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ABSTRACT

Colloidal Os and Os-alloys, Pt and Pt-alloys, Au and Au alloys, Ir and Ir-alloys,
and Pd and Pd alloys (1:1 atomic ratio for all alloys) supported on Vulcan XC-72 (20
wt% metal) were prepared according to the Bonneman method and investigated for their
electrocatalytic activity with respect to methanol and borohydride oxidation for Os and
with respect to borohydride oxidation only for Pt, Au, Ir, and Pd for fuel cell applications.
Voltammetry on static and rotating electrodes, chronoamperometry and
chronocoulometry were performed on the colloidal catalysts immobilized on glassy
carbon with the help of a Nafion® 117 solution acting as the ionic conductor and binder
of the catalyst layer. Insights were gained with regard to the BH4 electro-oxidation
mechanism, and apparent kinetic parameters were determined such as Tafel slopes,
exchange current densities, heterogeneous rate constants, and the total number of
electrons involved. The electrolytes were: 0.5 M H;SO4 for methanol oxidation and 2M
NaOH for borohydride oxidation, respectively. The fundamental studies were followed
by direct borohydride fuel cell experiments using a 2 M NaOH - 2 M NaBHj, solution on
the anode side, 5 mg cm™ colloidal anode catalyst load and Nafion® 117 membrane. The
cathode was a conventional O, gas diffusion electrode with 4 mg cm> Pt.

Voltammetry results showed that the Os-based materials were catalytically
inactive with respect to methanol oxidation in acid media. It was found that all three pure
colloidal Os (10, 20 and 30 %wt) materials showed -catalytic activity in cyclic
voltammetry experiments toward the oxidation of borohydride. Chronopotentiometry
experiments with a current step of 25 mA cm™ showed that the 20 %wt Os gave the
lowest anodic overpotential, about 0.3 V, of the Os-based materials.

On Pt and its alloys, cyclic voltammetry (CV) results show that colloidal Pt and
colloidal Pt-alloys were electrochemically active toward borohydride oxidation with
oxidation potentials ranging between -0.85 and +0.3 V vs. a mercury/mercury oxide
reference electrode (MOE). Of the investigated colloidal catalysts, the Pt-Ir alloy gave the
highest voltammetric BH,™ oxidation current densities at potentials more negative than
about —0.2 V vs. MOE, which is uitimately the domain of interest for borohydride fuel
cells. Pt-Ir showed oxidation peaks at the most negative potentials, —0.85 V due to H,
oxidation and —0.27 V corresponding to direct BH; oxidation. Fuel cell test results show

iii
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that although Pt-Au gave a higher coulombic efficiency due to eight-electron oxidation,
Pt-Ir and Pt-Ni were the most active catalysts and they were characterized by a three-
electron oxidation of BH, .
For Au and Au-alloys, the CV results show that they were electrochemically active
toward borohydride oxidation with oxidation potentials ranging between -0.7V to 0.35V |
vs. MOE. Colloidal Au-Pt shows the highest peak current and a negative oxidation
potential, followed by Au-Pd with a lower peak current. Fuel cell test results show that
Pt-Au was the most active catalyst characterized by ~ 8 electron oxidation of BHy4 .
For Ir and its alloys, fuel cell test results show that Ir-Pd and Ir-Pt are the most active
catalysts for the oxidation of BH, .
For colloidal Pd and Pd-alloys, fuel cell test results show that Pd-Ir and Pd-Ni are the
most active catalysts for the oxidation of BH, .
Colloidal Ir-Ni, Pd-Ir, Pt-Ni and Pt-Ir, showed the highest fuel cell performance. For
Ir-Ni, Pd-Ir, Pt-Ir, and Pt-Ni colloids, a cell operating at 0.5 V can give current densities
of 50, 49, 46, and 44 mA cm'z, respectively at 298 K.
Finally, it has been demonstrated that a TiO, addition has a significant positive impact
on the electrocatalytic activities of Pt and Pd; while it has a dramatic negative impact on

the catalytic activity of Ir.

v
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4.1.9. Chronoamperometry of 0.1 M BH; in 2M NaOH with 1.5x10°M TU on
colloidal 10wt%, 20wt% and 30%wt Os , potential step from -0.8 to 0.3 V
vs. Ag/AgCl, KClgg, at 298 K.
4.1.10. Chronoamperometry of 0.1 M BH4 in 2 M NaOH with 1.5x10°M TU on
colloidal 20wt% (50/50atomic) OsMo, OsSn and OsV, potential step from
-0.8t0 0.3 V vs. Ag/AgCl, KClggq, at 298 K.
4.1.11. Chronoamperometry response on colloidal 20%wt Os as a function of
NaBHj4 concentration in 2 M NaOH. Potential step from - 0.8 to + 0.3 V
vs. Ag/AgCl, KClg4. Temperature 295 K.
4.2.1 Linear voltammogram of BH; oxidation on colloidal Pt catalyst using static
electrode showing the effect of BH; concentration. Scan rate 100 mV s,
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4.2.2. Linear voltammogram of BH; oxidation on colloidal Pt-Au catalyst using
static electrode showing the effect of BHs concentration. Scan rate
100 mV s!, 298 K. Inset legend indicates the NaBH; concentration.
4.2.3 Linear voltammogram of BH; oxidation on colloidal Pt-Ni catalyst using
static electrode showing the effect of BH; concentration. Scan rate
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4.2.4. Linear voltammogram of BH, oxidation on colloidal Pt-Ir catalyst using
static electrode showing the effect of BH;s concentration. Scan rate
100 mV s, 298 K. Inset legend indicates the NaBH, concentration.
4.2.5. Linear voltammogram of BH, oxidation on colloidal Pt-Ag catalyst using
static electrode showing the effect of BH; concentration. Scan rate
100 mV s_l, 298 K. Inset legend indicates the NaBH, concentration.
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4.2.6. Linear voltammogram of BH, oxidation on colloidal Ni catalyst using static
electrode showing the effect of BH; concentration. Scan rate 100 mV s ™', 298
K. Inset legend indicates the NaBH, concentration in 2 M NaOH.

4.2.7. Linear voltammogram of BH4 oxidation on colloidal Ag catalyst using static
electrode showing the effect of BH, concentration. Scan rate 100 mV s, 298
K. Inset legend indicates the NaBH, concentration in 2 M NaOH

4.2.8. The concentration dependence of the peak current density on colloidal Pt
and Pt-alloys. Scan rate 100 mV s—-1, 298 K.

4.2.9. Linear voltammogram of BH,; oxidation on colloidal Pt catalyst using static

electrode showing the effect of Scan rate. NaBH, concentration 0.03 M, 298 K.
Inset legend indicates the scan rates.
4.2.10. Linear voltammogram of BH; oxidation on colloidal Pt-Au catalyst using
static electrode showing the effect of Scan rate. NaBH,4 concentration
0.03 M, 298 K. Inset legend indicates the scan rates.
4.2.11. Linear voltammogram of BH; oxidation on colloidal Pt-Ni catalyst using
static electrode showing the effect of Scan rate. NaBH,4 concentration
0.03 M, 298 K. Inset legend indicates the scan rates.
4.2.12. Linear voltammogram of BH; oxidation on colloidal Pt-Ir catalyst using
static electrode showing the effect of Scan rate. NaBH4 concentration
0.03 M, 298 K. Inset legend indicates the scan rates.
4.2.13. Linear voltammogram of BH,; oxidation on colloidal Pt-Ag catalyst using
static electrode showing the effect of Scan rate. NaBH,4 concentration
0.03 M, 298 K. Inset legend indicates the scan rates.
4.2.14. The scan rate dependence of the peak current densities obtained on the
colloidal Pt and Pt-alloys catalysts: NaBH,4 concentration 0.03 M, 298 K.

4.2.15. Linear voltammetry of BH; oxidation on colloidal Pt catalysts using
rotating electrodes: the effect of rotation rate and temperature. Scan rate
5mV s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH.
Inset legend indicates the rotation rate per minute.

4.2.16. Linear voltammetry of BH; oxidation on colloidal Pt-Au catalysts using
rotating electrodes: the effect of rotation rate and temperature. Scan rate
5mV s ', 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH.
Inset legend indicates the rotation rate per minute.

4.2.17. Linear voltammetry of BH; oxidation on colloidal Pt-Ni catalysts using
rotating electrodes: the effect of rotation rate and temperature. Scan rate
5mV s, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH.
Inset legend indicates the rotation rate per minute.

4.2.18. Linear voltammetry of BH; oxidation on colloidal Pt-Ir catalysts using
rotating electrodes: the effect of rotation rate and temperature. Scan rate
5mV s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH.
Inset legend indicates the rotation rate per minute.

4.2.19. Linear voltammetry of BHs oxidation on colloidal Pt-Ag catalysts using
rotating electrodes: the effect of rotation rate and temperature. Scan rate
5mV s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH.
Inset legend indicates the rotation rate per minute.
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4.2.36. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pt-Ir) load 5 mg cm 2. 2 M NaBH; — 2 M NaOH. Cathode catalyst
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4.4.26. Cumulative charge density as a function of square root of time
(Anson plot) generated from the chronoamperometry data of
potential step from —0.9 V to —0.6 V vs. MOE.

