised water at 288 K (15 °C) was passed through the anode
compartment (a single pass), while a 2 mol dm NaOH electrolyte was circulated in the

cathode compartment by a peristaltic pump, as seen in Figure 4.5.
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Table 5.1. Characteristics of Pt-Ir /Ti anode electrodes used in this study.

Electrode | Number of | Breadth, | Height, | Length, Equivalent | Dimensionless | Aspect | Volumetric | Projected | Electrode

type electrodes B/ cm S/ cm cm diameter, length, ratio porosity, & area, volume,

d=2BS/(B+S)/ cm L~=dJ/L y=S/B A/ em? Ve /! em®
plate+ TP | 1+3 TP 2 0.39 4.5 0.653 0.145 0.195 0.73 9 3.51
mesh 1 1.9 0.3 4.5 0.518 0.115 0.158 0.725 8.55 2.57
mesh+TP | 1+ 1TP 1.9 0.43 4.5 0.701 0.156 0.226 0.683 8.55 3.68
micromesh | 15 2 0.24 4.5 0.429 0.095 0.120 0.53 9 2.16
fine mesh 30 2 0.2 4.5 0.364 0.081 0.100 0.82 9 1.80
felt 1 1.9 0.36 4.5 0.605 0.135 0.189 0.8 8.55 3.08
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The current was measured vs. time using a chronoamperometry test (at +0.2 V wvs.
Hg/HgO) to obtain the borohydride oxidation current curve at different flow velocities
(2,4, 6 and 10 cm s). After 10 s, a concentrated borohydride solution of 2.5 mol dm™
NaBHjs + 2 mol dm™ NaOH was injected manually (0.5 cm™) by a syringe for 1-2 s into
the distilled water at the inlet. The measurements were performed with a working

electrode of Pto.75-Iro.25/Ti plate and Pt/Ti mesh cathode.

5.2.3. Limiting current vs. velocity

The aim of the experiments is to find the optimal performance factor, knA., for all five
fabricated Pt-Ir/Ti working electrodes (Figure 5.la-e) using the limiting current
technique. The rectangular-channel flow cell, as seen in Figure 4.5, was used for the
chronoamperometry measurements of the limiting current of the borohydride oxidation.
The Autolab digital potentiostat was connected to the Pt-Ir/Ti working electrodes, while
a platinised titanium (Pt/T1) mesh supported by one TP was used as a counter electrode.
The two compartments were separated by a CEM (Nafion® 115). Polytetrafluoroethylene
(PTFE) tubing (1 mm internal diameter) was fitted to the anode compartment as a Luggin
capillary to measure the potential of the anode vs. Hg/HgO. Small hydrogen bubbles were
observed coming from the decomposing anolyte; the gas may have blocked the ionic
contact between the working and reference electrodes through the Luggin capillary,
causing fluctuation and inconsistency in the electrode potential measurements. Therefore,
the reference electrode reservoir and electrolyte tank were connected by PTFE tubing (2
mm internal diameter; the orange line in Figure 4.5) to circulate the electrolyte and
continuously remove any gas bubbles using the peristaltic pump. The mean linear flow
rates of the working and counter electrode compartments were the same. To smooth
outflow pulsation during the experiments, pressure pulse dampeners were fitted to the
hydraulic circuit. A thermostatic water bath was used to control the electrolyte

temperature.

Chronoamperometry was used on all five Pt-Ir/Ti working electrodes, to measure the
limiting current vs. time (s) at a linear flow velocity ranging from 1 to 16 cm s!. The
electrode potential was stepped from the open-circuit potential (OCP) to +0.2 V wvs.
Hg/HgO in an electrolyte of 0.01 mol dm= NaBH4 and 2 mol dm NaOH at 296 K. The
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counter electrode compartment contained 2 mol dm NaOH. The summary of electrolyte
properties and experimental conditions are shown in Table 5.2. The limiting current
values were obtained based on the average of ten records from 25 to 35 s. Each
chronoamperometry measurement was repeated three times at each flow velocity and the

average limiting current was obtained vs. mean linear flow velocity.

Table 5.2. Characteristics of the electrolyte and process conditions.

Property Value
Anolyte solution 0.01 mol dm NaBH4
1.5 dm? of 2.0 mol dm™ NaOH
Catholyte solution 350 cm?® of 2.0 mol dm™ NaOH
Kinematic viscosity of electrolyte, v 0.02 cm? st 198
Diffusion coefficient of BH 4, D 2.23x10° cm? st 198
Schmidt number, Sc, v/D 862
Range of mean linear velocity, v 0-16 cm s™!
Temperature 296 K

5.2.4. Limiting current vs. concentration

The volumetric mass-transfer coefficient can also be obtained by measuring the limiting
current of different borohydride concentrations (¢) based on Eq. (5.3). Therefore, the
chronoamperometry experiment (at +0.2 V vs. Hg/HgO) was also performed in the same
flow cell arrangement (Figure 4.5) described in the previous section. It consisted of Pt-
Ir/Ti mesh as the working electrode which was connected to the reference electrode
Hg/HgO and Pt/Ti mesh as the counter electrode. A dilution series of borohydride
solutions was prepared: 0, 2, 4, 6, 8, 10, 12, 14, 16 and 18 x 103 mol dm™ NaBHj4 in 2
mol dm NaOH. The volume of both electrolyte tanks was 250 cm?® and v =3.8 cm s™! at
296 K.

5.2.5. Cell polarisation

The polarisation experiments were performed on a single flow cell. The cell potential and
power density vs. current density were measured for all Pt-Ir/Ti anode electrodes. The

rate of applied current density was 5 mA ¢m™ min™! from 0 to 140 mA c¢cm™. The cell
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arrangement was like that shown in Figure 4.5; the cell was connected to a BSTS8-A3
battery analyser (MTI, USA) and disconnected from the reference electrode. The anolyte
vessel (250 cm™) contained a solution of 2.5 mol dm NaBH4 in 2 mol dm™ NaOH, while
the catholyte (250 cm™) had 0.75 mol dm™ H,O; in 2 mol dm™ NaOH (both at 296 K).

The peristaltic pump recirculated the electrolytes at a 4 cm s! linear flow velocity.
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5.3. Results and discussion

5.3.1. Characterisation of the electrodes

All SEMs are presented at magnifications of 1 mm and 100 um. Figure 5.2a) and 5.2b)
show SEM images of the Ti plate coated with Pt-Ir, which exhibited the homogeneity of
the alloy. The Pt-Ir/Ti micromesh (Figure 5.2¢ and 5.2d) and fine mesh (Figure 5.2e and
5.2f) electrodes also showed uniform, compact Pt-Ir coatings. Even though the 15 Ti
micromesh sheets were spot-welded to a Ti plate and then coated, all layers presented a

homogenous, uniform deposition (see Figure 5.2c and 5.2d).

a) Pt-Ir/Ti plate £ . b) Pt-Ir/Ti plate

e) Pt-Ir/Ti fine mesh

Figure 5.2. SEM images of the three Ti materials supporting Pt-Ir used as anode : a-b) the
Pt-Ir/Ti plate, c-d) the Pt-Ir/Ti micromesh and e-f) the Pt-Ir/Ti fine mesh.
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Figure 5.3a) and 5.3b) display the SEM images of uncoated felt which were compared
with the coated one, as can be seen in Figure 5.3c) and 5.3d). The internal and external
fibres appear to be uniformly covered with Pt-Ir catalysts with some agglomeration. The
morphology of the Pt-Ir/Ti mesh, seen in Figure 5.3e, presents a well-coated surface.
However, the Pt/Ti mesh (cathode) shows black spots, especially at the edges, which
might represent the non-uniform distribution of Pt over the Ti surface because of uneven

current distribution during the electrodeposit of Pt.

a) Ti felt (before coating) b) Ti felt (before coating)

Figure 5.3. SEM images showing the surface morphologies of a-b) Pt-Ir/Ti felt before
coating, c-d) Pt-Ir/Ti felt after coating, e) Pt-Ir/Ti mesh (felt and mesh anodes)
and f) Pt/Ti mesh, which was used as a counter electrode.
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5.3.2. Flow dispersion

The curves in Figure 5.4 show the current variations from borohydride oxidation at
different mean linear flow velocities of the electrolyte. The graph presents one peak for
all velocities; only a small shoulder was observed in the case of 2 cm s7!. The total charge
transferred per single injection (0.5 cm? of 2.5 mol dm™ NaBHs+ 2 mol dm™) at the inlet,

0 (C), can be obtained by integrating the area under the curve:
Q= /Idt (5.4)

The total mass of BH; consumed, m (g), can thus be calculated by the following:

OM,,
— (5.5)

m =

Where z is the total number of electrons (8¢°), M,, is the molar mass of NaBH4 (37.83 g
mol!) and F is Faraday’s constant (96485 C mol™). Figure 5.5 illustrates that the total
mass-consumption of borohydride ions increases as flow velocity decreases, which was
expected due to the rise of the borohydride residence time in the cell — see Eq. (5.6). Less

than 0.15% of borohydride ions were consumed per pass per injection.

y
T = Q—Z (5.6)

Where 77 (s) is the mean residence time in a reservoir containing a certain volume, Vr

(cm?), of electrolyte, and Oy (cm? s!) is the electrolyte volumetric flow rate. The time
needed to consume borohydride ions in a chronoamperometry test is much higher than
the residence time of an electrolyte in the cell. For example, the current gained from
borohydride oxidation at a velocity of 2 cm s7! took around 30 s (see Figure 5.4); however,
the theoretical residence time of the electrolyte was 2.25 s (see Figure 5.5). This
difference could be attributed to the injection time, which was relatively slow (1-2 s).
Moreover, the adsorbed ions on the electrode surface may have required a specific
depletion time. As has been found in this research, the standard heterogeneous rate

constant, ks, was found to be very slow (0.1x10°'° ¢cm s!) at the Pt-Ir/Ti plate electrodes
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(Chapter 4). It is worth repeating this experiment with a 3D electrode to investigate this

hypothesis.
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Figure 5.4. Flow dispersion curves of chronoamperometry (+0.2 V vs. Hg/HgO) of
borohydride oxidation at different flow rates at 15 °C. A saturated
borohydride solution 0f 2.5 mol dm= NaBHj + 2 mol dm NaOH was injected
manually (0.5 cm™) after 10 s of running the test at the inlet of electrolyte,
which contained distilled water. The working electrode was a Pt-Ir/Ti plate
and the counter electrode was Pt supported on Ti mesh.
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Figure 5.5. Mean linear flow velocities vs. total mass consumption of BH, per a single
pass and the theoretical residence time of the electrolyte in the cell at 15 °C.

The data was calculated from Figure 5.4.
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5.3.3. Linear sweep and chronoamperometry experiments

To determine the electrode overpotential value to carry out chronoamperometry
measurements of the limiting current, polarisation curves were obtained using a gold
RDE, as shown in Figure 5.6. The limiting current (plateau) of the borohydride oxidation
was observed in the mass-transfer controlled region between -0.1 and 0.30 V vs. Hg/HgO.
All electrode rotating speeds represented the limiting current plateau in a similar region.
The applied potential value of +0.2 V vs. Hg/HgO was used in the chronoamperometry

experiments with all anode electrodes (shown in Figure 5.1) for the sake of consistency.

0.007 T T T T T T T T T T

2800 rpn
——2400 rpm ]
——2000 rpm
—— 1600 rpm
—— 1200 rpm
——800 rpm

——400rpm |
0rpm

0.006

0.005

0.004

0.003

Current, // A

0.002

o

o

o

e
1

0.000 L —Z - . —
06 04 02 0.0 0.2 0.4 0.6

Applied potential, £ vs. Hg/HgO / V

Figure 5.6. The linear sweep voltammetry (LSV) of a gold planar electrode (0.125 cm?)
at different rotation speeds in a solution containing 0.018 mol dm= in NaBH4
in 2 mol dm NaOH at 23 °C. The counter electrode was Pt mesh (1 cm?) in
a three-electrode cell.

The limiting current plateaus were obtained for the oxidation of borohydride ions on all
anodes (Table 5.1) as a function of the mean linear flow velocity. As a sample, Figure 5.7
presents the chronoamperometry measurements of the borohydride oxidation on the Pt-
It/Ti mesh [the large mesh is shown in Figure 5.1b)]. All the responses showed well-
defined limiting current plateau which increased with the mean linear flow velocity.

When the potential stepped from the OCP (-0.97 V) to +0.2 V vs. Hg/HgO in Figure 5.7,
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the current rapidly accelerated for all mean linear velocities due to the charge of the
double layer and the oxidation of the borohydride ions on the electrode surface 7> 144,

The current then decreased to the steady-state value, i.e. the limiting current value, /;.