4.4.27. Direct borohydride fuel cell polanzatlon curves at 298 K and 333 K:
Anode catalyst (Ir-Pt) load 5 mg cm 2. 2MNaBH;-2M NaOH

Cathode catalyst (Pt) load 4 mg cm | 2. 0, flow rate 200 ml min" at 2.7 atm.
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CHAPTER 1

INTRODUCTION

1.1. General

It is clear that a clean and secure form of energy is one of the world’s main
priorities. Fuel cells and hydrogen are amongst the most promising technological
solutions. Yet, it is difficult to answer the question, “Are these systems any where near

close to commercial reality?” The path is challenging, but ongoing worldwide efforts

give hope that success is on the horizon [1]. The performance and commercialization of
fuel cells depend to a large extent on the electrode materials performance, in particular
that of the electrocatalysts. |
It was thought that the availability of energy was inexhaustible. Qil, fossil fuel, }
and coal, were so cheap that no one was concerned about their consumption. Lately,
people have realized that fossil fuel supplies are limited, and have started looking for
alternative sources that are clean and inexhaustible in order to avoid similar problems in
the future [2]. Several factors should be considered in estimating the remaining life-time
for the existing resources in the world. These factors include the total remaining
resources, the present rate of consumption, and the future rate of consumption, taking into
account the rise in demand due to both population and economic growth [2].
Fuel cells are a reasonable choice, since they operate on hydrogen which is an
abundant and less polluting fuel source. A fuel cell is an electrochemical device which
combines hydrogen fuel with oxygen to produce electricity and heat, releasing water as a
byproduct. Fuel cells are a clean, environmentally friendly, versatile, reliable and
efficient power source.
The engineering complexity and high costs can be overcome by replacing
hydrogen as the fuel with a liquid that can be fed directly to a fuel cell. A conventional
storage tank is then required instead of a gas storage tank or a fuel reformer plus storage
tank [3].
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1.2. Direct Liquid Fuel Cell (DLFC) Research and Development

Portable fuel cell demands have increased in the past several years. The
technologies of such fuel cell types that are under development are materials-related
rather than system and/or process related. Fuel cell manufacturers have put an emphasis
on developing the polymer electrolyte membrane, electrode catalysts, and the fuel to be
used. To avoid the crossover phenomenon which is encountered in DLFCs using a Nafion
membrane, which was originally designed to be utilized in pure hydrogen-fed fuel cells, a
new electrolyte must be developed. To enhance the reaction speed for better fuel
utilization and a more efficient fuel cell, a more active and cost effective electrocatalyst
must be developed.

In the last two decades, direct methanol fuel cells [4-7] have attracted the most
attention of all the direct liquid fuel cells, since methanol can be easily and cheaply
synthesized from primary sources. Direct methanol fuel cells (DMFC) offer advantages
in the storage of fuel, but currently show rather low power densities, thus limiting their
use in many portable applications. The major unresolved problems with DMFCs such as
CO poisoning of catalysts and fuel crossover [7], have encouraged some investigators to
look for alternative fuels rather than organic base fuels (e.g., methanol, ethanol, formic

acid, etc.).
1.2.1. Why a Direct Borohydride Fuel Cell (DBFC)?

Hydrazine [8-13] and Borohydride [14-22] have been suggested as alternative
fuels since the early 1960s and have come into prominence once again after three decades
of hiatus.

Direct hydrazine fuel cells (DHFC) that utilize a cation polymer electrolyte suffer from
fuel crossover and the evolution of hydrogen and formation of ammonia, some of which
can crossover to the cathode compartment thus affecting its performance [11-13]. In
addition, hydrazine is toxic if inhaled or swallowed and is an irritant if absorbed through
the skin. Severe exposure to hydrazine vapour may cause temporary blindness [hydrazine

MSDS]. Ammonia is evolved from a side reaction and itself is toxic and harmful if
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inhaled and may cause severe irritation of the respiratory tract [ammonia MSDS]. All
these concerns mitigate against hydrazine being a good candidate for portable fuel cell
applications.

Recently, direct borohydride fuel cells have emerged as a direct liquid fuel cell
alternative. They are considered as both a potential source of hydrogen, and an
environmentally friendly aqueous fuel. Borohydride is oxidized in an aqueous alkaline
medium to meta-borate and water. The theoretical cell voltage of a DBFC is 1.64 V [23],
which is higher than that of DMFC, direct formic acid fuel cells (DFAFC), DHFC, and
pure hydrogen fed fuel cells, with theoretical cell voltages of 1.2 V [4-7], 1.45 V [24],
1.56 [11], and 1.23 V [23], respectively. In addition, DBFCs do not suffer from CO
poisoning which affects the catalyst activity and do not emit ammonia or CO,, the
environmentally unfriendly gases, to the atmosphere.

The main drawback of DBFCs is the hydrolysis of borohydride as a side reaction,
producing H, affecting, therefore, the fuel utilization. However, is has been found that by
altering the NaOH and NaBH, concentrations and using a supported catalyst on a
conductive and high surface area support can help suppress, or even prevent, the
hydrolysis reaction [19, 20].

Given the fact that these fuel cells are technically limited by electrocatalyst
activity, a new more active and cost effective supported electrocatalyst is required for the
direct liquid borohydride fuel cells to be brought to the commercialization stage. The
focus of this dissertation is the examination of borohydride oxidation on a total of 35
mono- and bi-metallic colloidal, precious and non-precious, metals and alloys (including
Ni, Zr, Cu, Ag, Au, Pt, Pd, Ir, and Os) supported on Vulcan XC72R carbon black, in
order to find more active electrocatalysts than that previously and/or currently
investigated catalysts as anode electrocatalysts for DBFC such as NiB,-, Pt- and Pd-
plated on Ni (1965); Au-Pt deposited on C-cloth (1999); AB, powder (2003); and
supported and unsupported Pt on carbon (2004).

Following a cyclic voltammetry (CV) examination of all 35 electrocatalysts, 23
were chosen for further study based on their peak potentials: a higher peak current and
more negative oxidation peak potentials are required for fuel cell applications. In general,

the electrocatalysts that exhibited attractive oxidation peak potentials were based on
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precious (noble) metals, although some precious metal/non-precious metal alloys showed
a more attractive oxidation peak current/potential behaviour than some precious metals.
The 23 electrocatalysts chosen for further study included Os-, Pt-, Au-, Pd-, and Ir-group
materials.

In order to better compare these electrocatlysts for potential fuel cell applications,
their electrochemical activity toward the oxidation of borohydride was characterized
using chronoamperometry, chronopotentiometry, chronocoulometry, rotating disc
electrode (RDE). Based on the RDE results, 9 out of 23 electrocatalysts were chosen for

fuel cell station tests.
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CHAPTER 2

LITERATURE SURVEY

2.1. Fuel Cell Technology

Sir William Grove, a British lawyer turned scientist, is considered to be the father
of the fuel cell. During his water electrolysis experiments in 1839, he suggested, that

electricity can be produced by reversing the electrolysis process [1], Fig. 2.1.1.

a) ‘[-—lllﬁ | b)

Hs

dilute
sulphuric
acid ‘_H+
platinum
H,0 H, L 0,

—e

Fig.2.1.1a) Grove’s water electrolysis experiment; b) Grove’s fuel cell demonstration [2].

Mond and Langer, almost fifty years later in 1889, were the first to make a
practical fuel cell. Their failure in obtaining a good performance level (only 3.5 mA cm™
at 0.73 V) was ascribed to a shortage in knowledge of electrode kinetics and materials
availability [3]. The electrochemical approach of producing electricity was set aside
because of the discovery of the oil and the invention of the internal combustion engine.
Sir Francis Bacon in 1959 was the first to make a successful fuel cell, where he
demonstrated 5-kilowatt and 6-kilowatt fuel cells which were licensed for space
applications and powered a welding machine [3].

The new modern of fuel cells is said to have begun between 1960 and 1965, after
the NASA Apollo space program started using the alkaline fuel cell [1]. Then,

researchers started looking for applications other than space vehicles. Kordesch was the
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first to build an alkaline fuel cell car in the 1970s [4]. Nowadays, fuel cell technology is

being applied to all aspects of energy generation.

2.1.1. Principle of Operation

A fuel cell is an electrochemical device that converts the chemical energy of a
fuel directly into electricity without any intermediate thermal or mechanical processes. In
contrast, in the internal combustion engine, the combustion of the reactants releases
energy in form of heat which can be used to produce electricity [5]. A schematic

representation of a fuel cell is shown in Fig.2.1.2.

Fig.2.1.2. Schematic diagram of fuel cell [6].

Figure 2.1.2 shows that a fuel cell consists of end plates that contain the fuel and
oxidant flow-fields, and the MEA that consists of a cation or anion conductive
membrane, as well as anode and cathode catalyst layers, which are backed by a
conductive substrate (usually carbon cloth) that acts as a diffusion layer as well as an

electron conductor.
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2.2, Fuel Cell Performance

2.2.1. Ideal and Actual performance

Gibbs Free Energy for an electrochemical reaction can be used to predict the
reversible cell voltage [5].
AG =- nFE, (2.2.1)
Due to the cell polarization (7), or losses, the actual cell voltage is always less than the
equilibrium potential, E.. The known types of cell polarization are; ohmic polarization
(71onm), activation polarization (77,.), and concentration polarization (7conc.). Other losses

include reactant crossover and internal current losses [7], Fig. 2.2.1.

Thegretical EMF or |deal Voltage _}

Region of Aclivation Polarization
{Reaction Rate Loss)

1.0 Tota| Loss
&
Ee)
K] Regionof
il Concentration Polarization
3 {Gas Transport Loss)

Region of Ohmic Polarization
051 {Resistance Loss)

Operation Yoltage, V¥, Curve

0
Current Density (mAsem2)

Fig.2.2.1. Ideal and actual fuel cell voltage vs. current [5].

2.2.1.1. Activation Polarization

The sliggishness of the electrochemical reaction is considered an intrinsic
property of the electrodes. Thus, an extra voltage drop is required for the electrochemical
reaction to proceed and cause a current to flow. This voltage is called the activation

overpotential (n,) and is expressed as [5]:

=R 1 (2.2.2)
anF i,

where o is the electron transfer coefficient of the reaction at the electrode being
addressed, i, is the exchange current density, » is the number of electrons transfered, and

F is the Faraday constant.
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2.2.1.2. Ohmic Polarization

Ohmic polarization is attributed to the resistance both to the electron transfer
through the cell materials including the electrode, and to the ion transfer through the
electrolyte. The ohmic overpotential can be calculated as follow [5]:

Nopm = IR 2.2.3)
Where i is the current density and R is the total cell resistance (electronic, ionic, and
contact resistance).

2.2.1.3. Concentration Polarization

A concentration gradient formed due to the depletion of the fuel at the electrode

causes this kind of polarization. This type of loss can be determined using the following

equation [5]:
Neone = £ ln(l - LJ (2.2.4)
onkF i

where i; is the limiting current density.

2.3.1.4. Reactant crossover and internal current losses

Fuel crossover is one of the major drawbacks of most Polymer Exchange
Membrane Fuel Cell (PEMFC) systems. Fuel migration through the electrolyte to the
cathode can cause a decrease in the cathode performance, and thus, to a loss in overall

fuel cell efficiency [7].

2.3. Overall Cell Voltage

The actual cell voltage is given by the formula,
E,, =AE,-> 7 ,where Y n=|n|-|n,|-iR ,and AE, = E.. — Eq. (2.3.1)

Equation (2.3.1) shows that as the current flows in a fuel cell, the cell voltage decreases

due to electrode and ohmic polarization, Fig.2.3.1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i canode LOSE s

"/—’ﬁxm

- Etectolyte IR LOTE
N
) 200 %00 ) aco

Current density (mA/om?)

Polarization (mV)
;888888 ¢

Fig.2.3.1. The anodic and cathodic polarization in a hydrogen fuel cell [S].

Researchers are attempting to minimize these losses by improving the
electrocatalysts, the membrane, the electrode structure, and other fuel cell components
[5]

In order to meet fuel cell application requirements, the operating conditions (e.g.,
temperature, pressure, fuel composition, reactant utilization, current density, etc., in
addition to fuel cell power) have to be optimized, because they have a significant impact
on performance. Therefore, it is important for designers to know the required cell voltage
and current density, to ensure a better design. As an example, for automotive applications
where a high current density output is required, a small volume, light weight, lower
voltage fuel cell is preferred. Fig. 2.3.2 shows how a fuel cell can be operated
economically by optimizing its efficiency and operating costs according to the specified
current density and voltage [7].
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Fig.2.3.2. Relationship between the power density and cell voltage. Region 1: Activation,
Region 2: ohmic, and Region 3: conctration polarization [7].
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2.4. Fuel Cell Efficiency

Because the heat input is equal to the change in enthalpy for the reaction, i.e.,

., =—AH , the electrochemical efficiency is defined as the ratio of the available Gibbs
free energy of the reaction to the change in stored chemical energy, ie., for an
irreversible reaction, the ideal efficiency ({') is given by [8, 9]
AG,

¢ =

(2.4.1)

where AG, and AH,, are the Gibbs free energy and enthalpy of reaction, respectively.
Therefore, eq. 2.4.1 can be rewritten as follows [4];

FE
¢, = %A—HL‘"— , where ¢, is the practical efficiency 24.2)

R

The electrochemical efficiency (¢, ) can also be expressed as a voltage efficiency [4].

$y= (2.4.3)

EO

2.5. Fuel Cells vs. Heat Engine

More than a century ago, power plant efficiencies ranged between 2 to 3%, while
efficiencies of today’s plants range between 35 to 40% [1]. Fig. 2.5.1 compares the fuel
cell, where there is no intermediate heat process, and the internal combustion engine

(ICE). Fig. 2.5.2 compares the efficiencies of fuel cells and other conventional systems

[10].
Energy Transformations for Mechanical Energy Output

Fuel Cell:

Chemical » Electrical =~ Mechanical
Battery:

Chemical »  Elecirical —»| Mechanical
Heat Engine:

Chemical [ Heat » Mechanical

Fig.2.5.1. Comparison of the processes involved in an ICE and a fuel cell [10].
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Fig. 2.5.2. Comparison of the efficiency and power output of fuel cells and IC engines

[10].

2.6. Fuel Cell Types

Fuel cells are typically classified according to the type of electrolyte employed.

The electrolyte determines the operating temperature range, the catalysts to be used, and

the electrochemical reactions that occur in the fuel cell. Table 2.6.1 shows the reactants

and products, and the operating conditions of the well known types of fuel cell (adapted
from Ref. [11] with the addition of DBFC data).

Table 2.6.1. Characteristics of major types of fuel cells (adapted from Ref. [11] with the

addition of DBFC data).
Characteristic Type of Fuel Cell
PEMFC DMFC DBFC AFC PAFC MCFC SOFC
Electrolyte Proton Proton Profon KOH | Phosphoric Molten | Solid Oxide
Exchange | Exchange | Exchange Acid Carbonate
Membrane | Membrane | Membrane
Operating 50-90°C | S0to<130 | 50to 100 | 50-250 | 180-200°C 650 °C 750-1050
Temperature °C °C °C °C
Charge H H Na OH H co™ o~
Carrier
Electrocat- Pt Pt Zy-Ni, Pt, Pi. Pt NU/LINIO, Ni/
alysts Pt-Au Ni/NiO Perovskites
X
Fuel H, CH;OH NaBHy H, Hy H & CO H; & CO
Poisoning CO> 106 Adsorbed No CO, CO> 1%, HS > 0.5 H)S>1
ppm Intermedia- | poisoning, | =~ CO; H,S>05 ppm ppm
tes but H; ppm
evolution
Applications | Portable, Portable, Portable, Space Power Power Power
Transport- |- Transport- | Transport- Generation, | Generation | Generation/
ation ation ation Transport- | /Cogener- | Cogener-
ation ation ation
12
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2.6.1. Proton Exchange Membrane Fuel Cells (PEMFC)

Considered as low temperature fuel cells (Fig. 2.6.1), PEMFCs operate in a
temperature range between room temperature and 100 °C. In comparison to other fuel
cells PEMs deliver a high power density (Fig. 2.6.2). Therefore they can offer both low
volume and weight [5].

PEMFC is named after the proton-exchange polymer membrane (PEM)
electrolyte that is used. General Electric invented this technology in the early 1960s for
use in space programs of NASA. Today, the automotive industry is demonstrating PEM
type fuel cells in prototype cars. General Electric’s Plug Power has been using PEM fuel
cell to supply electricity for small size houses since 1988. The Nafion membrane (Fig. |
2.6.3), produced by Du Pont, is being widely used as an electrolyte in PEMFCs, because
it has a high conductivity and low equivalent weight (g/equivalent, i.e., the amount of a
polymer equal in grams to its equivalent weight). Colloidal platinum and platinum alloys,
supported on carbon black, are being used as both cathode and anode electrocatalysts
[12].

PEM FUEL CELL
Elec;a-l Current

Fig.2.6.1. A schematic illustration of polymer electrolyte fuel cell [13].
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Fig. 2.6.2. Typical cell potential vs. current density plot for major types of fuel
cells [11].

Fig.2.6.3. Nafion structure: white zone is the sulphate ions which transport H' [1].

2.6.2. Alkaline Fuel Cells (AFC)

AFC operating temperature is between 50-250°C. The enhancement of its
efficiency compared to acidic electrolyte fuel cells is attributed to the kinetically faster
oxygen reduction an alkaline electrolyte. This type of fuel cell was used by NASA in the
1960s in the Apollo space program.

Supported platinum is being used as the anode and cathode electrocatalysts; non-
noble metals, Ni and Ag have also been used. Carbonation is the main drawback in
AFCs. It is caused by CO,, which originally exists in the air or forms during the fuel
oxidation reactions [14]. This drawback can be partially solved by circulating the
electrolyte to avoid the build up of carbonates [1].

14
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ALKALINE FUEL CELL
Elmcirical Current

Electrolyte

Fig.2.6.4. A schematic illustration of the alkaline fuel cell [13].
2.6.3. Phosphoric Acid Fuel Cells (PAFC)

The PAFC-type fuel cell is shown schematically in Fig.2.6.5. It operates at a
medium temperature range between 150 and 200 °C, which gives this type of fuel cell
enhanced performance, because the reaction rate is highly affected by the temperature
according to Arrhenius equation [1]. Platinum-based electrocatalysts are being used in
PAFC:s for both the anode and the cathode electrodes [15]. Today, PAFCs with capacities

over 75 MW are being used worldwide as stationary power plants [16].

PAFC FLIEL CELL
Elactrical Current

Anode

Electrolyie

Fig.2.6.5. A schematic illustration of phosphoric acid fuel cell [13].
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2.6.4. Molten Carbonate Fuel Cells (MCFC)

The idea of using coal directly to produce electricity from a fuel cell was behind
the invention of the MCFC, Fig.2.6.6, in the 1960s. Natural gas, rather than coal, is being
used today to enhance the MCFC efficiency. Under high temperature (around 650°C)
operating conditions, the hydrocarbons can be internally reformed [S]. Li;CO3/Na,COs
materials stabilized in an alumina-based matrix are widely used today as the electrolyte.
Ni is used as an anode electrocatalyst. Al and Cr are being added to the Ni anode
electrocatalyst to enhance its corrosion resistance. Lithiated NiO materials also have been

used as cathode electrocatalysts [5, 1].

MOLTEN CARBONATE FUEL CELL

Electrical Current

Qxygen n

ey 02
YWater arnc Carbon
Haat Out Eriaxichke ry

c—uz

‘ Anudi Electrolyte vcathoda '

Fig.2.6.6. A schematic illustration of the molten carbonate fuel cell [13].

2.6.5. Solid Oxide Fuel Cells (SOFC)

This high temperature fuel cell (Fig.2.6.7) operates at around 750-1050°C, which
facilitates the ionic conductivity of the ceramic material and the internal reforming of
hydrocarbon fuels. It uses a ceramic solid-phase electrolyte such as yttria stabilized
zirconia (Y,03-ZrO;). Ruthenium supported on either TiO, or LaCrO; has been found to
be the best anode electrocatalyst, while doped lanthanum manganite (LaMnO3) is being
used as a cathode electrocatalyst [5].

16
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SOFC FUEL CELL

Electrical Current

Electrolyte

Fig. 2.6.7. A schematic illustration of the solid oxide fuel cell [13].

2.6.6. PEM-Based Direct Liquid Fuel Cells
2.6.6.1. Direct Methanol Fuel Cells (DMFC)

The DMFC (Fig.2.6.8) operates between room temperature and 100°C; methanol
is fed directly into the fuel cell. Poor anode electrocatalyst activity and methanol cross-
over from the anode to the cathode are the major drawbacks facing the development of
DMFCs. Thus, Pt-Ru supported on carbon has been found to be the most active anode
electrocatalyst, while supported platinum is widely used for the cathode electrocatalyst
[17]. In addition to minimizing fuel cross-over, solving the poisoning problem resulting

from CO formation is the key for developing this type of fuel cell, [17].

Reactions:

Anode Reaction: CH;0H + H0 — CO; + 6H' + 6¢ (2.6.1)
Cathode Reaction: 3/20,+ 6 H + 6e — 3 H,O (2.6.2)
Overall Cell Reaction: CH3;0H + 3/2 0, — CO2 + 2 H>O (2.6.3)

17
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Fig. 2.6.8. A schematic illustration of direct methanol fuel cell [18].