The borohydride concentration for these experiments was 0.01 mol dm?, as higher
concentrations caused fluctuation (oscillation) of the limiting current measurements,
possible because of the hydrogen gas bubbling in the channel due to borohydride
hydrolysis. This NaBH4 concentration was found to be suitable for all tested electrodes.
Fluctuations in the measurements were also observed at higher mean linear velocities, as

can be seen from the slightly larger error bars in Figure 5.8a) and 5.8b).
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Figure 5.7. Chronoamperometry (at +0.2 V vs. Hg/HgO) with different mean linear flow
velocities of a half-cell operating at 23 °C. The anolyte consisted of 0.01 mol
dm NaBH4 in 2 mol dm NaOH and 2 mol dm> NaOH in the counter
electrode compartment. Both the anode and counter electrode were Pt-Ir/Ti
meshes.
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5.3.4. Limiting current and enhancement factor

Figure 5.8a) shows the limiting current density as a function of the mean linear flow
velocities for the plate and mesh electrodes in the presence and absence of a TP, using
chronoamperometry at a constant potential of +0.2 V vs. Hg/HgO in solutions consisting
of 0.01 mol dm NaBH, in 2 mol dm NaOH. Figure 5.8b) compares the data obtained

from the micromesh, fine mesh and felt electrodes to the results of the plate electrode.

All the curves show the expected increase in limiting current as the mean linear electrolyte
flow rate increased. As seen in Figure 5.8, the felt and fine mesh electrodes showed the
highest currents, followed by the micromesh, the mesh with one TP, the mesh without a
TP, the plate with three TPs and the plate without a TP, sequentially. The average limiting
currents measured at a low flow velocity of 2 cm s were 5, 10, 24, 30, 116, 222 and 473
mA c¢m? for the plate, the plate + 3 TPs, the mesh, the mesh + 1 TP, the micromesh, the
fine mesh and the felt, respectively. At the highest mean flow velocity used (16 cm s),
the average limiting current values were 19, 32, 64, 84, 295, 1088 and 1254 mA cm?,
respectively. The productivity of the porous electrodes improved dramatically, even

under high mass-transfer conditions in which the electrolyte might bypass the electrodes.

The plate electrode presented a linear relationship between the limiting current and the
mean linear flow velocity, while the other electrodes followed a logarithmic relationship.
A change of slope was observed at v > 8 cm s™! for the felt, the micromesh, the plate + 3
TPs, the mesh and the mesh + 1 TP, whereas the change occurred at v > 12 cm s! for the
fine mesh; these phenomena appear to be caused by some flow bypass in the cell. In this
case, increasing the mean linear flow velocity does not improve the limiting current, as
the mass-transport of the borohydride ions towards the electrode surface does not

Increase.

The enhancement factor, J, can be used to compare the increase of the limiting current in

230

a porous material in relation to the flat electrode =, as expressed by the following:

N IL, porous kmAe porous

)

5.7
IL, plate kmAe plate ( )
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Figure 5.9a) shows O vs. the mean linear velocity past the mesh electrode, the plate
electrode with three TPs and the mesh electrode with one TP. Interestingly, in the
presence of a TP, the currents extracted from the plate and mesh electrodes more than
doubled. At low flow rates (e.g. 4 cm s'!), which are favourable because they lower the
pumping cost, the ¢ values were 2.2, 4.5 and 5.6 for the plate + 3 TPs, the mesh and the
mesh + 1 TP stack, respectively. These were the maximum values for flow rates ranging

from 1to 16 cm s,

At velocities above 8 cm s™!, 5 decreased with increasing electrolyte velocity. This decline
was observed for all 3D electrodes in Figure 5.9a) and 5.10b), which can be attributed to
the bypass of electrolyte mentioned previously. It is expected that J can reach unity at a
sufficiently high electrolyte flow rate. Griffiths et al. 23° studied the effect of both mass
transport and pressure drop at higher flow velocities in the FMO1-LC cell using the
reduction of ferricyanide ions to ferrocyanide ions at a nickel cathode. The authors found
that § could reach one at 33 cm s! based on the linear correlation between the mass-
transport enhancement and the mean linear electrolyte velocity, suggesting that there is

no benefit to installing a TP in the system above this value.

Figure 5.9b) demonstrates the enhancement factor of the felt, fine mesh and micromesh
electrodes, where a similar decline was observed at higher velocities (v > 8 cm s);
however, these electrodes show an enormous enhancement factor. The ¢ values of the
micromesh, fine mesh and felt were 22, 57 and 88 (at 4 cm s™!), respectively. The optimal
values of the enhancement factor were 23 (4 cm s'), 67 (8 cm s!) and 100 (at 6 cm s™!)
for these electrodes in agreement with the literature. For example, the performance of
nickel, including expanded metal grids and a nickel foam, has been investigated by Brown

et al. 183

using an FMO1-LC cell during the oxidation of alcohols and synthesis of
carboxylic acids. The authors concluded that the use of 3D electrodes could enhance the
overall reaction rate by a factor of up to 100. Similar results have been achieved in the

present work for the BOR in a small DBFC at 23 °C using a felt electrode.
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5.3.5. Volumetric mass-transport coefficient, k.4., and Reynolds number

A log-log plot in Figure 5.10a) shows a range of k.4. values, calculated using Eq. (5.3),
as a function of electrolyte flow velocity for several types of Ti materials coated with Pt-
Ir, in the presence and the absence of TPs. The figure also shows the data from other flow
cell systems, which have been taken from the literature. Figure 5.10b) presents a log-log
plot of the k4. values against Reynolds number, using Eq. (5.8), where it shows a fully
developed laminar flow curves for all 3D Pt-Ir/Ti electrodes in comparison with the flat

electrode.

d,
Re=2 (5.8)
\Y

The knA.values obtained from Eq. (5.3) are under limiting current conditions in the mass-
transfer controlled region. In all cases, the mass-transport rate, k,A4., increases towards
the electrode surface, along with the electrolyte velocity and the Reynolds number. The
fine mesh and felt materials show appreciably higher performance than the mesh + 1 TP
and the plate + 3 TP electrodes. However, porous electrodes suffer from non-uniform
potential and current density distribution in contrast to 2D electrodes, which might cause
a lack of current efficiency and selectivity, especially for reactions that are highly

potential-dependent !7° 231,

Table 5.3 shows the values of the empirical constants p and q (kn4e = pv9), Eq. (2.36),
which was explained in Chapter 2, can characterise the performance of all the electrodes
at steady-state conditions. The ¢ value of the plate electrode increased by 10% in the
presence of 3 TPs, in contrast to an empty channel. However, the ¢ values of the mesh
electrode and the mesh + 1 TP are almost equivalent. The fine mesh electrode presented

the highest power value: ¢ = 0.82.

Regarding p values, which are related to the active areas of electrodes, the mass-transport
rate of the plate + 3 TPs, the mesh, the micromesh, the fine mesh and the felt were
increased by 1.3, 4, 24, 45 and 65 times, respectively, in contrast to a plate electrode in

an empty channel.
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Table 5.3. The empirical constants from the measurements of the
mass-transport limiting currents for the oxidation of
borohydride in 0.01 mol dm NaBH4 in 2 mol dm™
NaOH at 296 K for various 3D Pt-Ir/Ti electrodes,
presented as an empirical power law, k4. = p V.

Electrode D q

Ti plate 1.83 x 1073 0.52
Ti plate + 3TP 2.36 x 1073 0.58
Ti mesh 7.48 x 107 0.48
Ti mesh + 1TP 6.43 x 107 0.49
Ti micromesh 4.48 x 102 0.48
Ti fine mesh 8.28 x 107 0.82
Ti felt 1.19 x 10! 0.53

These results mean that the electrode structure can have a strong influence on the

electrode performance, which agrees with Freitas et al.’s 233

observation that, not only is
the electrocatalyst important, but the electrode structure also has a decisive influence on
the borohydride oxidation process. The p value of the flat electrode (1.3) in the presence
of TPs is close to the values of 1.4 and 1.7 obtained by Recio et al. !”3 with a mirror-
polished nickel electrode in a rectangular flow cell (9 ¢cm?) and Brown et al. '3 with a
nickel electrode in the FMO1 electrolyser, respectively, for the reduction of ferricyanide

ions.

To the best of the authors’ knowledge, no data of the mass-transport coefficient for
borohydride oxidation have been found for such 3D materials (3D Ti structures coated
with Pt-Ir) with which the present work could compare its results. From a materials
perspective, several 3D electrodes have been reported using other model reactions,
namely, the reduction of ferricyanide to ferrocyanide in a laboratory-scale
electrochemical cell, such as an FMO01-LC reactor (projected area 4 cm x 16 c¢m) 230 184
183 The electrolytes typically contained 1 x 10 mol dm™ K3Fe(CN)¢ with at least a
fourfold excess of KsFe(CN)gin 1 mol dm KOH !*3, Various materials were selected in
the comparison made in Figure 5.10a). The performance (k4. vs. v) of the Pt-Ir/Ti

micromesh electrode agreed with those reported on expanded micromesh stainless steel
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232, see Figure 5.10a, no. 4). The data obtained with the Pt-Ir/Ti fine mesh electrode are
comparable to nickel foams, particularly G100 (¢ = 0.97, thickness 2.1 mm) !76, as shown
in Figure 5.10a, no. 2). The volumetric mass-transfer coefficient of the Pt-Ir/Ti mesh
(present work) was lower by approximately 67% than the data obtained from standard
mesh metal (No. 6) 2*2 and 10 ppi copper foam (No. 5) 2% at 4 cm s'!. Nickel felt (¢ =
0.95, thickness 1.4 mm) 77 shows better mass-transport performance (1.7 s!) than the Ti
felt’s 0.5 s! (¢ = 0.8 in the present work). This superiority may be due to the difference
in the open area; however, the compressibility of the felt and its texture are misleading
176

, since they can increase the pressure drop, leading to a greater pumping power

requirement.

5.3.6. Characterisation of mass transport by varying BH, concentration

Another technique to determine the limiting current was used to study the effects of
various borohydride-ion concentrations on the limiting current and k»A4.. Figure 5.11a)
illustrates well-defined limiting current plateaux of different borohydride concentrations
for the Pt-Ir/Ti mesh electrode at a flow velocity of 3.8 cm s™!. The mesh electrode has
been selected to represent the 3D electrode material. As borohydride concentration
increased, small gas bubbles of hydrogen were sometimes observed that temporarily
blocked the Luggin capillary tube. This gas explains the fluctuation in the limiting current
plots. Therefore, the data in Figure 5.11a) have been smoothed over. Figure 5.11b) shows
the influence of the borohydride (BH,) concentration on the limiting current value. The
limiting current of the mesh electrode follows an apparently linear relationship with the
BH, concentration, which is evident from Eq. (5.3), as discussed at the beginning of this

chapter.

I,= k,A,zFcV, (5.3)

The volumetric mass-transport coefficient remained relatively constant (0.0157 s™') with
respect to BH; concentration, as can be seen in Figure 5.12. In this case, the limiting
current rose due to the increasing number of borohydride ions while the mass-transport
rate towards the electrode remained constant because the flow velocity (3.8 cm s!) and

the electrode structure remained fixed. The average value of kn4. with various BH,
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concentrations reveals an acceptable agreement (9%) and 1.4% difference (0.0159 s™) at
a concentration of 0.01 mol dm™ BH,, as seen in Figure 5.12, in comparison with the

knA. value obtained (0.0144 s!) using different flow velocities (Figure 5.10).
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Figure 5.11. a) Chronoamperometry (+0.2 V vs. Hg/HgO) on a Pt-Ir/Ti mesh working
electrode for a half-cell operating at 296 K. b) The limiting current vs.
different borohydride concentrations. The electrolyte composition was
x % 103 mol dm™ NaBH4 in 2 mol dm NaOH. The mean linear fluid velocity
was 3.8 cm s, The counter electrode was Pt/Ti mesh in 2 mol dm™ NaOH.
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Figure 5.12. The electrode volumetric mass-transport coefficient, knA4., for the oxidation
of borohydride ions as a function of the borohydride concentration for a half-
cell containing Pt-Ir/Ti mesh as the working electrode at 296 K. The
electrolyte composition was x x 10~ mol dm NaBH4 in 2 mol dm NaOH.
The mean linear fluid velocity was 3.8 cm s™'. The counter electrode was Pt/Ti
mesh in 2 mol dm™ NaOH.

5.3.7. Performance of a single cell using all electrodes

Fuel cell (FC) tests were run on a single cell (Figure 4.5) using different Pt-Ir/Ti anodes
at 296 K. Figure 5.13 displays the typical polarisation and power density curves. All
electrodes exhibited an open-circuit cell potential of about 0.97 V apart from the felt
electrode, which was slightly higher at 1.0 V. This is approximately 1.11 V lower (by
more than 50%) than the theoretical value of the NaBH4IH,O: cell (2.11 V) in an alkaline
solution, and 0.64 V lower (40%) than the NaBH4lO> cell (1.64 V). The deviation can
probably be attributed to a mixed potential at the two electrodes caused by the
intermediate oxidation products of the BOR — such as H> (-0.828 vs. SHE), as shown in
Eq. (2.4) — that are generated at the anode by the hydrolysis in Eq. (2.2). The deviation
could also be attributed to the mixed cathode potentials in its compartment, involving the

reduction of oxygen — [Eq. (2.8)] (0.4 V vs. SHE) "! — that decomposed from hydrogen

165



Chapter 5: Mass-Transfer Measurements at Porous 3D Pt-Ir/Ti Electrodes in DBFC

peroxide — [Eq. (2.12)], particularly in an alkaline medium — and the direct reduction of

hydrogen peroxide — [Eq. (5.2)] (0.87 vs. SHE) 2° %,

All current vs. potential curves in Figure 5.13 show a nearly linear response and
continuous falling of the cell potential with the current density, indicating a strong
dominance of ohmic resistance in the cell ?°. From Figure 5.13a) and 5.13b), the power
density for studied electrodes increases in the following sequence: plate < micromesh <
mesh < felt <mesh + 1 TP < fine mesh. The maximum power density for the Pt-Ir/Ti fine

mesh was 44.5 mW c¢m at a current density of 100 mA ¢cm and 0.44 V cell voltage.

The felt and micromesh electrodes in Figure 5.13b) did not perform as well as their higher
surface areas would suggest, especially in comparison with the mesh electrode. For the
felt electrode, significant hydrogen gas bubbles were observed during the experiment,
indicating that HOR (2¢’) was occurring, which might explain the potential losses.
Stroman et al. 2** developed a 2D DBFC model to investigate the major losses (activation,
ohmic and concentration). They revealed that the largest losses come from the anode
concentration and the cathode activation. Moreover, the current and potential distribution
of the felt and micromesh electrodes might be non-uniform due to their structure, which

may affect the reaction kinetics.

The main aim of this chapter is to study the mass transport of BH, to the anode surface
and the effect of the anode structure on DBFCs; however, the power achieved from the
cell obtained here is relatively low compared to the reported power of such a system. This
could be referred to as the activity of the Pt-Ir electrode towards BH4 hydrolysis and
HOR, which affected the cell efficiency. However, a fine mesh substrate can be used
when an efficient electroactive catalyst is found. The performance of the DBFC with Pt-
Ir as an anode can be improved by using acidic media in the cathodic compartment and
by optimising the operating conditions of the flow cell, such as anolyte composition,
which have been considered in the following chapter. Another engineering design aspect
that should be considered is the use of bipolar plate materials, flow fields and manifold

design. Sanili et al. 2%

evaluated DBFC performance by considering these design
parameters. The power density was 67 mW cm using parallel flow—channel bipolar
plates with composite graphite, 87 mW cm with sintered graphite and 93 mW c¢m™ using

a serpentine flow field.
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Figure 5.13. The effect of the electrode structure on the polarisation and power density
curves for a single cell employing a Pt-Ir/Ti anode of selected materials and
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5.3.8. The design equations of a unit cell and the prediction of borohydride

conversion

It is crucial both to know the reactant conversion in any chemical reactor involving 3D
electrodes and to relate it to its characteristic design (knA., L) — that was estimated in this
chapter along with the process conditions (v, Q) '*°. To improve the overall fractional
conversion of the electrochemical reactor. Two simple modes of operation could be
considered: batch recirculation of the electrolyte through the cell via a reservoir, Figure
5.14a), and the single-pass mode using a cascade of identical cells in a series, Figure

5.14b) 175,

Assuming that the system used in this study conforms with the plug-flow in a batch
recycle system, applying an overall mass balance on the system and knowing the
characteristics of each electrode (kn4., L) allow the prediction of the concentration decay
in the reservoir over time (). Therefore, at steady-state conditions (v, Qr), the following

expression could be used for the batch recycle mode of operation 7 236 237

-t - k,,A
Cou, = Clinoy €xp o I-exp 0 (5.9
V

Where Ciing) and Cpouy are the inlet BH,; concentrations (mol cm™) initially and at time

t, Oy (ecm?® s!) is the electrolyte volumetric flow rate and 77 (s) is the mean residence time

from Eq. (5.6) in a reservoir containing a certain volume, V7 (cm?), of electrolyte.

The active electrode area, A (cm™), and the volumetric flow rate, Qy, through a porous
electrode, can be obtained by Eq. (2.26) and Eq. (2.31), respectively. The electrode
volume, V. (cm?), could be calculated by Eq. (5.10), where 4, (cm?) is the electrode cross-
sectional area and L is the length of the electrode.

Ve=A4,L (5.10)

The substitution of Eq. (2.26), Eq. (2.31) and Eq. (5.10) into Eq. (5.9) followed by a

rearrangement gives the following equation:
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t kA, L
Clout, §)=C(in,0) EXP [T_T (1 -exp ( ))] (5.11)

ve

The fractional conversion of BH, for all electrodes in the system at ¢ time is the

following:

in0)- C
Hupp= e Con) (5.12)

C(in,0)

Figure 5.14b shows a cascade mode of n. identical plug-flow reactors. The overall

fractional conversion by a single pass can be described by the following expression '44:

- ekmAeL
XBH4_=I- exp <nv—8) (513)
2) PFR
Q, Qy

»
A

o)
C0) > C(1)

Tank
b)
QV . QV
| —
C(in) C(out)
1st ond ath
cell cell cell

Figure 5.14. Two modes of operation of an electrochemical cell: a) the batch recycle mode
and b) a cascade of a number of identical cells in a series flow.
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5.3.8.1. Batch recycle mode

The borohydride concentration decays in the electrolyte tank (1.5 dm?) — due to the
electro-oxidation of BH, in the cell-generating current (see the flow circuit in Figure
5.14a) — was calculated using Eq. (5.11) for all Pt-Ir/Ti anode materials at a mean
electrolyte flow velocity of 10 cm sl The fractional conversion was obtained by Eq.

(5.12).

Figure 5.15a) and 5.15b) show the expected conversion and concentration of BHj
overtime for the plate, the plate + 3 TPs, the mesh electrode and the mesh + 1 TP. The
performance of the micromesh, the fine mesh and the felt electrode can also be seen in
Figure 5.16a) and 5.16b). The depletion time of (0.01 mol dm™) borohydride was only
approximately 2 h for the felt and fine mesh electrodes, followed by the micromesh
electrode (4.6 h), while the other electrode geometries required more than 30 h to
consume the BH,; completely, even in the presence of the TPs. In the case of operating a
highly porous electrode in which the concentration drops off quite rapidly, the electrolyte

needs to have a high volume or will need refurbishment.

Figure 5.17a) and 5.17b) display the calculated number of cycles required for the
circulation and utilisation of borohydride ions dissolved in the solution (0.01 mol dm™).
The batch recycle system was considered, as seen in Figure 5.14a), at a flow rate of 10
cm s for all electrodes. The number of cycles in the tank can be extracted from Eq.
(5.14), which is based on the residence time of the electrolyte in the reservoir (Vr= 1.5

dm?®) as follows:

t
No of cycles= - (5.14)
T

The results revealed that the mesh and the mesh + 1 TP required around 300 cycles,
whereas the plate and the plate with three TPs required more than double that. The mesh
electrode needed a lower number of cycles than the mesh + 1 TP because of its larger
volumetric mass-transport coefficient. The fine mesh electrode presented the best
performance (20 cycles only), followed by the felt and micromesh electrodes (27 and 50
cycles, respectively). Minimising the number of cycles in the borohydride system will

reduce the operating expenses and allow it to compete with other efficient technologies.

170



Chapter 5: Mass-Transfer Measurements at Porous 3D Pt-Ir/Ti Electrodes in DBFC

q T T T T T T T
g
© 1.0 a) e e .
< . o e 0 - L I
\‘ <+ o -7 T -7
E /;// Pt-Ir/ Ti mesh/ /,/""'/
- Pt-Ir/ Ti plate + 3TP =
>:“ O 8 | /// //,/' p ‘O_O.O'O'O—O o} _
: / 00 ‘
g / 4 " Pt-Ir/ Ti plate
.2 / / o ]
Q s o
= 06 | // 4 s i
3 / -
o
2 | - _
o -~
S / o’O/O
p 0-4 [~ /7 O/O/ —
S j’ &
o / yed
= i / / 5 |
7 / S
5 02 / / ¥ -
o
é [/ o
S L/ # ]
Q I f
0.0 \ ] A ] A ] A ] ,
0 10 20 30 40 50
Time, 1/ h
—T1T T - T 1 T T T T "~ T = 1
b
0.010 ) _
‘\

. O\O
o,
0.008 -\\ N, .

«<
=
o
©
=
~
:<r
Um : Y N
N
=1 AN o
& o006l \ \ . |
= v\ oy
= N o,
Q \ \ ‘O\O\o § .
8 0.004 |- \ \\ o Pt-Ir/ Ti plate i
S \ N\, O,
o N oo
o] \ ‘\;\ \O\O‘O\O
= N Pt Tiplate + 3TP 0w
—E O - 002 — \\ \‘\:\\r O~O~O‘O.O_O |
P N ~a
S SN Pt/ Ti mesh ™~ -
S C .
Q Tt o e —_—
M 0.000 N e |

0 5 10 15 20 25 30 35 40 45 50
Time, #/h
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solution was 1.5 dm? consisting of 0.01 mol dm NaBH4 in 2 mol dm™ NaOH

at 296 K.
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borohydride vs. time for the plate, the micromesh, the fine mesh and the felt
electrodes at a mean linear flow velocity of 10 cm s!. The electrolyte solution
was 1.5 dm’ consisting of 0.01 mol dm™ NaBH4 in 2 mol dm NaOH at 296
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5.3.8.2. Cascade mode of n. identical electrodes
The second operation mode that could be considered is a cascade of 7. identical single-
pass plug-flow reactors placed in a series electrolyte flow: see the schematic in Figure

5.14b. This model is typically used to reduce investment and maintenance costs 4, i

€.
withdrawing one cell without shutting down the whole system. The main benefit of this

scheme is its ability to provide high overall conversion 144,

The overall fractional conversions were obtained using Eq. (5.13). The dimensionless
performance factor k»A4.L/ve was used to compare the overall fractional conversion of all
electrodes, under complete mass-transport control, as shown in Figure 5.18a and 5.18b.
If 10 identical electrodes were employed using the existing electrode materials, the
expected overall conversion would be as follows: 95% (fine mesh), 90% (felt), 68%
(micromesh), 13% (mesh), 12% (mesh + 1 TP), 5.5% (plate + 3 TPs) and 2.7% (plate) at
an electrolyte flow rate of 10 cm s!. The fine mesh electrode exhibited excellent
performance in all aspects of borohydride oxidation in the DBFC compared to the other
electrode materials, making it a candidate for further improvements, such as optimising
the operating conditions (e.g. the temperature of the electrolyte, its composition and flow

rate).

5.4. Conclusion

The volumetric mass-transport coefficients (kn4.), sometimes called the performance
factor, of five fabricated Pto7s-Iro2s/Ti working electrodes, were evaluated with the
limiting current technique using a single flow cell. The chronoamperometry technique
was applied on them to measure the limiting current vs. time (s) with various linear flow
velocities. All the results showed well-defined limiting current plateaux increasing with
the mean linear flow velocity. The felt and fine mesh electrodes showed the highest
activity, followed by the micromesh, the mesh with one TP, the mesh, the plate with three
TPs and the plate electrode, sequentially.

The enhancement factors, o, were also evaluated for all electrodes. In the presence of a

TP, the currents extracted from the plate and mesh electrodes were more than doubled.
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At a low flow rate (e.g. 4 cm s™!), which is favourable because it lowers pumping costs,
the o values were 2.2, 4.5 and 5.6 for the plate + 3 TPs electrode, the mesh electrode and
the mesh + 1 TP stack, respectively. However, the felt, fine mesh and micromesh
electrodes also showed a marked enhancement, their ¢ values being 97.8, 56.7 and 22.3
(at 4 cm s™), respectively. The optimal values of the enhancement factor were 99.5 (at 6

cms!), 67 (8 cm s!) and 22.6 (4 cm s7!) for these electrodes.

The volumetric mass-transport coefficients (kn4.) were obtained in the presence and the
absence of TPs. They increased towards the electrode surface along with electrolyte
velocity and the Reynolds number. The fine mesh and felt materials showed appreciably
higher performance than the mesh and plate electrodes, even in the presence of TPs. The
effects of changing the borohydride ion concentration on the limiting current and k4.
values were also investigated. The limiting current increased when the borohydride ions
concentration rose, while the mass-transport rate towards the electrode remained constant.
Therefore, the volumetric mass-transport coefficient remained relatively constant with

respect to the BH, concentration at a specific flow velocity.