2.6.6.2. Direct Formic Acid Fuel Cells (DFAFC)

This relatively new direct liquid fuel cell is presently under development for use
in portable applications [19-23]. Schematically, it can be illustrated using the same
diagram as for DMFC (Fig. 2.6.8). It has some common features with DMFCs in that it
suffers from formic acid cross over as well as the poisoning problem resulting from CO
formation. The only advantage in using formic acid as a fuel is its better theoretical
electromotive force (EMF) compared to hydrogen and DMFC [20, 21]. Reactions:

Anode reaction: CHOOH — CO; + 2H' +2¢ 2.64)

Cathode reaction: 2H' + 2¢ + %OZ — H,0 (2.6.5)

The reaction mechanisms on a platinum surface are as follows [20, 21]:

HCOOH + Pt — Pt-CO + H,O (2.6.6)

Pt+H0— PrOH+H +¢ 2.6.7)

Pt-CO + Pt-OH — 2Pt + CO, + H + € (2.6.8)

Overall: HCOOH — CO, + 2H" + 2¢ (2.6.9)
18
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Palladium and its alloys seem to be the most active as anode electocatalysts [19,
20, 23]. Several studies have been carried out by Masel et al. in order to optimize

palladium and palladium alloys for use in formic acid electro-oxidation [19, 20, 23].

2.6.6.3. Direct Borohydride Fuel Cells (DBFC)

The direct borohydride fuel cells, Fig.2.6.9, were first proposed in the early 1960s
[24]. The open circuit voltage of the borohydride-air fuel cell is /.64 V. With hydrogen
peroxide as the source of oxygen on the cathode side, it is possible to obtain a theoretical
voltage of 2.25 V [25]. The reactions in fuel cells using borohydride and oxygen are
given in equations 2.6.10, 2.6.11, and 2.6.12 [26]. Catalysts for oxygen reduction for
DBFCs are same as those being used for the PEMs and DMFCs [27, 28]. The

development of a more active anode catalyst is still ongoing.

Reactions
Anode: BH; +80OH — BO; +6H50 + 8e E°=-124 Vg (2.6.10)
Cathode: 20, +4H,0 + 8¢ —80H, E° =041 Vg (2.6.11)

Overall: BHs; +20,— BO> +2H-0, E°=164V (2.6.12)

irect bbrohydride fuel cell [29]; B
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2.7. Fuel Cell Systems

A single cell delivers insufficient voltage for most applications. Accordingly, cells
must be combined in a series to form a stack (Fig.2.7.1) in order to deliver the required
voltage. These stacks are assembled into modules in conjunction with the auxiliary
equipment. Auxiliary equipment includes fuel processing, power conditioning, heat
recovery, heating or cooling, etc., and the required control system, to fit the desired

application (Fig.2.7.2).

Fig.2.7.1. Expanded view of PEM Fuel Cell Stack [30].

: F1g272 FC integfate'd system [31]., :
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2.8. Fuel Cell Applications

The target applications for low temperature fuel cells include transport, portable
and remote (small scale) power plant applications. Large scale power plants are the target

applications for high temperature fuel cells [4, 5].

2.9. Heterogeneous Catalysis

The substance that initiates a reaction, without itself being consumed, is called a
catalyst, as defined by Berzelius in 1836 [32]. The main reason behind using a catalyst is
to enhance the reaction rate by lowering its activation energy. In 1834, Grove [32] proved
that a platinum filament was a good catalyst for the decomposition of water vapour into
hydrogen and oxygen. Subsequent catalyst development has led to dramatically lower
catalyst production costs. Continuing research and development in this field led to a
better understanding of catalytic action and to cleaner and cheaper production processes
[33]. Fig. 2.9.1 shows the chronological knowledge development in heterogeneous
catalysis between 1800 and 2000, which makes it possible to relate the catalytic activity

to the composition and the structure of materials [34].

N Heterogeneous Catalysis
How much do we know?

Knowledge

LR

"1 LT

WS @ R &
e s " " | e
Mmod’f“ s e coﬂ‘&d(;\sm

Fig. 2.9.1. Heterogeneous catalysis: knowledge development [34].

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reactions occur at the solid surfaces in heterogeneous catalysis, unlike in
homogeneous catalysis where both catalysts and reactants are in the same phase. For
precious metals to be used as heterogeneous catalysts, nanoparticles are supported on an

inert or conductive porous structure (see Fig. 2.9.2) [34].

Nanoparticles

Particles |
Suppeort

Fig. 2.9.2. A supported nanoparticle heterogeneous catalysts [34].

The use of nanoparticle materials as catalysts is still in its early stages. The basic
concept of manufacturing heterogeneous metal colloid catalysts using a precursor was
developed in the 1990s. Due to its importance in fuel cells and other advanced
technologies, research and development in this field is ongoing worldwide [35]. A
material that contains an active material, metal or metal oxide, dispersed on a high
surface area, stable support, is defined as a heterogeneous catalyst [36].

Supported metals, transition metal oxides and sulfides, solid acids and bases, and
immobilized enzymes are the main heterogeneous catalyst types [36]. Electrocatalysts are
also considered as heterogeneous catalysts. Heterogeneous catalysts are considered as the

workhorses of the chemical, petrochemical, and fuel cell industries [34].
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2.9.1. Catalysis by Metals

The chemical, petroleum, and petrochemical industries are widely utilizing
transition metal cluster compounds, and/or supported metal catalysts, in their production

processes [36].

Transition metals are characterized by their ability to form compounds with
variable oxidation states, due to the presence of d electrons, and unfilled d orbitals. These
compounds are able to donate, or accept, electrons during chemical reactions. Since they
chemisorb hydrogen, Co, Rh, Ir, Ni, Pd, and Pt are being used widely as catalysts for

hydrogenation reactions [38].

2.9.1.2. Reactions on Metals

Six primary reactions occur on metals [36]: 1) simple molecular adsorption
reactions, 2) dissociative adsorption reactions, 3) bond scission reactions, 4) addition
reactions, 5) recombination reactions and, 6) desorption reactions.

The catalytic action cycle starts with adsorption, in which the molecules come
into contact with the metal surface and stick, Fig. 2.9.3 [34]. In molecular adsorption
there is no bond breaking; it does happen in dissociative adsorption. This step is followed
by addition and recombination reactions; product desorption will be the final step in the

catalytic action cycle [36].

2.9.1.1. Transition Metals as Catalysts
23
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Fig. 2.9.3. Reaction cycle of a heterogeneous catalytic reaction [34].

2.9.2. Principles of Catalytic Action

The changing of the local environment around the reactants is the main catalyst
action. Berzelius (1836) (see bibliography of Chap. 12 in [36]) proposed that the catalyst
changed the rate by modifying the forces between the reactants to stimulate the reactions.
Sabatier (1913) (see bibliography of Chap. 12 in [36]) suggested that the catalysts
stabilized intermediates, thereby promoting a reaction. Perrin (1919) (see bibliography of
Chap. 12 in [36]) suggested that catalysts were able to transfer energy into the reactants
and thereby overcome the energy requirements needed to activate molecules [36].

It can be seen clearly from Fig. 2.9.3 that the catalyst can provide an alternative
more complex reaction path but with a lower activation energy, and hence the catalytic
reaction rate is much higher than that of uncatalyzed reaction [34]. Moreover, the catalyst
cannot change the thermodynamics but the kinetics, i.e., it can accelerate the reaction at
much lower temperatures and pressures, but does not affect the equilibrium. In other

words, the catalysts cannot promote a reaction that is thermodynamically unfavorable

[34].

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.9.2.1. Metal Catalytic Mechanisms

Helping initiate reactions, stabilizing the intermediates, holding the reactants in
close proximity and in the right configuration to react, stretching bonds, and donating or
accepting electrons are the main ways in which the metal can catalyze the reaction [36].
Fig. 2.9.4 shows the reaction mechanisms on metals; Langmuir-Hinshelwood, Riedel-
Eley, and the precursor mechanism. In the first mechanism, all of the reactants are
adsorbed, while, only one reactant is adsorbed in the second one, and one reactant is

adsorbed strongly and the other is adsorbed weakly in the third mechanism.

B\ 8
wz | ez g | 2z wzg 1" 22
8. N \rr/.4
Nz~ 2z~ Zz "
(a) Langmuir-Hinshalwood {b) Riclenl-Eley {c) Precursor

Fig.2.9.4. A schematic of (a) Langmuir-Hinshelwood, (b) Riedel-Eley, (c) Precursor
mechanism for the reaction A+B=4B [36].

The most preferred adsorption sites on metals are shown in Fig. 2.9.5 [34]. They

are bridge sites (long or short), and hollow sites (three or four fold in character) [34].

{100) [GEESE (110}

o Thirgs fold s, Theee fobd
: %f}?v hoHow RO

Fig.2.9.5. Adsorption site on various surfaces [34].

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.9.3. Electrocatalysis

Fuel cell technology as part of electrochemical energy conversion is most affected
area by advances in electrocatalysis [39]. Electrocataysis is defined as the study of how
reactions can be enhanced at electrodes [40]. The term electrocatalysis combines two
important subdisciplines of physical chemistry: electrochemistry and catalysis [39].
Advances in electrocatalysis require understanding the electron, ion, and atom transfer
reactions [39]. Electrocatalysis processes involve adsorption, reaction, and desorption
steps for both reactants and products at the electrode surface. During these processes, in
addition to the adsorption of reactants, many bond-breaking steps occur; therefore the
electrode surface acts as an electron donor or acceptor, and as a reaction site [39, 40]. The
fuel oxidation and oxygen reduction at the fuel cell electrodes requires bond formation to
adsorb and stabilize the reactants, intermediates, and the products. Therefore, fuel cells
are restricted by the activity of the electrocatalysts used. Accordingly, more active
electrocatalysts will result in better, and less costly, fuel cells [40].

The main requirements for fuel cell electrocatalysts are good electron
conductivity, stablity in the fuel cell environment, and good adsorption characteristics for
reactants and/or intermediates. Electronic and geometric factors play an important role in
electrocatalysis. The availability of vacant d-orbitals in an atomic structure produces
chemisorption bonds with the adsorbable reactant species. It has been proven that, in
addition to crystal orientation, crystal defects also can affect the electrocatalytic activity;
these defects serve as highly energetic sites where adsorption can occur at high rates [15].
Geometric factors also play an important role when a specific orientation and close
proximity distance are required for a reaction to happen [36]. The long-term goal of
electrocatalysis research is the ability to design electrocatalysts for specific reactions with

correct numbers and steric geometries of the adjacent sites [15].
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2.9.3.1. Electrocatalyst Design

It has not been easy thus far, to design electrocatalysts from theoretical
considerations [40]. The dependence of electrocatalysis on adsorption is the reason
behind choosing the transition metals as electrocatalysts; the adsorption process is highly
affected by the availability of unpaired d-electrons and unfilled d-orbitals that can form
bonds, as explained in section 2.9.2.1. Additionally, the geometric arrangement of
catalyst centers is important, because it affects the proximity and the configuration of the
reactants [37]. The catalysts investigated in this study were chosen based on previous
related studies on borohydride oxidation and fuel cell processes, and on the literature

related to kinetics, heterogeneous catalysts, and electrocatalysts [8, 9, 15, 32-45].
2.9.3.2. Factors Affecting Electrocatalytic Properties

Factors that affect the electrocatalyst properties can be understood by examining

the parameters in the formula [35]:
I =isw (2.9.1)
where I , is the normalized current density (A cm?, geometric surface area), i, is the
specific current density (A cm, real surface area), s the specific surface area of catalyst
(cm? g, real surface area), and w is the catalyst load (g cm?, geometric surface area).

To design a cost effective electrocatalyst, it is important to increase i and/ors
and notw. Alloying (adding atom), can enhance the i value. Dispersing the catalyst as
nanoparticles over a high surface area support increases the s value. The increase in i
and s will increase I accordingly [35]. Therefore, clusters and colloids are the best choice
to be used as electrocatalysts [38]. Moreover, it has been proven that the particle size
(particle size of 5 nm and less is highly influenced by the metal-support interaction), ad
atom, and the support type can dramatically enhance the intrinsic catalytic activity [35].
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2.9.4. Effect of Support Type on the Catalytic Activity of Nanoparticles

It is important to support the catalyst as nanoparticles on high specific surface
area support in order to reduce the cost and to conserve the catalyst resources [35]. The
catalyst supports for industrial applications are chosen on the basis of their high surface
area, thermal, chemical, and mechanical properties stabilities [35]. It was claimed that, in
addition to its main role in preventing recrystallization of metal particles, the support can
promote specific electronic properties as well as geometrical features of the supported
nonoparticles [35]. The degree of the metal-support interaction it depends on both
particle size and the nature of the support [35]. Support on an insulating substrate such as
ALO; or SiO, leads to a weak metal-support interaction. However, support on a
semiconducting substrate such as Nb,Os and TiO; leads to a strong metal-support
interaction [35]. Supporting on conducting carriers like carbon black leads to a very
strong metal-support interaction and this can lead to significant electronic modifications
of metal nanoparticles of sizes lower than 5 nm [35]. Carbon black has been widely used
as a nanoparticle catalyst support for polymer exchange membrane fuel cells. Haruta was
the first to discover that supporting gold on TiO, can highly enhanced its catalytic
activity toward CO oxidation [46, 47]. This work inspired many other researchers to
support noble metals on different supports rather than carbon black, e.g., TiO;, CoOs,
Fe,0;, CeO, [48-51].

2.9.5. Preparation of Colloidal Nanoparticles

Physical and chemical routes are being used to prepare metallic nanoparticles
(Fig. 2.9.6). The physical methods take place with atomization of metals in a vacuum by
thermal evaporation or sputtering, while in the chemical methods the precursor(s) are first
converted to a metal atom(s) which then coalesce to form nanoparticles. Chemical
methods are preferable over the physical methods from a mass production point of view
[52]. The advantages of the chemical over the physical method are: a uniform size of
bimetallic nanoparticles can be achieved; a ready and deep penetration of the bimetallic

nanoparticles into the inner regions of the support (e.g., carbon powder), whereas the
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physical methods generate nanoparticles which can not penetrate very far into the carbon

powder; and is more difficult to get a uniform nanoparticle size [53].
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Fig.2.9.6. Schematic illustration of metallic nanoparticle preparation methods [52].

2.9.5.1. Chemical Methods of preparing supported colloid metal(s)

Impregnation, colloid, and microemulsion methods are presently being used to
prepare metal/alloy nanoparticles. In general, the preparation process starts with the
dissolving of the metal precursor in an aqueous or organic liquid phase (Fig. 2.9.7). Then,
the reaction between the precursor and the reducing agent initiates the conversion of ions
of the precursor to metal atoms, which are then encapsulated by a stabilizing agent.
Supporting the colloid on an amorphous high surface area porous support is the last step
in the preparation process. The support significantly affects the metal dispersion and
stability of the nanoparticles. Electrical conductivity, surface area, hydrophobicity,
morphology, porosity, and corrosion resistance are the most important factors to be taken
into account before choosing any support. Vulcan XC-72R is the most popular choice
among the carbon black and activated carbon family for catalyst support [53].

The growth mechanisms are the main difference among the chemical methods.

For example, the stabilizer prevents the agglomeration in the colloid method by
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encapsulating the newly formed nanoparticles. The surfactant that is added in the
microemulsion method controls the particle size by encapsulating the metal precursor
before its reduction to a metal state, and the addition of a precursor to the microporous

support before the reduction step, helps control the nanoparticle size in the impregnation

method.
Chemical Steps '
Precursor D S‘,‘"*"’“ed
Metal
growth control | Nanoparticles
suppen

Fig.2.9.7. The main preparation steps of supported metal nanoparticles [53].

2.9.5.1.1. Colloidal method

The colloidal particle size can range between 1 nm to 1 pm. It was predicted by
physicists [54] that the nanoparticle size and shape affect their electronic properties.
These parameters (size, shape), have a strong impact on the catalysis processes, since the
ability of the metal surface to catalyze a chemical reaction is restricted by the electron
acceptance or donation processes [54].

Synthetic polymers, surfactants, and organic ligands, such as NR,', PPh;, PVP,
and PVA are the common stabilizers being used today [55]. Fig. 2.9.8 shows a schematic

of the structure of a metal colloid.

train

/tail

|
I
1
1
!
|4 d >| }

s D -
Fig.2.9.8. Structure model of polymer-protected metallic colloids [55].

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The protected and unprotected colloidal methods shown in the second and third
process lines of Fig. 2.9.9 are widely used today for preparing colloidal metal
nanoparticles. In the case of a protective colloid, the metal precursor is reduced using a
reducing agent, to form metal nanoparticles in the presence of the stabilizer agent. The
stabilizer function is to achieve the distribution of colloidal metal nanoparticles by steric
hindrance or by electrostatic charges. Any agglomeration into larger particles, therefore,

can be prevented by the electrostatic repulsion of like charges (Fig. 2.9.10) [56].

Reduction
Hi, 2300 °C, inent

Unprosected Cotloid (Glyeol, NaOH,N:, 160 °C) l!t *
Suabilinad by charge sndior sanall ovokecules j_“‘“‘m

Fig. 2.9.9. Chemical methods to synthesize supported platinum nanoparticles with
different size control methodologies. [53]
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Fig. 2.9.10. a) Electrostatic stabilization of nanostructured metal colloids; b) steric
stabilization of nanostructured metal colloids [56].

2.9.5.1.2. Impregnation method

The “soaking up” of a dissolved metal precursor into the pores of a support occurs
during impregnation. This method has been used for sometime for preparing
electrocatalysts. The morphology of the porous substrate, the pore size distribution, and
wetting of the precursor are the main factors that control the size and the distribution of
particles. The method is illustrated schematically in the first process line of Fig. 2.9.9
[53].

2.9.5.1.3. Microemulsion method

The bottom process line of Fig. 2.9.9 illustrates the microemulsion method. In
forming a microemulsion, a tiny drop of the precursor encapsulated by surfactant
molecules is the crucial step in determining the particle size in this method. The metal
precursor reduction reaction can be initiated by adding a reducing agent to a highly

stirred solution for a few minutes [53].
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2.10. Borohydride

Overview

Sodium borohydride is a water soluble reducing agent that being used widely in
organic synthesis. Reduction of carbonyls, peroxides and metal ions, as well as
purification and removal of color, odor and oxidation precursors in organic chemical
products are the major industrial uses. The advantages of borohydride chemistry are that
it is cheap, safe in storage and use and handling, and water soluble. Moreover, sodium
borohydride is derived from borax, which is abundant and widely available, and sodium
borate, the fuel cell product, is a common non-toxic household item used in detergents.
The world market price of sodium borohydride is $51-$55 per kilogram. Sodium
borohydride is usually synthesized from NaH and methyl borate, which was invented by
Schlesinger et al. [57].
4NaH + B(OCH,), - NaBH, + 3NaOCH, (2.10.1)

The chemistry of sodium borohydride shows that it is a salt made up of a sodium
cation, Na', and a borohydride anion, BH,. Boron electronegativity is less than that of
hydrogen, therefore, the B-H bond is polarized with boron positive and hydrogen
negative. Thus, NaBH,, and mainly the B-H bond, serves as a good source of hydride

ions ( H "), as illustrated in Fig. 2.10.1 [58].

NaBH; —m N + BHYS

=] I_I_l H

I
I —m
I
I
I
T
m
T

Fig. 2.10.1 Shows how B-H bond serves as a source of H~ [58].

The above figure illustrates why the complete oxidation of NaBH, gives eight electrons,

since the hydride ion, H~, contains two electrons per proton, and upon converting this

ion to a proton it will release two electrons [26].
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2.10.1. Borohydride Hydrolysis

Hydrolysis is the evolution of the hydrogen according to the following reaction

[59]:
NaBH, + 2H;0 — NaBO, + 4H; (2.10.2)
Sodium borohydride is a powerful reducing agent in aqueous solutions, and liberates
hydrogen. Hydrogen evolution greatly affects the reduction processes, and this has led to
extensive studies on its hydrolysis using different electrode surfaces.

Schlesinger et al., [59-62], have conducted extensive studies of the hydrolysis of
sodium borohydride. Various organic acids (benzoic, phthalis, maleic acids, etc.), metal
salts (iron, cobalt, nickel) were used as reaction accelerators. They found that
temperature, pH, and the nature of the catalyst have significant effects on the rate of
hydrogen evolution.

Pecsok [63] studied the effect of the pH on the hydrolysis of sodium borohydride
polarographically. The NaBH, concentration was 0.001 M in 0.1 M KOH concentrations
(pH = 7.7-9.5), and the temperature range of 288-308 K. His main finding was that the
hydrolysis of sodium borohydride is a function of pH.