An FC performance test was performed on a single cell using different Pt-Ir/Ti anodes at
296 K with the typical polarisation and power density curves. All j-Ec.; curves showed a
nearly linear response and continuous decreasing of the cell potential with the current
density, which indicates a strong dependence on the ohmic resistance in the cell. The
power density of the studied electrodes increased in the following sequence: plate <
micromesh < mesh < felt < mesh + 1 TP < fine mesh. The maximum power density for
the Pt-Ir/Ti fine mesh was 44.5 mW c¢m™ at a current density of 100 mA cm™ and a 0.44

V cell voltage.

The borohydride concentration decay in an electrolyte tank was calculated for all Pt-Ir/Ti
anode materials at a mean electrolyte flow velocity of 10 cm s!. The fractional
conversions were also obtained. The complete conversion of borohydride only required
approximately two hours for the felt and fine mesh electrodes, followed by the micromesh
electrode (4.6 h), whereas the other electrode geometries required more than 30 h to
consume the BH,; completely (0.01 mol dm™), even in the presence of TPs. The number

of cycles in the tank required for the circulation and utilisation of the borohydride ions in
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the batch recycle system was also obtained. The fine mesh electrode presented the best
performance (20 cycles), followed by the felt and micromesh electrodes (27 and 50
cycles, respectively). It took over 300 cycles for the mesh electrode and more than 600
cycles for the plate electrode. Finally, the mode of a cascade of n. identical electrodes
placed in a series of electrolyte flow was considered. The overall fractional conversions
were obtained for all electrodes under complete mass-transport control. If 10 identical
electrodes were employed using the existing electrode materials, the expected overall
conversion would be as follows: 95% (fine mesh), 90% (felt), 68% (micromesh), 13%
(mesh), 12% (mesh + 1 TP), 5.5% (plate + 3 TPs) and 2.7% (plate) at an electrolyte flow
rate of 10 cm s!'. The fine mesh electrode showed the best performance of all the
electrodes studied here. However, the effects of operating conditions (concentration,
temperature, etc.) need to be investigated to find the conditions that maximise the power

density of the NaBH4IH2O: flow cell, which is considered in the next chapter.

177



Chapter 6: The Effect of Operating Conditions on Direct NaBH4/H»O, Fuel Cell Performance

178



Chapter 6: The Effect of Operating Conditions on Direct NaBH4/H»O, Fuel Cell Performance

Chapter 6: The Effect of Operating Conditions on
Direct NaBH4IH»0; Fuel Cell Performance

In this chapter, the influences of different operational conditions on the performance of
the direct sodium borohydride-hydrogen peroxide fuel cell (DBHPFC) were explored.
The investigated cell consisted of a Pto.75-Iro.25/T1 anode catalyst and a Pt/Ti mesh cathode.
The performance of the DBHPFC under these operational conditions was evaluated by
recording the cell potential vs. current density using the battery analyser to apply a load
on a single cell. The optimal power density, the cell voltage, the suitable anode structure

and the adequate operating conditions were discovered.

6.1. Introduction

The use of DBHPFCs as power sources has many advantages, such as no carbon-
monoxide poisoning of the cell during its operation (unlike direct methanol FCs 7°), high
cell voltage (3.02 V) and high predicted specific energy (up to 17 kW h kg!) 2. The

anodic oxidation of borohydride ions is as follows:
BH,; + 8OH™ — BO; + 6H,0 + 8¢ E%ode=-1.24 vs. SHE (6.1)

In practice, this reaction is unlikely to happen to a large extent, as it must compete with

the spontaneous hydrolysis of borohydride:
BH; +2H,0 — BO; + 4H, (6.2)

In this case, as a consequence the actual anodic reaction of the competitive oxidation of

BH, and Ho at the anode surface will be the following 6! 19 38:

X
BH; +xOH™ — BOj + (x-2) Hy0 + (4-3) Hy + xe (6.3)
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Where x is the practical number of electrons released by each borohydride ion and is also
the number of hydroxide ions (OH") involved. Olu et al. >° reported that there is no
practical electrocatalyst able to oxidise BH; without generating H» gas that escapes from

its electrode during the operation. Every active catalyst of the borohydride oxidation

142 142

reaction (BOR) generates H> by hydrolysis '#4, as seen in Eq. (2.2). The authors
suggested one way to achieve near-zero H> evolution, which is both to use a catalyst (e.g.
Pt) that is active towards the hydrogen oxidation reaction, HOR [Eq. (2.4)], and also to

optimise the operating conditions.

Manipulating the operational conditions of DBHPFCs would improve their efficiency and
overall performance. For example, the performance of DBHPFCs can improve by taking
advantage of the pronounced thermal activation of their electrochemical reactions, as
shown in Chapter 4. The cell power density with a Pt 75-Iro.25 anode increased by about
70% (50 to 84 mW cm™) when the temperature rose from 298 K to 333 K. However,
elevating the temperature could also enhance BH, crossover, its hydrolysis (H:
evolution), membrane dehydration, and strengthening membrane resistance, all of which
dramatically reduce system efficiency. Another manipulation that can improve the FC
performance is increasing the BH; concentration. Despite possibly encouraging the BH,
ions crossover to the cathode compartment (as the Pt cathode is active towards BH,), it
could also increase H gas evolution, the bubbles from which would block more active
sites, hinder ion movement in the anolyte !4, and reduce the fuel utilisation efficiency.
Therefore, the influence of the operating conditions needs to be studied to optimise them
and thus improve the performance of DBHPFCs with the use of the best anode catalyst
(Pto.75-Ir0.25) and the anode structures found in Chapters 4 and 5, respectively. In this work,
the studied variable conditions include the following: the sodium borohydride
concentration, the sodium hydroxide concentration, the catholyte background materials,
the hydrogen peroxide concentration, the sulfuric acid concentration, the flow velocity,
the temperature and the effects of ammonium hydroxide and sodium dodecyl sulphate
(SDS) as additives. The appropriate operating conditions were determined and used to
evaluate the stability of a DBHPFC with a suggested anode structure. In the end, the
optimal power density, the cell voltage, the suitable anode structure and the adequate

operating conditions were determined.
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6.2. Experimental details

The single DBHPFC and its hydraulic circuit are the same as that used in the previous
work, see Figure 4.5. The expanded view is presented in Figure 4.3. The flow cell
preparation and its description have been explained thoroughly in Chapter 4 on sections

4.2.3 and 4.2.4, respectively.

A Pto75-Iro 25 catalyst supported by a Ti plate (9 cm?, 20 x 45 mm, 0.9 mm thick, 99.7%,
Alfa Aesar) was used as an anode because of its high kinetics parameters and cell
performance, as demonstrated in Chapter 4. The details of the coating method of Pto.7s-
Iro.25 alloy and its characterisation is described in sections 4.2.1. and 4.3.1., respectively.
Platinised titanium mesh (Pt/Ti, 8.55 ¢cm? geometrical area, Figure 5.1f) was used as a
counter electrode. The counter electrode compartment contained a plastic inert mesh
(Figure 4.6) as a turbulence promoter [TP, 1.3 mm thickness, 8.0 mm long-way distance
between connected knots of diamond (LWD) and 6.8 mm short-way distance between
connected knots of diamond (SWD)]. TPs are commonly used to enhance mass transport
and impose current distribution uniformity '3°. The TP also usefully fills the gap between
the cathode and the membrane, forcing the volumes of both the cathode and anode
departments to stay equivalent during the compression of the cell parts. The mean linear
flow velocity (v, cm s!) in both compartments was always set to be similar, which helps
in this matter. A pump (323S/D, Watson-Marlow) with two heads was used to recirculate
and control the flow rate of the electrolyte into the anode and cathode electrode
compartments. The volume of the circulated electrolyte (reservoir) was 200 mL. The two
compartments were separated by a CEM Nafion® 115 (Dupont Co, USA). A thermostatic
water bath was employed to maintain the electrolyte temperature at the desired level

during the experiments.

The materials and chemicals used for the experiments were as follows: sodium
borohydride (99%, Sigma-Aldrich), sodium hydroxide (98%, Fisher Scientific UK),
hydrogen peroxide (30%, Fisher Scientific UK), sulfuric acid (95%, Fisher Scientific
UK), hydrochloric acid (36%, Fisher Scientific UK), phosphoric acid (85%, Fisher
Scientific UK), ammonium hydroxide (30%, Fisher Scientific UK) and sodium dodecyl
sulphate salt (SDS, 98.5%, Sigma-Aldrich).
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Several solutions were prepared and examined under their corresponding sets of
conditions, as listed in Table 6.1, to study the effects of different operational conditions
on the performance of the DBHPFC. The table presents the 11 target parameters that were
studied. The cell’s potential vs. current density was recorded using a battery analyser
(BST8-A3, MTI, USA). The rate of current density was 5 mA ¢cm™ min™!' from 0 to 280
mA c¢cm. For each j-E..; experiment, new solutions were prepared immediately prior to
the measurements to avoid the loss of BH, from hydrolysis during solution storage. Each
experiment was repeated three times to confirm the results. The outputs of the eleven
parameters were plotted to show the polarisation curves and the power densities of each

set of conditions that are provided in Table 6.1.

A stability test was done by applying a current density of 25 mA c¢cm™ (using the battery
analyser) for about 1 h on the cell, which consisted of a Pto.75-Iro25/T1 plate anode and a
Pt/T1 mesh cathode at 25 +1 °C. The anolyte composition was 0.5 M NaBH4 +4 M NaOH,
and the corresponding catholyte was composed of 2 M H2O2 + 1.5 M H2SOy4, and the

mean linear fluid velocity was 2 cm s™! (in this chapter; M = mol dm™).
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Table 6.1. List of experimental tests that were used to obtain the polarisation and power density curves for each set of operational conditions.

Electrolyte compositions / M = mol dm Values of the variable Temperature, Electrodes
Set Effect of .
Fuel Oxidant parameter, x flow velocity Anode Cathode
x=0.13,0.25,0.5, 1.0,
1 | NaBH4 concentration x M NaBH;+2 M NaOH
1 M H,O, + 1 M HCI 1.5,2.0M
2 | NaOH concentration 0.5 M NaBH4+ x M NaOH x=05,1,2,4,6,8M
Catholyte background LbE
atholyte backgroun
3 ok s 1 MHO0,+1Mx x=1.0M { H3POs
material HCl 25°C,3cms’
NaOH
1 M H;O, +
4 | H,SO4 concentration x=0.5,1.0,1.520M
x M HaSO4 Pto.75-Iro.25/Ti
) xM HO, + plate
5 | H20; concentration x=0.25,0.5,1,1.5,2.0M
1.5 M H,SO4 Pt/Ti mesh
- 0.5 M NaBH4 +4 M NaOH - -
6 | Mean flow velocity x=05,1,2,3,4,6cms’ 25°C,xcms’
7 | Temperature x =25, 35, 45,55, 65 °C x°C,2cms’!
Ammonium
8 x=0,1.0 M NH,OH
hydroxide, NHsOH
2 M H;O; +
x=20,0.01, 0.001, 0.0001
9 | SDS additive /x wt% 1.5 M H,SOq4
wt.% SDS 25°C,2cms™!
10 | Anode structure x = plate, mesh, fine mesh Pto.75-Iro 25/Ti x
0.25 M NaBH4+4 M NaOH x = plate, felt; with & Pto.75-Ir0.25/Ti x
11 | Highly porous felt
0.5 M NaBHs+4 M NaOH without 0.01 wt.% SDS
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6.3. Results and discussion

6.3.1. The effect of borohydride concentration

The influence of NaBH4 concentration on the performance of DBHPFCs is presented in
Figure 6.1. It illustrates the curves of the cell potential and its corresponding power
density against the current density measured at 0.13, 0.25, 0.5, 1.0, 1.5 and 2.0 M NaBH4
in 2 M NaOH at 25 °C and a mean linear flow velocity of 3 cm s!. In the catholyte
compartment, the concentration of H>O> and its associated background material (HCI)
were maintained at 1 M. The arrows next to the power density and cell polarisation curves
in Figure 6.1 (and all figures in this chapter) indicate the corresponding x and y axes. The
cell showed a slightly less positive open-circuit potential (OCP) of 1.71 V to 1.77 V with

increasing BH, concentrations from 0.13 M to 2.0 M, which were relatively high.