Levy et al., [64] studied the hydrolysis kinetics at different temperatures, NaBH,
concentrations, and with different cobalt (II) chloride concentrations as a catalyst. The
NaBH,; concentration was 0.13-0.56 M in 0.008 M NaOH concentrations, and the
temperature range of 293-308 K. They found that the hydrolysis reaction is a first order
reaction with respect to the NaBH, concentration. They also concluded that the reaction
rate constant decreases as the initial NaBH, concentration increases at constant
temperature and constant CoCl, concentration.

Stockmayer et al., [65] studied the 0./ M potassium borohydride hydrolysis
kinetics using boric acid as a catalyst, NH,CI-NaOH as a buffering agent, and sodium
chloride was added to bring the ionic strength to 0.16 M. Their findings were in a good
agreement with the Levy et al’s [64] results.

Davis et al., [66] studied of 0.001-0.05 M NaBH, hydrolysis in aqueous solutions

using normal and heavy water, boric acid-sodium hydroxide to control the solution pH
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(7.40-14.7). Their main finding was the hydrolysis rate constant decreases as the pH
increases.

Brown [67-69] studied the catalytic hydrolysis of sodium borohydride using
different precious and non precious metal chlorides. They found that theses salts were
reduced to pure metals, and this led to an increase in the hydrolysis rate for most of the
salts under investigation. They developed a technique to be able to liberate H rapidly.
They produced a sodium borohydride pellets containing a small amount of cobalt (II)
chloride, which once placed in water, immediately liberates H-.

Gardiner and Collat [70, 71] tried to identify the intermediates during the
hydrolysis process of sodium borohydride using a polarographic technique. The NaBH,
concentration was 0.02-0.05 M in 0.1 M KOH concentrations (pH = 9.1-12.5), and at 298
K. They suggested that BH;OH is the most probable formula for the intermediate.

Borohydride hydrolysis on metals has attracted many researchers since being used
on board as a hydrogen source for portable fuel cells applications. Borohydrides show
higher gravimetric capacities than metal hydrides and higher volumetric capacities than

either compressed or liquefied hydrogen, Fig. 2.10.2 [72].

Flg 2.10.2. Capac1ty companson when hydrogen is stored by dlfferent methods [73].
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Today, many researchers [72-76] are trying to optimize a hydrogen storage
system that uses sodium borohydride, in order to produce hydrogen on demand which can
be used as a fuel for low temperature fuel cells.

Schlesiger et al. [59] had suggested early in 1953 that sodium borohydride can
release 90% of the stiochiometric amount of hydrogen. Li et al. in 2003 [72], found that
at a certain conditions (< 20% NaBH, solution) sodium borohydride can release almost
100% of the stiochiometric amount of hydrogen.

Table 2.10.1 summarizes the borohydride hydrolysis on different materials under
different conditions. The hydrogen evolution rates were reported only for Ni,B, Ru/C
[66], and Pt supported on different materials [65], and the rates were 200, 240, and 500
ml min™' at 298 K, respectively.

Table 2.10.1. Summary of Borohydride Hydrolysis Literature.

Geomelry Solutions _ Hydrogen
Ref. Anode/ and NaBH; | Parameters mi xmn'l
Catalysts Preparation | Concentratio Studied 1298 K]
‘ Method n :
Schlesinger et | Lot _ ' N/A
aL Metal Salts N/A* N/A Cﬁé‘;’s’f;; ‘
[59-62] » _ '
Pecsok Dropping 10°Min 0.1 = N/A
63] | Mercury drop MKOH PR T
o | 0.13-0.56 Min N/A
L"‘;‘gf a1 coon Powder | ooosM |  DLCoCh
» 1 NaOH ‘ v '
Stockmayer : | : N/A
et al N/A N/A 001I™M | I pH :
{65 » b
D’?:G‘;i" | w~a N/A 0.001-0.05 M PH Na
Brownand | e e N/A
Brown C‘gﬁon o Powder IM Catalyst type
[67-69] i .
Gardiner and Dropping 0.02-0.05Min |  pH, Anode N/A
Collat | o | drop 0.001-0.1N | o0
Loipeny |77 NaOH Potential -
1.PE-LiCo0O;, i : : 1. 500
Kojima et'al |2 P+TiO;, 1.256mg | 1.6wt% | Different ' '
{73) Powder | NaBH,in H,0 |  Catalysts
- Tiois | 1sww% | 1 2m,
H";,,i‘}‘ s 22w%Ru, | NaBHi | &‘; 2. 240
l gk Powder = | 10wi% NaOH |
* Not available. : '
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2.10.2. Borohydride Oxidation

The proposed complete anodic reaction for the polarographic oxidation of sodium
borohydride in alkaline electrolytes is [63]:

BH; +80H — BOy +6H,0 + 8¢, E’=-124Vsys. (2.10.3)

Marshall and Widing [77] were the first to study sodium borohydride oxidation in
an alkaline electrolyte using a dropping mercury electrode. Two oxidation waves were
recorded at -0.15 V and -0.64 V vs. SCE (close to + 0.091 V and -0.399 V vs. SHE). The
wave at -0.15 V has a very high peak current compared to that at -0.64 V. They suggested
that the number of electrons transfered was equal to 4, which gives a diffusion coefficient
of 10x107 em’ 57,

Pecsok [63] extended Marshall and Widing’s work in order to obtain the electrode
half reaction, to confirm the hydrolysis reaction, and to measure its rate. The main point
he made in his study is that NaBH, solutions buffered at pH 9 or higher give a single
highly irreversible anodic polarographic wave. He estimated the number of electrons
transfered for the oxidation process to be 8. He also concluded that impurities were
probably responsible for the presence of a small anodic peak that was found by Marshall
and Widing [77]. He also proposed that the limiting current is not only a diffusion
controlled process, but that the oxidation process goes through several intermediate
stages, and that the peak current is proportional to the BH, concentration over a wide
range. Moreover, he also calculated the standard electrode potential of the anodic reaction
as -1.23 V vs. standard hydrogen electrode (SHE).

Mochalov and Gilmanshin [78] studied the polarographic behaviour of lithium,
potassium, and sodium borohydride in sodium hydroxide solution of pH in the range 9-
11. Their potential range was between -2.0 and 0.2 V vs. SCE (close to -1.759 V and
0.441 V vs. SHE), and the borohydride concentration range was between 10 * M and 107
M. They found only one anodic peak at -0.65 V vs. SCE (close to -0.409 V vs. SHE), and
it was directly proportional to the borohydride concentration. They also found that the
peak height varied inversely with pH.

Elder et al [79, 80] studied the anodic oxidation of potassium borohydride in
potassium hydroxide electrolyte on platinum (different surfaces), palladium, and nickel

using an oscillographic technique. They proposed that the reaction potential is
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independent of the borate ion concentration. Hydrogen evolution was observed and its
rate depended on the electrode material. Thus, they found that BH, oxidation is a
selective reaction at certain surfaces, such as, platinum, and that hydrogen ionization is an
essential electrochemical step in the oxidation of a borohydride ion. The proposed
mechanisms for the BH, oxidation reactions in an alkaline electrolyte and on a platinum
electrode surface were as follows [80]:

Initial step;

BH; + Pt-2¢ —Pt-BH; + H' (2.10.4)
Pt-BH; + OH —Pt-BH;0H (2.10.5)
Rate-determining step;

Pt-BH;OH - 2¢ —Pt-BH,OH + H' (2.10.6)
Pt-BH,OH + H;0O —Pt+ BH, (OH) ;7 + H' (2.10.7)
Slow hydrolysis;

Pt-BH;0H + H,0O —Pt + BH, (OH) ;' + H» (2.10.8)
Complete step;

BH;,(OH) ;7 + H-O — BH (OH) 5 + H- (2.10.9)
BH (OH); — H:BOj3 + H- (2.10.10)

They also confirmed that the competition between the borohydride
electrochemical oxidation and the accompanying hydrolysis is different from one
electrode material to another.

Inding and Snyder [81] were the first to propose that sodium borohydride could
be a good candidate as the anodic fuel for a direct liquid fuel cell using a borohydride
solution in an alkaline electrolyte. Their experiments were conducted using 6 wt% of
NaBHj, in a specified amount of 20 wt% NaOH solution, at three different temperatures
25, 45, and 75°C. They used a cell which is illustrated schematically in Fig. 2.10.3. A
sintered nickel anode with 80% porosity and of 6.45 cm™ area, a silver sheet cathode of
6.45 cm” area, and Hg/HgO reference electrode were used in their experiments. They
found that the sodium borohydride oxidation on such an electrode, accompanied by a
high rate of hydrolysis, led to the evolution of a large volume of hydrogen gas. At 25°C, a
current density of 200 mA cm? at -0.8 V vs. Hg/HgO (close to -0.7 V vs. SHE) was
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achieved. They attributed the low value of the electrons transfered (n ~4), to the catalytic

hydrolysis action of the nickel electrode.
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Fig.2.10.3. Schematic illustration of the Inding and vSnyder celi [81].

Gardiner and Collat [70, 71, and 82] attempted to clarify the conflicting data of
hydrolysis and oxidation of borohydride that was found in the polarographic literature.
They tested a solution of 0.02-0.05 M NaBH, in an ammonium-ammonia buffer solution
of pH 9.1, at 25°C. Two main oxidation peaks, at -0.11 and -0.64 V vs. SCE (close to
+0.131 V and -0.399 V vs. SHE), were recorded. The first peak was ascribed to the direct
borohydride oxidation, while the second to the intermediate BH;OH oxidation. The
linear proportionality of the BH, oxidation peak current with the BH4™ concentration was
noticed, and in unbuffered solutions it was highly affected by the ratio of OH to BH/
concentrations. They calculated the number of the electrons transfered for the direct
oxidation process to be 8 for the solutions that have a ratio of the OH to BH,
concentrations grater than 4.44. Below this ratio (4.44) the number of electrons
exchanged drops due to the parallel hydrolysis reaction. They proposed the following

reaction scheme:
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BH,; +80H VAP L BO- + 6H,0 +8e” (2.10.11)
\ Hydrolysis
BH,OH +30H —5u=2%%uE B0, +3H, +2H,0+3e” (2.10.12)

Ivanov and Tsionskii [83] studied the anodic oxidation of borohydride in / M
NaOH at room temperature on a Pt rotating disc electrode and a wire-tip electrode. The
scan rate was 0.7 ¥ s/ and the potential range was between -1.0 and 0.5 ¥ vs. SSC (close
to -0.803 V and 0.697 V vs. SHE). They suggested that according to their results, the BH,
ion is a source of adsorbed hydrogen. Their conclusion was that the BH, ion is not
electrochemically active in the potential range investigated.