40

1

Cell potential, £,/ V
1
S
Power density, P/ mW cm™

/ NaBH, 2.0 M b = 20
NaBH, 1.5 M :
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Current density, j / mA cm™

Figure 6.1. The effect of NaBH4 concentration on the cell voltage and power density of
the DBHPFC. Anode: Pty 75-Iro25/Ti plate (9 cm?). Cathode: Pt/Ti mesh (8.55
cm?). Fuel: x M NaBH4 + 2 M NaOH. Oxidant: 1 M H,O, + 1 M HCL. Flow
velocity: 3 cm s, Temperature: 25 °C.
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According to the Nernst equation [Eq. (6.4)], the open-circuit electrode potential of the
half-cell reaction [Eq. (6.1)] depends on the electrolyte solution. The potential of the

anode would increase; hence, the OCP would be higher with high BH; concentration.

8
E=E°+ H In (CBHJ) X(COH')

6.4
SF (CBO-Z) ©4)

Even though the OCP values (~1.74 V) of the electro-motive force at the equilibrium of
all solutions were reasonable in comparison to the standard cell potential of a BH410> cell
(1.64 V), they were lower (by 41%) than that estimated theoretically for an acidic
BH,IH20; cell [3.02 V; see Eq. (2.18)]. This result aligns with previously reported OCP
results (1.75 V) 28 (1.74) 2*® and could be attributed to the mixed potentials from the
simultaneous oxidation of BH, ions and H: at the anode and the competition between
H,0; and O; to be reduced at the cathode 2* 6! 7!, Furthermore, in a system where an
extreme pH gradient exists, an electrolyte junction potential would definitely develop

across the membrane, in turn reducing the OCP (59 mV/pH unit, 826 mV) 162 222,

Figure 6.1 reveals that neither low nor high BH,; concentrations benefit the cell voltage
or power density, which is the reason the concentration needs to be optimised for this
electrode (as the concentration depends on the electrodes used). High concentration
would improve the transport of the reactants (BH;, Na) and the reaction kinetics rate

[Eq. (4.12)], however, it might lead to BH, crossover and its hydrolysis 2!!

, as Ho
evolution is strongly dependent on the BH;IOH" ratio 2*. For practical comparison, the
maximum power density of a 2.0 M NaBHjs solution (Figure 6.1) is 45 mW cm at 0.69
V with a discharge current density of 65 mA cm?, while, with 0.5 M NaBHa, the power
density was 53 mW cm (17% higher) at a 0.76 V cell voltage and 70 mA c¢cm. Using a
low NaBH4 concentration would cause higher fuel utilisation (which agrees with other
research °) and less poisoning of the cathode catalysts, increasing the FC performance
when a 0.5 M NaBHj solution is used. From the perspective of cost and energy cell

capacity, 0.5 M NaBH4 seems the best concentration for the current of the DBHPFC; thus,

it has been chosen for the remaining experiments.
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6.3.2. The effect of sodium hydroxide concentration

Finding appropriate NaOH concentration is also an important aspect. Figure 6.2
demonstrates the cell performance at different NaOH compositions varied between 0.5 M
and 8.0 M + 0.5 M NaBHj4 at 25 °C. The OCP increased from 1.66 V to 1.84 V with
increasing NaOH concentration from 0.5 M to 8.0 M, respectively, which is in line with
the Nernst equation [Eq. (6.4)]. Using less than 1 M NaOH led to a decrease in cell
performance because of the BH, hydrolysis rate increases as the pH decreases. However,
a significant improvement (46%) in both the cell voltage and the power density were
observed as the NaOH content in the fuel increased from 1.0 (39 mW c¢m?) to 4.0 M (57
mW cm2), which matches the findings of Santos et al. 23%. Increasing the NaOH
concentration increases both the electrolyte conductivity and the borohydride stability 2!!.
The highest peak power density was found when 6.0 M NaOH was tested, which was
around 58 mW c¢cm at 0.76 V and 75 mA cm 2. This value was almost equivalent to that

obtained from a 4.0 M NaOH solution, which was 57 mW cm at the same cell potential

and current density of 6.0 M NaOH.
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Figure 6.2. The effect of NaOH concentration on the cell voltage and power density of
the DBHPFC. Anode: Pty 75-Iro25/Ti plate (9 cm?). Cathode: Pt/Ti mesh (8.55
cm?). Fuel: 0.5 M NaBH4 +x M NaOH. Oxidant: 1 M H,O> + 1 M HCI. Flow
velocity: 3 cm s, Temperature: 25 °C.
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A high NaOH concentration would increase the solution viscosity, which would then

41 148 and

inhibit the movement capability of both the BH; towards the anode active sites
also the Na" ions towards the cathode compartment !7, sinking the power efficiency.
Using a NaOH concentration greater than 4.0 M did not appear to benefit the cell
performance; as a result, the anolyte composition was fixed at 4.0 M NaOH + 0.5 M

NaBHy4 for the remaining experiments.

6.3.3. The effect of catholyte background electrolyte

The performance of the DBHPFC when 1 M of different catholyte background
electrolytes was used is shown in Figure 6.3, while the oxidant (H2O>) was kept at 1 M.
The fuel was maintained at 0.5 M NaBH4 + 4 M NaOH at 25 °C and a mean linear flow
velocity of 3 ¢cm s in all the experiments. The investigated background materials
included NaOH, sulfuric acid (H2SO4), hydrochloric acid (HCl) and phosphoric acid
(H3POg).
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Figure 6.3. The effect of catholyte background materials on the cell voltage and power
density of the DBHPFC. Anode: Pto.75-Iro.25/Ti plate (9 cm?). Cathode: Pt/Ti
mesh (8.55 cm?). Fuel: 0.5 M NaBH4 + 4 M NaOH. Oxidant: 1 M H2Oz + 1
M x. Flow velocity: 3 cm s!. Temperature: 25 °C.
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Table 6.2. The pH and pK values of 1 M of different materials in the water at 25 °C S,

Material Dissociation step (pK)
pH First Second Third
HCl ~0 -6.3 - -
H>SO4 ~0 -3.0 240 1.99 -
H3PO4 1.08 2.16 7.21 12.32
Na* 14 14.8 - -

A 1 M NaOH solution is a strong alkaline medium, while both HCI and H2SO4 are
strongly acidic, unlike H3PO4, which is the weakest acid (see all pH levels in Table 6.2).
Table 6.3 summarises the relevant data on the influence of electrolyte background
materials on the investigated DBHPFC at 25 °C (taken from Figure 6.3). The highest OCP
was 1.78 V for the catholyte solution of 1 M HCI, while the lowest was only 1.01 V (67%
less) for the alkaline medium (NaOH). This result related to the difference in pH; as at a
low pH the reduction has higher electrode potential (1.78 V vs. SHE, Eq. (2.15)).

Table 6.3. The effect of the catholyte (1 M concentration) on the DBHPFC at 25 °C.

Catholyte
NaOH H3PO4 HCl H,S04
Open-circuit potential / V 1.01 1.69 1.78 1.71
Peak power density / mW cm™ 13 32 57 77
Cell potential at peak power density / V 0.28 0.71 0.82 0.73
Current density at peak power density / mA cm™ 30 35 70 105

The maximum OCP of 1 M H>SO4 was lower (1.71 V) than that of 1 M HCI (1.78 V)
probably due to, first, H>SOj4 is poisoning the cathode; and second, the faster dissociation
of HCI component (pK = -6.3) than H2SO4 (pK values from -3.0 to 1.99 between the first
and second steps), as reported in Table 6.2. The pK indicates the speed and ease of a
substance’s dissociation in the water and its release of a proton (H' ions in case of an
acid). The lower the value, the quicker the dissociation of the substance in water. The
number of H" ions rises because of their fast transport, increasing both the electrolyte
conductivity and the reduction rate of H,O, (as it needs 8H"), which achieves a
remarkable improvement in cell performance. The highest peak of power density was
provided by the 1 M H,SO4 solution at 77 mW c¢m™ and a cell potential of 0.73 V at 105

mA cm. A little fluctuation in the cell voltage was observed, which could be related to
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the increasing H evolution rate, as Li et al. 14 linked it with the increase of cell power
density. Table 6.3 reveals that the alkaline solution (1 M NaOH) can only provide around
13 mW cm of cell power density (0.28 V, 30 mA ¢cm?), followed by 32 mW cm (0.71
V, 35 mA cm?) and 57 mW cm? (0.82 V, 70 mA c¢cm?) from the 1 M H3PO4 and 1 M
HCI solutions, respectively. It has become obvious that H>SO4 should be selected for the
remaining experiments; only a suitable concentration needs to be found, which is

discussed in the next section.

6.3.4. The effect of sulfuric acid concentration

Figure 6.4 indicates the influence of the H>SO4 concentration on the cell potential and
power density of the DBHPFC at 25 °C. It was observed that the OCP value was about
1.7 V for all studied solutions; that included 0.5, 1.0, 1.5 and 2.0 M H2SO4in 1 M H»O»,
while the rest of operating conditions were the same (as seen in Figure 6.4). The power
density curve increased gradually with the HoSO4 concentration from 0.5 M to 1.5 M.
Table 6.4 summarises the maximum power densities and the cell potentials for all curves.
The 1.5 M H2SOs concentration provided the most favourable cell voltage and power
density, which were equal to 0.89 V and 83 mW cm2, respectively, at a current density
load of 95 mA cm. These data were approximately equal to those obtained with a 2.0 M
H>SO4 solution. From an economic point of view, the 1.5 M H2SOs4 concentration seems
the best for the present DBHPFC; consequently, it has been selected for the remaining

experiments.

Table 6.4. The effects of the H>SO4 concentration on the DBHPFC at 25 °C.

H>SO4 concentration / M
0.5 1.0 1.5 2.0
Open-circuit potential / V 1.70 1.71 1.70 1.71
Peak power density / mW cm™ 64 77 83 82
Cell potential at peak power density / V 0.81 0.73 0.89 0.87
Current density at peak power density / mA cm™ 80 105 95 95
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Figure 6.4. The effect of the H2SO4 concentration on the cell voltage and power density
of the DBHPFC. Anode: Pty 75-Iro2s/Ti plate (9 cm?). Cathode: Pt/Ti mesh
(8.55 cm?). Fuel: 0.5 M NaBHs + 4 M NaOH. Oxidant: 1 M H,0, + x M
H>SOs4. Flow velocity: 3 cm s!. Temperature: 25 °C.

6.3.5. The effect of hydrogen peroxide concentration

According to the Nernst equation, the cathode voltage and the reaction rate that takes
place on the cathode catalyst [Eq. (2.15)] are expected to increase with rising H>O»
concentration. The effect of the H>O> concentration on cell performance is illustrated in
Figure 6.5. The cell potential-current density polarisation curves appear nearly linear.
The continuous decreasing (in all experiments) of the cell potential with the current
density indicates the strong dominance of ohmic resistance in the DBHPFC (most likely
in the electrolyte) and other chemical/electrochemical side reactions (e.g. BHj4
hydrolysis). Increasing the H>O» concentration from 0.25 M to 0.5 M significantly
improved (35%) the cell power density from 68 mW c¢cm™ (0.91 V) at 75 mA c¢cm™ to 91
mW cm? (0.91 V) at 100 mA cm, respectively. However, a further increase in the
hydrogen peroxide concentration (> 0.5 M) decreased the OCP, the cell voltage and the
power density, as can be seen in Figure 6.5 for concentrations of 1.0, 1.5 and 2.0 M. This

behaviour could be attributed to the O, bubbles generated by the decomposition of H2O»
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on the cathode sites [Eq. (2.16)] which would restrict the utilisation of the active surface
area 2*!. The cathode in this study is the Pt/Ti mesh (see Figure 5.1f), which is predicted
to provide more surface area for the reactions to occur than a flat electrode. At a current
load of 125 mA cm? (Figure 6.5), the cell voltage is 0.7 V with a corresponding peak
power density of 88 mW cm in the case of 2.0 M H,0,, whereas 0.5 M H,O, provided
83 mW cm and 0.67 V. The concentration of 2.0 M H,O, was thus chosen as the oxidant
concentration for the operation of the DBHPFC, the anolyte composition was fixed at
0.5 M NaBH4 +4 M NaOH and the oxidant was contained in 2.0 M H>O + 1.5 M H,SO4

for the remaining experiments.
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Figure 6.5. The effect of the H>O, concentration on the cell voltage and power density of
the DBHPFC. Anode: Pty 75-Iro25/Ti plate (9 cm?). Cathode: Pt/Ti mesh (8.55
cm?). Fuel: 0.5 M NaBH4 + 4 M NaOH. Oxidant: x M H,O; + 1.5 M H,SOa.
Flow velocity: 3 cm s™!. Temperature: 25 °C.