Bard et al. [84] attempted to determine the borohydride concentration in alkaline
aqueous solutions using a volumetric method. A cyclic voltammetry technique was used
to study the oxidation of 8.1x107 to 0.013 M borohydride in 0.2 M NaOH on a disc-form
gold electrode. They found that the voltammograms on a gold electrode showed a well
defined shape compared to nickel and platinum electrodes. A single oxidation peak was
found between -0.8 and -0.4 V vs. SMSE (close to -0.185 V and 0.215 V vs. SHE), and a
linear relationship found between the peak current and borohydride concentration.

In another experiment, Bard et al. [85], tried to use a direct method to determine
the diffusion coefficients using chronoamperomerty of microdisk electrodes. Again they
studied the oxidation of 0.2 M sodium borohydride to / M sodium hydroxide system on a
25um diameter gold microdisk to calculate the BH, diffusion coefficient. The main
findings were that the number of electrons transfered for NaBH, oxidation was 7.5+0.5,
and that the oxidation mechanism involved a number of electrochemical and chemical
steps (EC reactions), which has been supported in another study [86].

Liu et al. [87] studied the anodic oxidation of borohydride on a nickel electrode.
They concluded that although the coulombic efficiency (the per cent of the recovered
elelctrons from total available ones in the fuel) was found to be 50%, i.e., four electrons
process, the polarization measurements indicated that a high power density can be
achieved (i.e., at -0.88 V vs. Hg/HgO (close to -0.78 V vs. SHE) a current of 100 mA cm’?’
can be achieved at 200 mg cm™ catalyst load, 1.6wt% NaBH, concentration, and 293 K).
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They also concluded that the electrochemical reactions can be a source of hydrogen
evolution in addition to the hydrolysis reactions.

In another study [88], borohydride oxidation on Ni, Raney Ni, Au, Pd, and Pt was
investigated in an attempt to find suitable anode electrocatalysts for borohydride fuel
cells. The electrodes were prepared by mixing and grinding metal or carbon supported Pd
and Pt powders with polytetrafluoroethylene (PTFE) powder, then pasting the mixture on
a nickel foam (2.5 cm x 2 cm) and then encapsulating it using a /00 mesh nickel net, and
roller-pressing to the final size. The electrode surface area was 5 cnt’. Solutions used
were 0.5-2.4 M NaBH, in 6 M NaOH electrolyte. Open circuit results showed that Ni has
the most negative potential. They also reported that the Ni has a high efficiency followed
by Pd, and then Pt. They suggested that the NaBH, oxidation reaction may have different
paths for different electrocatalysts and environmental conditions. They also proposed that
the competition between NaBH, oxidation and hydrolysis reactions leads to the following
overall anodic reaction:

BH; + x OH — BO; + (x-2) H;O + (4-0.5x) H+x € (2.10.13)
where x, is the actual number of the electrons released per each BHy ion.

Gyenge [89] studied the possibility of inhibiting the hydrolysis during the
oxidation of borohydride on catalytic electrodes, (e.g., platinum) using thiourea (TU). It
was concluded that TU inhibits the catalytic hydrolysis of BH,. It was also concluded
that this could improve the BH, utilization efficiency and coulombic efficiency of direct
borohydride fuel cells that use catalytic anodes.

Table 2.10.2 summarizes the borohydride oxidation on different materials. It is
hard to compare these materials, since they have different geometries and were
investigated under different conditions. Gold gave the highest fuel utilization (i.e., n=8§),
while the rest of the investigated materials showed a less than 8 electron process due to
the accompanying hydrolysis reaction of borohydride on these materials. In general,

materials like Pt, Pd, and Ni showed a more negative oxidation peak that that of Au.
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Table 2.10.2. Summary of Borohydride Oxidation Literature.

G“::;m" Solutions, | . ;
N s -
Rel. Anode preparation N (a\ligla K mA em? E,% n
method )
Marshall B L0655V
and Widing MD“W“‘? drop N/A* 208 | NA | 2015V 4
{771 3 vs. SCE
Mochalov
and Dropping i3 1 . 1.-065V
Gt Moy drop 10°M-10"'M | 208 | WA e CE N/A
78] ,
Eilder et al. Swmooth 10°Min i
[79, 80} Pt surface 0.IMKOH i NA Na 4
Gardiner ; 1.-0.11,
and Collat g:r?mg drop 0.02-005M | 298 2.-064V N/A
[70, 71, 82 ury vs, SCE
Ivanovand é;‘;ﬁ% 12x10%
Tslonskii 38 D] 11.6x10°M | 208 | NA N/A N/A
83] 785x107 e’ | in 1 M NaOH |
; 8.1x107- ~0.425 |1.-0810
B’;g -;;’*' Au 0 ?;3:;113 0.013Min | 298 |at100m | -04V vs. ~8
183, 86] 12 0.2 M NaOH vl SMSE
. 1.64wt% | 293 1. —0.88,
'L";s';'}’" Ni ?"‘;’?;«F" NaBHsin | 313 | 100 |2.~-10, 4
' 6MKOH | 333 3.~-108 |
: carbon
1.PUC, | supportedPd | 05-24M 1.~ 375
Lusr luvc andPt | NaBHiin6M| 303 |2.~440 | OO0V | N
88] 3N powders. NaOH 3520 | Y
4 Sem’
1.-0.87 and
| Wires. 3 -0.13V,
Gy;;’g’ 5 itu 7.85x 102 ;;f{;%ﬂé@ 208 | NA |2.-06%0 ; " ;
189] = ; e’ ’ 04V :
: vs. SSE
* Not available,

2.10.3. Direct Borohydride Fuel Cell (DBFC) Literature

A summary of the DBFC process including a schematic diagram, operating
principles and anode/cathode reactions, has been given in Section 2.6.6.3. A comparison
of the DBFC with other major types of fuel cells can be found in Table 2.6.1.

Jasinski [24] was the first to test a direct borohydride fuel cell using nickel boride,
palladium, and platinum as anode electrocatalysts. The first set of the electrodes were
prepared by precipitating nickel boride from nickel acetate and KBH, on a nickel plaque

and an electrochemical deposit of Pd on a nickel plaque. The second electrode set was
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prepared by binding the Pt, Pd, and NiB, powders to a nickel plaque using Teflon. 4g on
Ni was used as a cathode, asbestos as a membrane, 35% KOH as an electrolyte, and 2%
KBHj as a fuel. Based on half-cell results, NiB, had a more negative potential than Pd.
Similarly, the fuel cell test results showed that a current of 100 mA cm™ can be achieved
at more negative potential on NiB, compared to that on Pd. This was attributed to the
difference in the electrode surface area. Electrodes of 9 mg cm™ load of commercial
blacks of Pt and Pd, and a precipitated NiB, on Ni plaque were used in attempt to
maintain the same surface areas of about 25-30 m’ g”’. NiB, was shown to be the most
active electrocatalyst compared to the Pd and Pt electrodes. It was also reported that the
KBH/O: cell performance was comparable to that of H>/O; for the same operating
conditions.

Amendola et al. [90] studied the borohydride fuel cell performance of a 3.6 cm’
area of 97% Au-3% Pt which was electrochemically deposited on a carbon cloth as the
anode electrocatalyst, a commercial air cathode catalyst, and an anion conductive
membrane. A fuel concentration of 5% NaBH, in 25% NaOH was used. A power density
of 20 mW cm™ and 60 mW cm? at 25°C and 70°C respectively, and a fuel utilization of ~7
electrons per borohydride molecule were reported. They concluded that the anion
membrane may permit BH, crossover, thus leading to an increase in the cathode
overpotential and to a loss of fuel.

Li et al. [27] studied the performance and development of a direct borohydride
fuel cell. They used a Zr-Ni-alloy of 0.2 g cm™ loading as the anode catalyst, 20wt%
carbon supported Pt of 2 mg cm™ loading as a cathode catalyst, and a Nafion membrane.
The fuel concentration that was used was /0% NaBH,; in 20wt% NaOH, which was
pumped at a rate of 200 ml min”, and an oxidant flow rate of 200 ml min”'. The migration
of Na“ ions to the cathode compartment was proven experimentally. Nafion 117°s
resistance to borohydride crossover was found to be high compared to Nafion 112. It was
also proven that the use of a dry oxidant enhances the cathode potential, since the semi-
dried membrane would lower the fuel crossover. A power density ~ 190 mW cm’™ at 85°C
was obtained. They proposed that, in order to enhance the fuel utilization, hydrogen
evolved has to be minmmized by choosing new anode catalysts or by making use of the
evolving hydrogen as a feed to PEMFC or AFC fuel cells.
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Li et al. [72] studied the performance of a direct borohydride fuel cell stack
composed of ten cells each of 6 cm’ area. The same materials as in their previous study,
ref. [27], were used. The performance is shown in Fig 2.10.4.

. Current/ A ,
e a3y  sa  ®» a3 s

Stack (10 Coll Power /W

o . current density I h cm-’t‘ -
Flg 2 10 4. Performance of direct borohydnde fuel cell stacks [73]

Li et al. [28] optimized the alkaline borohydride solution concentration as a fuel
for fuel cells. The fuel cell and the materials were the same as in ref. [27], plus an H-Cell
which was used to measure the open circuit and fuel crossover. A fuel of /10wr% NaBH,
in 20wt% NaOH was found to be the most suitable for a direct borohydride fuel cell. The
anode was a Zr-Ni alloy. The open circuit potential was measured with increasing
borohydride concentration. The anode performance was slightly enhanced with
increasing NaBH, concentration, while that of the cathode was significantly deteriorated,
which they attributed to a high fuel crossover. Although the sodium hydroxide
concentration did not affect the cell voltage, high concentrations, i.e. high viscosity, can
reduce the Na* ion mobility.

Kim et al. [91] studied both supported and unsupported Pt as anode catalysts for
direct borohydride fuel cells. Parameters such as, catalyst load, binder, fuel concentration,
and pH of electrolyte on the cell performance were investigated. They concluded that
supported Pt catalyst was more active, cost effective, and showed higher coulombic
efficiency than unsupported Pt catalysts.

Table 2.10.3 summarizes the findings for direct borohydride fuel cell processes.
Despite the different anode and cathode catalysts, their loads and geometry, the
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membrane types, and the operating conditions, Pt, Pd, Ni,B, and Zr-Ni showed promising

performance levels. For example at a voltage of > 0.8 V, a current of 100 mA cm can be

obtained.