6.3.6. The effect of mean linear flow velocity

The mean flow velocity, v (cm s1), of the electrolyte is another critical factor that affects
the cell performance. Figure 6.6 plots the cell potential and the power density of the
DBHPFC obtained at different mean linear electrolyte flow velocities of 0.5, 1, 2, 3, 4

and 6 cm s! at 25 °C using a fresh electrolyte for each experiment. It was observed that
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the flow velocity does not influence the OCP, as it generally hovers around 1.75 V for all
variable velocities. This was expected, as no change in the electrolyte composition or in
the other operating conditions should keep the thermodynamic equilibrium potentials of
both the anode [Eq. (6.4)] and cathode reactions as they are. Figure 6.6 exhibits the
continuous improvement on the FC performance as the flow velocity increased from 0.5
cm s to 2 cm sl The latter showed the best maximum power density, which was 93 mW
cm? with a cell voltage of 0.8 V at 115 mA cm™. The rise of the mass transport of the
reactants likely affected this improvement, as more BH,; and H>O> were supplied to both
the anode and cathode, respectively, enhancing the removal of Hz bubbles from the anode
and O, from the cathode ''®. The mass-transport aspect was discussed thoroughly in
Chapter 5. Yang et al. 2*> mentioned that a low linear flow velocity (0.5 cm s, as in the
present work) would encourage the crossover of the hydrogen peroxide and H* ions
through the membrane, as the residence time of acid on contact with the base would
increase while reducing the flow velocity. This phenomenon might explain the reduction
of the cell performance at the mean flow velocity of 0.5 cm s!, where the peak power

density was 75 mW c¢m at a cell potential of 0.6 V and 125 mA c¢cm™ current density.
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Figure 6.6. The effect of the mean linear flow velocity on the cell voltage and power
density of the DBHPFC. Anode: Pty 75-Iro25/Ti plate (9 cm?). Cathode: Pt/Ti
mesh (8.55 cm?). Fuel: 0.5 M NaBH4 + 4 M NaOH. Oxidant: 2 M H202 + 1.5
M H,SO4. Temperature: 25 °C.
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Increasing the flow velocity more than 2 cm s, however, did not improve the cell
performance, as the hydrogen peroxide might be controlled by its reduction kinetics rate

on the cathode 243

and the borohydride by its oxidation rate on the anode. Raising the flow
rate may lead to greater bypass of the electrode surface by the electrolyte, which
potentially decreases the cell performance. However, the type of flow field (configuration
of the flow plate) in an electrochemical FC has a significant influence on the ratio of the
performance improvement 244, Increasing the flow velocity in one compartment may
induce high pressure and force some species to crossover to the other compartment,
affecting the DBHPFC performance. In order to minimise this effect, a one-head
peristaltic pump (323S/D, Watson-Marlow) was used to maintain equivalent flow
velocities in both compartments (as they have the same dimensions and distance of the
pipes). The sealing materials were acceptable, as no leakage of the electrolyte was
observed during the operation. High flow velocities of 3, 4 and 6 cm s! all showed
reductions in the cell voltages and power densities than 2 cm s7!, as the latter presented

the best power density (93 mW cm). For that reason, the velocity has been fixed at 2 cm

s'l in the remaining experiments, using the same conditions as those in Figure 6.6.

6.3.7. The effect of temperature

The variation of the power density and cell potential with respect to the current density at
different cell operating temperatures are depicted in Figure 6.7 and summarised in Table
6.5. The table shows the OCP values, peak power densities and cell potential at their
corresponding current density loads. The temperature was varied from 25 °C to 65 °C
using a fuel containing 0.5 M NaBH4 + 4 M NaOH and an oxidant of 2 M H2O2 + 1.5 M
H»SO4 atv=2 cm s’!. The cell performance showed a strong dependence on the operating
temperature and a considerable improvement as it increased. The peak power density
increased from 93 to 162 mW cm™ (~75%) when the temperature was elevated from 25
to 65 °C because of decreasing activation polarisation in the cell, as seen in the Arrhenius
equation [Eq. (4.11)]. Elevating the operating temperature promotes (1) the kinetic rate
of electrochemical reactions to take place on the anode and cathode, (2) the diffusion and
mass-transfer coefficients of the chemical species and (3) the ionic conductivity of the
anolyte and the membrane 4! 138 142193 "For example, it was found that increasing the

temperature from 18 to 85 °C in the sodium hydroxide solution the conductivity rises
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three times 24° 133, The conductivity of other DBHPFC components would exhibit similar
effects at elevated temperature 138, Parthasarathy et al. 4! attributed the increase of the
conductivity on Nafion® membranes to rising temperature and water content, which they
measured from 30 to 80 °C. However, above 70 °C, no considerable change in

conductivity was observed, as the water uptake of the membrane reached its limit.
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Figure 6.7. The effect of temperature on the cell voltage and power density of the
DBHPFC. Anode: Pto7s-Iro2s/Ti plate (9 cm?). Cathode: Pt/Ti mesh (8.55
cm?). Fuel: 0.5 M NaBH4 + 4 M NaOH. Oxidant: 2 M H>O: + 1.5 M H,SOs.

Flow velocity: 2 cm s,

Table 6.5. The effect of temperature on the DBHPFC.

Temperature / °C

25 35 45 55 65

Open-circuit potential / V .71 | 172 | 1.73 | 1.74 | 1.75
Peak power density / mW cm™ 93 105 124 132 162
Cell potential at peak power density / V 0.80 | 0.76 | 0.88 | 0.83 | 0.88

Current density at peak power density / mA cm™ | 115 140 140 160 185
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The improvement in these three parameters (kinetics, mass transfer and conductivity)
leads to higher conversion rates of BH; on the anode and the reduction of H,O» on the
cathode. Unfortunately, the increasing temperature also encourages crossover of

138 145 148 101

borohydride ions and its hydrolysis on the anode side and could even speed

up the chemical decomposition of HyO, 148 243 238

, especially in an alkaline medium, which
could cause considerable fuel loss. Moreover, the membrane may partially dry, creating

a higher resistance in the DBHPFC and a reduction in output 3%

In general, the results showed that the DBHPFC could be operated with a wide range of
temperatures, including room temperature. The cell was able to provide a maximum
power density of about 162 mW cm™ (Ec.; = 0.88 V) at 185 mA cm (65 °C), but at the
expense of losing some of the fuel and oxidant. Therefore, perhaps operating at room
temperature at a low concentration of BH; and H20; is recommended in order to utilise

the reactants more efficiently and decrease gas generation.

6.3.8. The effect of ammonium hydroxide additive

Ammonium hydroxide (NH4OH) was proposed to be add 5 wt.% in the anolyte solution
together with 10 wt.% NaBH4 and 5 wt.% NaOH to dissolve the product of NaBH4
oxidation, i.e. sodium metaborate (NaBO:), and to minimise the borohydride hydrolysis
24 245 The performance of the DBHPFC using fuel containing 1 M NH4OH (~ 4 wt.%) in
0.5 M NaBH4 +4 M NaOH at 25 °C is presented in Figure 6.8. The rest of the operational
conditions are the same and have been included in Figure 6.8. The presence of NH4sOH
in the fuel decreased the peak power density by 33% (63 mW cm™ and 0.82 V at 65 mA
cm?) from the peak without it (93 mW cm™ and 0.8 V at 115 mA cm™). These results
indicate that ammonium hydroxide adversely affects the performance of DBHPFC. The
ammonium hydroxide is a weak base, so it will not dissociate completely in an aqueous

solution:

NH,OH + H,0 — NHj + 20H (6.5)
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Figure 6.8. The effect of ammonium hydroxide (NH4OH) on the cell voltage and power
density of the DBHPFC. Anode: Pto.75-Iro.25/Ti plate (9 cm?). Cathode: Pt/Ti
mesh (8.55 cm?). Fuel: 0.5 M NaBHs + 4 M NaOH + 1 M NH4OH. Oxidant:
2 M H;0; + 1.5 M H2SOs. Flow velocity: 2 cm s Temperature: 25 °C.

The ammonium ions act as a weak acid in water and dissociate to form ammonia and H*

ions:

NH; < NH; +H" (6.6)

Ammonia may react with the protons of the Nafion® membrane to form NH4" again,
which might reduce the membrane conductivity and decrease the cell performance 247.
One of the challenges to H2lO2 proton exchange membrane (PEM) FCs is forming traces
of NH3 from the catalytic reaction of H and N> 28, Uribe et al. 2*® found that high traces
of ammonia levels (30-130 ppm in H> gas feed) for long exposure times to the anode
severely cut cell performance, making DBHPFCs more attractive, since they apparently
do not have gas impurities and poisoning species. Another possible reason for the drop in
cell performance is the absorption of ammonia on the anode sites, which would minimise
the direct oxidation of BH;. However, ammonium hydroxide might help at a high level

of borohydride concentration as more sodium metaborate will be produced and that needs
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further investigation. Generally, the results indicated that the associated adverse effects
of adding ammonium hydroxide in the anolyte outmatched its beneficial effects, so it is

not recommended for the current system.

6.3.9. The effect of sodium dodecyl sulphate additive

A small number of publications have reported on the use of additives to suppress the
hydrolysis of BH, 37 40 160 161 "egpecially using sodium dodecyl sulphate (SDS) for the
BH, oxidation system '°°. Merino-Jimenez et al. 1*¢ used a half-cell configuration to study
the SDS effects on BH,; oxidation while, in the present work, it was investigated in a
complete cell, which could provide more information for future applications. Figure 6.9
reveals the SDS influence on the polarisation curves of the DBHPFC obtained using SDS
concentrations of 0.01, 0.001 and 0.0001 wt.% added to the fuel (see the figure caption).
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Figure 6.9. The effect of SDS on the cell voltage and power density of the DBHPFC.
Anode: Pto 75-Iro 25/Ti plate (9 cm?). Cathode: Pt/Ti mesh (8.55 cm?). Fuel: 0.5

M NaBH4 + 4 M NaOH + x wt.% SDS. Oxidant: 2 M H>O> + 1.5 M H2SOs.
Flow velocity: 2 cm s™!. Temperature: 25 °C.
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Increasing the SDS concentration from 0.001 to 0.01 wt.% showed a little improvement
(3% at 0.01 wt.%) over the data obtained in the absence of surfactants. With 0.01 wt.%
SDS, which was the best composition, the FC operated at 115 mA c¢cm™ and provided a
cell potential of 0.83 V and only 95 mW c¢m? power density, compared to 92 mW c¢m™
and 0.81 V at the same current density using the fuel without SDS. This enhancement on
the cell performance has been referred to the inhibition of H, evolution % 160 161 the
improved diffusion coefficient of borohydride, the limiting current and the kinetic
constants '3, Some researchers '°° have suggested that the concentration of SDS should
not exceed 0.001 wt.%; otherwise, it partially blocks the active sites and reduces the
current density. However, the concentration of 0.01 wt.% worked well in the present study
and showed increases in both the current cell voltage and power density. This finding
may be attributed to the catalyst material that was used (gold) in the reference '°6. Further
increasing the SDS concentration (> 0.01 wt.%) would probably affect the active catalyst
sites and, as a consequence, reduce the cell performance; therefore, a high SDS
concentration was not considered here. However, the use of 0.01 wt.% of SDS, as it
presented a good performance, was recommended for the highly porous electrode, as can

be seen in the section of 6.3.11.

6.3.10. The stability test of the DBHPFC under the optimal operating conditions

The operating stability test was also a crucial factor in confirming the durability and
performance of the DBHPFC using the final optimal operating conditions. Figure 6.10
demonstrates the dependence of the cell potential on the operation time at a constant
discharge current density of 25 mA cm with the circulation of the electrolytes. The
optimal operating conditions that have been found in this research (the blue curve)
involved an anolyte containing 0.5 M NaBH4 + 4 M NaOH and a catholyte containing 2
M H;0; + 1.5 M H2SO4 at a mean linear flow velocity of 2 cm s™! at 25 °C. The ohmic
resistance in the cell and the side reactions that occur chemically and electrochemically
could explain the drop in the OCP (1.71 V) from the maximum theoretical value of 3.02
V [Eq. (2.18)]. The average cell potential could continuously generate approximately 1.5
V and 38 mW cm? of power density during the one-hour operating period. The cell
performance exhibited considerable stability using the optimal operating conditions; see

Figure 6.10. This performance presented a remarkable improvement in the cell voltage

198



Chapter 6: The Effect of Operating Conditions on Direct NaBH4/H»O, Fuel Cell Performance

(25%, 1.5 V) and its stability, where the low cell voltage decay (or loss) and the less
fluctuation were observed, in contrast to the cell output (1.2 V) under the initial conditions
described in Chapter 4, which can be seen in Figure 6.10 (the red curve that was taken
from Figure 4.24). The excellent stability is likely due to the optimised operating

conditions that have been discovered in this study.

2.0 T T T T T T T T

25 mA c¢cm?

1.6( -

1.4} )

Cell potential, £,/ V

1.0 | .
——0.5 M NaBH, + 4 M NaOH | 2 M H,0, + 1.5 M H,SO,
—— 1 M NaBH, +4 M NaOH | 1 M H,0, + 1 M HCI
0.8 | .
06 L 1 L 1 L 1 L 1
0 1000 2000 3000 4000

Time, t/s

Figure 6.10. The stability of the NaBH4IH>O: cells for about 1 h using Pto.75-Ir0.25/T1 plate
anode catalysts (9 cm?) and Pt/Ti mesh (8.55 cm?) as a cathode operating at a
current density of 25 mA cm at 25 £1 °C. The mean linear fluid velocity was

2cms.

The cell discharge capacity was calculated by multiplying the area under the curve
(potential x time = 7257 V s) to the current load of 0.225 A (9 cm? electrode area) and
divided by 3600 s, resulting in a cell energy capacity of 450 mW h and 300 mA h (for an
average cell potential of 1.5 V). The expected FC life for the total weighted amount of
NaBH4 (3.783 g in 200 mL) was about 1.38 h [cell capacity (300 mA h) divided by the
current load (225 mA)]. The specific energy was about 304 W h kg™! (based on the total,
1.48 ¢ BH,, fuel weight) and the maximum power density was 93 mW cm™ (at 115 mA
cm?; see Table 6.5). Amendola et al. °! reported 184 W h kg! and 20 mW cm using
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gold-coated carbon silk in a borohydride-air cell (3.6 cm?) at room temperature. In other

words, the Pto.75-Iro.25/T1 plate catalyst provided better performance than the gold catalyst.

6.3.11. The effect of anode structure on the direct borohydride fuel cell

The best 3D electrodes (from Chapter 5), including the Pt 75-Iro25/Ti fine mesh, the mesh
and the felt electrodes (see their structures in Figure 5.1d, b and e, respectively), were
examined using the optimal operating conditions that have been found for the plate
electrode. The performance of the DBHPFC using the fine mesh and mesh anodes is
displayed in Figure 6.11. The polarisation and power density curves were obtained using
fuels of 0.5 M and 0.25 M NaBH4 in 4 M NaOH, and the oxidant contained 2 M H>O: in
1.5 M H»SO4 at a mean linear flow velocity of 2 cm st at 25 °C.

It was surprising that the mesh and fine mesh performed worse than the plate electrode;
see all the results summarised in Table 6.6. The maximum power density of the cell with
an anode plate structure (93 mW c¢m) is around 38-40% higher than when mesh (68 mW
cm?) and fine mesh (66 mW cm™) electrodes were employed. This result could be
attributed to an increased hydrolysis rate, the H> bubbles that were observed, and the HOR
competing with the BOR, as 3D electrodes provide higher surface areas exposed to BH,
ions than plates, which reduces both the cell voltage and power output and, thus, fuel

utilisation efficiency.

In order to confirm that increasing BH,; concentration was indeed reducing fuel utilisation
efficiency, another electrolyte solution with a lower borohydride concentration of 0.25 M
was tested. In this case, a little enhancement in the power density (6%, 70 mW c¢m2) and
the cell potential (0.93 V) of fine mesh was observed, meaning that 3D electrodes with a
low NaBH4 concentration should be used — or an efficient catalyst active towards the
direct electro-oxidation of BH; should be found — to maximise the fuel utilisation

efficiency.
It is worth to compare the data obtained from the final optimal operating conditions

(Figure 6.11) with the that obtained from the initial conditions (Figure 5.13) for the 3D

electrodes. As a result, under the optimal operating conditions, the maximum power
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density with the fine mesh electrode improved by 48% from 44.5 mW cm (Figure 5.13b)
to 66 mW cm (Figure 6.11) and, with the mesh electrode, 170% from 25 mW cm™
(Figure 5.13a) to 68 mW cm™ (Figure 6.11). These results demonstrate the importance of

optimising the operating conditions for the cell performance.
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Figure 6.11. The effect of the anode structure on the cell voltage and power density of the
DBHPFC. Anodes: Pto7s-Iro2s/Ti plate (9 cm?), mesh (8.55 ¢cm?) and fine
mesh (9 cm?). Cathode: Pt/Ti mesh (8.55 ¢cm?). Fuel: 0.5 M NaBHs + 4 M
NaOH. Oxidant: 2 M H,0, + 1.5 M HzSOs4. Flow velocity: 2 cm s
Temperature: 25 °C.

Table 6.6. The effect of the anode structure on the Ptg.75-Iro25/Ti1 0.5 M NaBHs + 4 M
NaOH I 2 M H;0;, + 1.5 M HoSO4 | Pt cell at 25 °C.

Anode structure
Plate Mesh Fine Fine
mesh | mesh*
Open-circuit potential / V 1.75 1.75 1.75 1.69
Peak power density / mW cm™ 93 68 66 70
Cell potential at peak power density / V 0.80 0.85 0.82 0.93
Current density at peak power density / mA cm™ 115 80 80 75

*at 0.25 M NaBH4

201




Chapter 6: The Effect of Operating Conditions on Direct NaBH4/H»O, Fuel Cell Performance

Figure 6.12 illustrates the polarisation and power density curves for the felt (highly
porous) electrode using the same conditions as Figure 6.11 but with and without the
presence of SDS additive (0.01 wt.%) to observe the fuel utilisation efficiency. The main
results from Figure 6.12 were summarised in Table 6.7, where the cell performance
showed significant improvement under the optimal operating conditions over the output
from Figure 5.13b’s conditions. The latter presents the maximum power density with felt
as only 29 mW cm2at 0.5 V and a 60 mA c¢m™ current load, while the power density
soared by 83% under the optimal operating conditions to 53 mW c¢m at a cell voltage of
0.83 V and 65 mA c¢cm™. The anolyte composition of Figure 5.13b was 2.5 M NaBH4 + 2
M NaOH, and the catholyte composition was 0.75 M H>02 + 2 M NaOH with a mean
linear flow velocity of 4 cm s at 23 °C. A low borohydride concentration has been
suggested with the fine mesh and mesh electrodes, however, with the felt electrode, the
opposite was the case, as the cell performance decreased with minimising the BH, content
(50%) to 0.25 M; see Figure 6.12. That could be attributed to the larger area of it that

could occupy the reactant species.

Section 6.3.9 demonstrated that adding SDS additive to the anolyte solution could benefit
the DBHPFC performance. That was applicable with the felt electrode, with which the
peak power density reached 77 mW cm at 0.77 V and 100 mA cm, a 45% improvement
over the results with no SDS and 166% over the initial, non-tuned operating conditions.
Even though the cost of 3D electrodes is higher, they could not compete with the plate
electrode. That could be connected with the fuel decomposition on the highly porous
electrodes. However, if a cost-effective and inactive catalyst towards BH4 hydrolysis is
found, the mesh (Figure 5.1b) and fine mesh (Figure 5.1d) structures seem perfect for the
DBHPFC because of their excellent performance with the Pt-Ir catalyst, which could

outmatch the plate’s performance.

Table 6.7. The effect of the felt anode on the Pty 75-Iro25/Ti 1 0.5 M NaBH4 +4 M NaOH
12 M H;0, + 1.5 M HoSOq4 | Pt cell at 25 °C.

Plate Felt
No No 0.01 wt.%
SDS SDS SDS
Open-circuit potential / V 1.75 1.73 1.75
Peak power density / mW cm™ 93 53 77
Cell potential at peak power density / V 0.80 0.83 0.77
Current density at peak power density / mA cm™ 115 65 100
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Figure 6.12. The performance of the highly porous felt anode electrode in the DBHPFC
with and without 0.01 wt.% SDS. Anode: Pto7s-Iro2s/Ti felt (8.55 cm?).
Cathode: Pt/Ti mesh (8.55 ¢cm?). Fuel: 0.25 or 0.5 M NaBHs + 4 M NaOH.
Oxidant: 2 M H,0; + 1.5 M H2SOa. Flow velocity: 2 cm s!. Temperature: 25
°C.

6.4. Conclusion

The effects of the operation conditions on the DBHPFC performance were evaluated. The
following are the most relevant results, where the improvement of cell power density due
to the changing of the operating conditions is presented in Figure 6.13:

e Increasing the sodium borohydride concentration enhanced the cell performance
due to the improvement in the transport of the reactants (i.e. BH;, Na*) and the
reaction kinetics rate, however, increasing it beyond 0.5 M was not favourable to
the DBHPFC, as it likely led to both more BH, crossover and a greater BH,
hydrolysis rate.

e A significant improvement (46%) in the cell potential and the power density was
observed by increasing the NaOH concentration from 1.0 to 4.0 M due to the
enhancement in the electrolyte conductivity and the borohydride stability. Using

less than 1 M NaOH reduced the cell performance because of a higher BHy
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hydrolysis rate, but more than 4.0 M NaOH created a highly viscous solution,

affecting the ion mass transport.

Fuel: 0.5 M NaBH, + 4 M NaOH
Oxidant: 2 M H,0, + 1.5M H,SO,
v:2ems, T:x°C

Fuel: 0.5 M NaBH,+ 4 M NaOH
Oxidant: 2 M H,0, + 1.5M H,SO,
v:xcm s, T:25°C *

Fuel: 0.5 M NaBH, + 4 M NaOH
Oxidant: x M H,0, + 1.5 M H,SO,

Fuel: 0.5 M NaBH, + 4 M NaOH
Oxidant: 1 M H,0,+x M H,S0,

Fuel: 0.5 M NaBH, + 4 M NaOH
Oxidant: 1 M H,0,+1Mx

°
10 °

[ ]
mW cm?
00 00 00 ®

Fuel: 2.5 M NaBH, + 2 M NaOH
Oxidant: 0.75 M H,0,+ 2 M NaOH, v: 4 cm s, T: 23 °C

Fuel: 0.5 M NaBH, + x M NaOH
Oxidant: 1 M H,0,+ 1M HC1

Fuel: x M NaBH, + 2 M NaOH
Oxidant: 1 M H,0,+ 1 MHCL v: 3 cm s, T: 25°C

Figure 6.13. The improvement of power densities that were obtained from the direct
borohydride fuel cell at different operating conditions and anode structures.

e Sulfuric acid is the proposed catholyte background material among sodium
hydroxide, phosphoric acid and hydrochloric acid. The concentration of 1.5 M
H>SO4 provided the most favourable cell voltage and power density (six times
greater than that obtained from alkaline).

e Increasing the mean linear flow velocity from 0.5 to 2 cm s presented a positive
effect on the cell power density, which reached 93 mW cm™ with a cell voltage
of 0.8 V at 115 mA c¢cm™ for 2 cm s at 25 °C. This improvement was due to
greater mass-transport of the reactants, more BH; and H>O» being supplied to the
anode and cathode, respectively, as well as the ease of removal of the H> bubbles
from the anode and O, from the cathode.

e The cell performance showed a dependence on the operating temperature. The

reaction kinetics at the anode and cathode were promoted at higher temperatures.
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The peak power density increased dramatically from 93 to 162 mW c¢m (double
tilde 75%) when the temperature elevated from 25 to 65 °C.

e The presence of ammonium hydroxide (4 wt.%) in the fuel revealed a significant
decrease of 33% in the peak power density, meaning that adversely affects
DBHPFC performance.

e Adding SDS (0.01 wt.%) as a surfactant to the fuel showed considerable
improvement, mainly when 3D electrodes were used. The enhancement on the
cell performance was referred to inhibiting H> evolution and the improvement on
the diffusion coefficient of borohydride, the limiting current and the kinetic
constants. The peak power density of the felt electrode improved by 45%,
reaching 77 mW c¢m2 at 0.77 V and 100 mA c¢cm™, over its performance with no
SDS.

e The cell performance exhibited good operating stability under the optimal
operating conditions, generating approximately 38 mW cm™ power density at 1.5
V during the 1-h operating period. The cell discharge capacity was 450 mW h and
300 mA h. The specific energy was about 304 W h kg' (of BH;) and the
maximum power density was 93 mW cm™ (at 115 mA c¢cm™).

e 3D electrodes could not compete with the plate. However, if an efficient catalyst
for the direct oxidation of BH, is found, the mesh and fine mesh structures are
suggested, as they are expected to outperform the plate because of their

remarkable behaviour with the Pt-Ir catalyst.
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Chapter 7: Conclusions and Future Work

The aim of the present study (as seen in Figure 7.1) was to increase the performance of a
direct borohydride fuel cell (DBFC) in three stages. The first one was to study the
borohydride oxidation kinetics on bimetallic Pt-Ir alloys (75:25 and 25:75) by a variety
of electrochemical techniques (chapter 4). The second stage was using the optimal Pt-Ir
composition, the outcome of the first stage, to find out the appropriate 3D anode design
(chapter 5). The third stage was studying the performance of a practical DBFC at various
operating conditions using the most promising anode materials from the second stage to
maximise the cell power output (chapter 6). This is the first study reporting the BH,
oxidation parameters of Pt-Ir (75:25, 25:75) deposited on a Ti plate, the mass-transport
measurements of 3D Pto75-Iro2s/Ti materials in a DBFC and the cell performance under

various operating conditions.

“Mass-transfer measurements at
porous 3D Pt-Ir/Ti electrodes ina
direct borohydride fuel cell”,
Journal of The Electrochemical
Society, 165 (3): F198-F206,2018.

Chapter 1 & 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 The aim

Project

: q Evaluation Pty 75-Iro 25 A} e To
ORI & Expenments of Pt alloys: on different Rpilation improve
literature on: Au & Pt the operating D
: ¢ P Pto25-Iro 75 anode conditions
review o anodes Pty oIty 55 DBEFC

structures

DBEFC

“Titanium supported Pt-Ir “Effect of operating conditions
alloy anode (75:25 and 25:75) and anode structure on direct
for direct borohydride fuel NaBH,4/H,0, fuel cell

cells”, Electrochimica Acta performance”, Journal of The
(in progress) ElectrochemicalSociety

(in progress)

Figure 7.1. The project sequence and the outcomes.

7.1. Conclusions

The conclusions of this research are listed here in order of relevance:
e A full DBFC setup was prepared and a single cell was designed and constructed.
o The half-cell test of the electrochemical oxidation of borohydride ions was carried
out on Pt and Au anodes by cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and rotating disc—electrode (RDE) measurements. The Pt planar electrode

showed higher activity towards BH, oxidation at a much lower potential than Au.
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e CV was used to quantify the concentration of sodium borohydride for an alkaline
solution. The empirical linear relationship between the peak current (mA) and the

borohydride concentration was obtained (/,= 0.182 cgy,) for a concentration

ranging from 0 to 20 mmol dm™ in 2 mol dm® NaOH using an Au planar
electrode.

e Borohydride ions presented appreciable stability in an aqueous alkaline solution
(2 mol dm™ NaOH) over a 15-h test period using a concentration of 0.02 mol
dm™ BHj. The stability study was performed using LSV to record the peak current
using an Au electrode (2 mm diameter).

e Unreported anode catalysts of Pt alloy that included Pto.75-Iro2s and Pto.2s-Iro.75
deposited on a Ti plate were investigated for application in DBFCs. The two
anodes were prepared, characterised and evaluated for direct BH, oxidation. They
presented higher activity towards direct oxidation of BH, at a considerably lower
potential than Au. The Ptoss-Iro2s catalyst provided a power density of
approximately 35% higher than the gold electrode. As the Pt-Ir is relatively very
active for BH; oxidation, its hydrolysis was also observed. Sodium dodecyl
sulphate (SDS) additive was suggested to suppress the hydrolysis, as it had a
significant beneficent influence (45% in the power density in case of felt anode).

e Among the catalysts that have been investigated, the bimetallic Pto.75-Iro.2s/Ti plate
anode demonstrated higher borohydride oxidation reaction (BOR) current
densities, a higher number of electrons exchanged and a faster reaction rate than
Pto.2s-Iro.75/Ti.

e The required activation energy of Pto.75-Iro 25 was also lower (18.6 kJ mol™) than
that of Pto2s-Iro7s (28 kJ mol!). For the BOR, the value of the charge transfer
coefficient, a, on the Pty 75-Iro25/Ti plate was 0.59, while its value was 0.42 on the
Pto.2s-Iro.7s plate, which confirms that the system is irreversible.

e The total number of electrons exchanged, z, on Pt 75-Iro.25/T1 was 5.3 electrons at
294 K and 3.7 electrons for Pto2s-Iro7s/Ti. The standard heterogeneous rate
constant, ks, of the BOR was 5x1071% cm s'!, which suggests that the oxidation
reaction was prolonged in Pto2s-Iro7s/Ti in contrast to Pto7s-Irons (0.1x1071°
cm s7'), however, it is relatively still lower than the reported. The reaction
constant, y, of Pto7s-Iro2s is three times that of Ptos-Iro.7s, and Pto.75-Iro.2s’s

reaction order, B, is closer to the unity, while it was 0.69 for Pt 25-Iro.75.

208



Chapter 7: Conclusions and Future Work

e The peak power density of the DBFC with Pto.75-Iro.25/Ti anode was about double
that provided by the Pto2s-Iro.75/T1 under the same conditions.

e The mass-transport study for the DBFC was carried out, as no data had been
published on it. The researcher has successfully reported the study 24 and the
related data in 2018, as listed in the publication section.

e The volumetric mass-transport coefficients, knA4., for five fabricated Pto 75-Iro.2s/T1
working electrodes were evaluated by the limiting current technique. The mass-
transport rate (the value of k,4.) increased towards the electrode surface along
with the electrolyte mean flow velocity and the Reynolds number. The felt and
fine mesh electrodes showed the highest rate of all the tested anodes.

e The enhancement factors,o, were also evaluated for all electrodes. The optimal
values of Swere 99.5 (at a flow rate of 6 cm s7), 67 (8 cm s™') and 22.6 (4 cm s™!)
for felt, fine mesh and micromesh, respectively. In the presence of turbulence
promoters (TPs), the currents extracted from the plate and mesh electrodes more
than doubled.

e The effects of various borohydride concentrations on the limiting current and k4.
values were examined. The limiting current increased when the concentration
rose, but the volumetric mass-transport coefficient remained relatively constant
with respect to the concentration at a specific flow velocity.

e The volumetric mass-transport coefficient of the reactants for all anode electrodes
increased in the following sequence: plate < plate + 3 TP < mesh < micromesh <
felt < fine mesh.

e The (calculated) complete conversion of borohydride was fast for the felt and fine
mesh electrodes. For example, they required about only two hours to consume
0.01 mol dm™ of BH,, followed by the micromesh electrode (4.6 h), whereas the
other electrode geometries required more than 30 h to consume BH, completely,
even in the presence of TPs.

e The number of cycles in a batch recycle system was calculated for all electrodes
as well. The number of cycles indicates how many circulations the system requires
to utilise the dissolved borohydride ions (0.01 mol dm™). The fine mesh electrode
presented the best performance (20 cycles), followed by the felt and micromesh

electrodes (27 and 50 cycles, respectively). However, it was estimated to take a
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higher number of cycles if mesh (300 cycles) and plate (600 cycles) electrodes are
used.

e The overall fractional conversions in a cascade system of 7. identical electrodes
were evaluated as well. The fine mesh electrode showed a remarkable
performance, followed by the felt and micromesh electrodes.

e The effects of the operating conditions on the performance of a DBHPFC using
Pto.75-Ir0.25 anode was studied. The power density improved dramatically by using
suitable materials and determining the optimal values of the operating parameters.

e Using a low NaBH4 concentration (< 0.5 M) would be beneficial for higher fuel
utilisation and less poisoning of the cathode catalysts.

e Using less than 1.0 M NaOH as a background solution for NaBH4 decreased the
cell performance because a low pH value encourages BH, hydrolysis. A solution
containing more than 4.0 M NaOH is also not beneficial to the cell, as it creates a
highly viscous solution, which decreases the movement capability of the ions
towards the anode active sites. An improvement of 46% in the power density was
recorded by increasing the NaOH concentration from 1.0 to 4.0 M. The anolyte
with 4.0 M NaOH + 0.5 M NaBHj4 turned out to best suit the DBHPFC with a
Pto.75-Iro.25 anode and a Pt cathode.

e Among the several catholyte background materials that have been studied,
sulfuric acid (H2SOs) presented the best performance among sodium hydroxide,
phosphoric acid and hydrochloric acid. It was found that a DBHPFC witha 1.5 M
H>SO4 concentration provided the most favourable cell voltage and power density
(83 mW cm™), as increasing the H' ions speeds up their transportation, increases
the electrolyte conductivity and raises the reduction rate of H>O». The power
density of the DBHPFC with H2O; in a strong acid (1.5 M H2SO4) was about six
times that achieved with an alkaline background solution (13 mW cm) under the
same conditions.

e The external mechanical force also affects the cell output. Therefore, raising the
mean linear flow velocity from 0.5 to 2 cm s! benefited the cell power density.
Increasing the flow velocity beyond 2 cm s! did not benefit the cell performance,
as the hydrogen peroxide might be controlled by its reduction kinetics rate on the

cathode and the borohydride by its oxidation rate on the anode. The bypass of the
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reactants is, perhaps, another possibility at a high flow rate (> 2 ¢cm s!) and
potentially reduces the cell performance.

An improvement of 75% was measured in the power density of the DBHPFC
when the temperature was elevated from 25 to 65 °C, meaning there is a strong
dependence on the operating temperature in the DBHPFC system.

The presence of an SDS surfactant (0.01 wt.%) in the fuel exhibited a considerable
improvement, mainly when 3D electrodes were employed. However, adding
ammonium hydroxide (4 wt.%) to the fuel revealed a significant decrease of 33%
in the power density, meaning that it adversely affects the DBHPFC system.

The optimal operating conditions found in this research are an anolyte of 0.5 M
NaBH4 +4 M NaOH and a catholyte of 2 M H202 + 1.5 M H2SO4 at a mean linear
flow velocity of 2 cm s! at 25 °C.

The stability test of the DBHPFC exhibited a continuous generation of 38 mW
cm? at 1.5 V during one hour of operating. The cell discharge capacity was 450
mW h and 300 mA h. The specific energy was about 304 W h kg'! (of BH;) and
93 mW cm? for the maximum power density (at 115 mA ¢cm™).

The performance of 3D electrodes could not compete with that presented by the
plate anode. However, the fine mesh structure is suggested, based on the results
of the mass-transport study (Chapter 5), when an efficient electroactive catalyst

for the direct oxidation of BH, is found.

7.2. Future work

Despite extensive work to commercialise DBFCs, several technological challenges that

need to be overcome to reach theoretical power density values that are still far away. The

performance of DBFCs can be improved by the following:

Finding suitable flow field designs (such as serpentine 230 138 251 for the electrolyte
solution feed and comparing the results with a parallel flow field. Finding the
optimal design would raise fuel utilisation efficiency by creating a uniform fuel

distribution on the electrode surface.
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e Depositing Au material on the fine mesh substrate and comparing the results with
a Pt film electrode on the various structures and possibly an Ir film electrode are
worth examining.

e Modelling the DBHPFC system using the research findings here (reaction
parameters, electrode characterisations and mass-transport outputs) to study the
effects of electrode structures and cell designs on its performance and the
possibility of scale-up.

e Reducing both NaBH4 hydrolysis and borohydride crossover.

e Investigating the precise mechanism of borohydride electro-oxidation on Pt-Ir
electrode, which is still not fully understood.

e Long-term experimenting with DBHPFCs using 3D electrodes, carefully
monitoring the Hz and O: gases produced by the decomposition of NaBH4 and
H>0,, respectively, along with pH. A comparison between the rate of hydrogen
evolution on 2D and 3D electrodes needs to be addressed using different 3D

structures (felt, mesh, foam).

212



Chapter 7: Conclusions and Future Work

213



Appendex

214



Appendex

Appendix

Appendix I
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Figure Al. The calibration curve of volumetric flow rate, Qy (cm? s!) vs. pump speed
(rpm) for the pump (323S/D, 300 rpm) Watson-Marlow used in all

experiments.
Appendix II

Table Al. EDS results using at different spot positions.
Spot No. Pt Ir Pt Ir

1 74.7 25.30 17.21 82.79

2 76.39 23.61 16.21 83.79

3 78 22.00 17.49 82.51

4 75.56 24.44 15.58 84.42

5 74.76 25.24 15.22 84.78

6 75.86 24.14 16.16 83.84

7 75.46 24.54 16.57 83.43

8 75.82 24.18 15.72 84.28

9 75.45 24.55 15.61 84.39

Average 75.78 24.22 16.20 83.80
76 24 16 84
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Figure A2. Effects of samples rotation on EDS results (atomic ratio of Pt-Ir): a) Pt-Ir
(75:25) and b) Pt-Ir (25:75).
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Figure A3. Chronoamperometry (from OCP to 0.0 V vs. Hg/HgO, 40 ms) of 0.03 mol
dm NaBH; in 2 mol dm™ in the three-electrode cell using different Pt-Ir

alloys. Pt mesh was the counter, and the temperature was controlled at 294 K
(21 £1 °C).
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Figure A4. Chronoamperometry (from OCP to -0.2 V vs. Hg/HgO, 40 ms) of 0.03 mol
dm NaBH; in 2 mol dm™ in the three-electrode cell using different Pt-Ir

alloys. Pt mesh was the counter, and the temperature was controlled at 294 K
(21 £1 °C).
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