Table 2.10.3 Summary of the direct borohydride fuel cell performance literature.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1. Electrocatalysts Preparation
Colloidal metal preparation technique

The colloidal metals were prepared by a modified Bonneman method [1], as
described by Gotz and Wendt [2]. In the Bénneman method, the triethylhydroborate
(B(CH;)3H) with tetraalkylammonium (RN ") act as both reductant and colloid particle
encapsulating agent, respectively. All the colloidal metals were prepared with a 20 %wt
load on a Vulcan XC72R support (L. V. LAMOS Limited). An atomic ratio of 1:1 was
employed for all the alloys. The reactants and reaction(s) were handled and performed in
a dry nitrogen atmosphere using é glove box for the weighing in conjunction with

Schlenk flasks and nitrogen lines for the reaction (Fig. 3.1.1).

Fig. 3.1.1. Colloidal electrocatalyst preparation apparatus (University of Windsor, Dept.
of Chemisrty and Biochemistry).

Stoichiometric amounts of 1 M tetrabutylammonium chloride ((C;Hy N CI) in
tetrahydrofuran (THF) (Sigma-Aldrich, >99% Anhydrous) and 1 M of lithium
triethylhydroborate (LiB(C,Hs);H), or potassium triethylhydroborate (KBEt;:H) in the

case of the osmium group only, were mixed to obtain a solution of 0.5 M of
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tetrabutylammonium-triethylhydroborate, N(CisH36),/BEt3sH]. LiCl or KCI was removed
by passing the reaction products solution through a D-4 glass frit. A 50% excess 0.5 M of
tetrabutylammoniumtriethyl hydroborate, N(Ci6H36)s[BEt;H], was added dropwise over a
period of 1 h at 296 K to a stirred suspensions of anhydrous salts (Table 3.1.2) in 100 ml
THF. Almost complete dissolution of the salt(s) occurred after stirring the deep dark
coloured solution for 4 h. To destroy any unreacted reducing agent, 5 ml of acetone was
added to the reaction mixture and stirred for 1 h. The solution was then added dropwise
to a stirred suspension of the carbon support (Vulcan XC72R) in 100 ml THF. The
mixture was stirred for 12 h to complete the adsorption of the surfactant protected
colloidal particles on the carbon support. After the 12 h supporting step, 150 ml of
ethanol (Sigma-Aldrich, 99.5%, Anhydrous) was added and stirred for 2 h. The reaction
suspension was passed through a D-4 glass frit, the supported catalyst(s) was washed
with ethanol several times, and then dried under a nitrogen vacuum at 296 K for 12 h. A
summary of the stoichiometric amounts of the reacted species used in the preparation,
and the chemicals and materials used in this study are given in Tables 3.1.1 and 3.1.2,
respectively.

To investigate the role of the support in a similar method (i.e., the modified
Bénneman method), colloidal of Pt, Pd and Ir supported on 90wt% Vulcan XC72R
carbon black plus 10wt% TiO; (prepared in our laboratory) were also prepared (Table
3.1.1).

Annealing and reducing processes were performed to remove the protecting shell
in order to enhance the catalytic activity according to the procedures recommended by
Bénneman and co-workers [3, 4, 5]. The processes were performed in three stages using
a controlled tubular furnace (LINDBERG) (Fig. 3.1.2). First, the samples were heated up
to 300°C for 30 min under N, (5, BOC Gas) at a flow rate of 160 ml min’!, under which
most of the organic shell is decomposed. Secondly, the samples were annealed under a
N,/O; (5, BOC Gas) mixture (10 vol.% O) at a flow rate of 160 ml min”’ for 30 min at
300°C. Third, the samples were reduced under, 100 vol. % H,, at flow rate of 160 ml
min” for 30 min at 300°C, in order to reduce any oxidized metal(s) produced during the
annealing processes. Nitrogen was purged for 5 min before and after the annealing

process to avoid any contact between the oxygen and hydrogen gases. The typical particle
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size produced by the Bénneman method is between 1.5 and 10 nm (e.g., Pt = 2.8, Pd =
2.5,and Ir=1.5 nm) [1, 3, 5].

The powder energy dispersive spectrometry (EDS) spectra for the prepared
electrocatalysts corresponding to a selected zone in the powder sample indicated in the
inset are shown in Figures 3.1.4 to 3.1.9. An EDS spectra was also obtained on the
Vulcan XC72R, in which a trace amount of sulfur was detected (Fig. 3.1.3). Thus, in
addition to the metals and the carbon from the support, the samples contained trace
amounts of sulfur, which originated from the Vulcan XC72R. However, typically the
post-preparation sample washing and treatment methods were effective in eliminating the
LiCl by-product. Consequently, adsorbed LiCI was not detected by EDS (Figs. 3.1.4-
3.1.9) for any of the samples.

The XRD pattern for the XC 72R carbon-black support is shown in Fig. 3.1.10.
This pattern is typical of a non-crystalline material. The XRD patterns of the colloidal
catalysts are given in Figs. 3.1.11 (Pt and Pt-alloys), 3.1.12 (Au and Au-alloys), 3.1.13 (I
and Ir-alloys) and 3.1.14 (Pd and Pd-alloys). Examination of these XRD patterns shows a
number of similarities, and some differences:

(i) The XRD Pattern from the carbon-black support is evident in all colloidal
catalyst XRD patterns.

(ii) The XRD patterns of all colloidal catalysts can be indexed on the basis of a
f.c.c. structure (the (111), (200), (220), and (311) diffraction peaks are clearly
visible in all XRD patterns).

(iii) These are small changes in the diffraction angles for (111), (200), (220), and
(311) diffraction peaks which reflects the changes in lattice parameters due to
the formation of solid solutions on alloying.

(iv)  All colloidal catalysts exhibit some broadening of the XRD peaks. This
broadening typically shows up as wider and more intense “tails” to the
diffraction peaks rather than a general broadening of the peak which can be
measured as a breadth at half-peak height [6]. Such a broadening is indicative
of a small crystallite size (less than 100 nm) [7], rather the general broadening

which is due to microstrains (dislocations).
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(v) The amount of XRD peak broadening (more broadening of the “tails”
indicating a smaller crystallite size) varies from one colloidal catalyst to

another thus indicating varying crystallite sizes. Alloys exhibiting larger

broadening, i.e., smaller crystallite size, include Pt-Ni, Ir, Ir-Pd, and possibly

Ir-Ni.

Fig.3.1.2. Electrocatalyst annealing and reducing process equipment (University of
Windsor, Dept. of Mech., Automotive and Materials Eng.).
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Table 3.1.1. Stoichiometric amounts of the reacted species used in preparation.

Metal Metal Salt Metal Salt NRy[BEt;H] | C- Black TiO2 (g8),
Salt(s) (2) {(immeol) ml, 2. 10%b of
50%0 excess 20wt C-black
amount
1. OsClz 0.2967 1.0 0 0.760
2. OsCls 0.2567 1.0 15 1.235
SanCl, 0.1897 1.0
3. OsCls 0.2967 1.0 i8 1.570
MoCl3 0.2024 1.0
4. OsCl3 0.2967 1.0 18 0.964
VCi3 0.1124 1.0
5.PtCh 0.1329 0.5 3 0.390
6.PtCl 0.1329 0.5 3 0.341 0.0487
7. PtCl, 0.132¢ 0.5 7.5 0.784
AuCls 0.151 0.5
8. PiClh 0.1329 0.5 7.5 0.774
IClh; 0.1492 0.5
9. PiCly 0.1329 0.5 6 0.507
NiCl: 0.0648 0.5
10. PtCl 0.1329 0.5 4.5 0.605
AgCl 0.0716 0.5
11. AuCh 0.151 0.5 4.5 0.392
13. AuCh 0.151 0.5 7.5 0.819
PdCla 0.0886 0.5
14. AuCl; 0.151 0.5 7.5 0.724
NiCl, 0.0648 0.5
15. AuCh; 0.151 0.5 6 0.532
AgCl 0.0716 0.5
16. PdCl; 0.0886 0.5 3 0.218
17. PdCh 0.0886 0.5 3 0.190 0.0275
18. PdCh 0.0886 0.5 7.5 0.597
IrCls 0.149 0.5
19. PACl; 0.0886 0.5 6 0.330
NiCh 0.0648 0.5
20. PdCl, 0.0886 0.5 4.5 0.428
AgCl 0.0716 0.5
21. IrCls 0.149 0.5 4.5 (.384
22.IrCly 0.149 0.5 4.5 0.336 0.048
23. Cls 0.149 0.5 7.5 0.501
NiCh, 0.0648 0.5
24. IrCl3 0.149 0.5 6 0.600
AgCl 0.0716 0.5
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Table 3.1.2. Summary of materials/chemicals related information.

Material/ Chemical Supplier Purity
1. Osmium (III) Chloride Sigma-Aldrich 99.9%, Anhydrous
2. Tin (IT) Chloride STREM Chemical, Inc. 98%, Anhydrous
3. Molybdenum (IIT) Chloride STREM Chemical, Inc. 99.5%, Anhydrous
4. Vanadium (III) STREM Chemical, Inc. >95%, Anhydrous
Chloride
5. Platinum (IT) Chloride STREM Chemical, Inc. 99.9%, Anhydrous
6. Gold (IT) Chloride STREM Chemical, Inc. 99.9%, Anhydrous
7. Iridium (IIT) Chloride STREM Chemical, Inc. Ir% 64.29, Anhydrous
8. Palladium (II) Chloride STREM Chemical, Inc. 99.9%, Anhydrous
9. Silver (I) Chloride STREM Chemical, Inc. 99.9%, Anhydrous
10. Nickel (II) Chloride STREM Chemical, Inc. >95%, Anhydrous
11. Titanium (III) STREM Chemical, Inc. >98%, Anhydrous
Chloride
12. NRCl Sigma-Aldrich >99% Anhydrous
13. LiBEt;H, or KBEt;H Sigma-Aldrich 1 M in THF, Anhydrous
14. THF Sigma-Aldrich 99.9%, Anhydrous
15. Ethanol Sigma-Aldrich 99.5%, Anhydrous
16. Vulcan XC72R L. V. LAMOS Limited 100% Carbon Black
17. Oxygen BOC Gas 5, High purity
18. Nitrogen BOC Gas 5, High purity
19. Hydrogen BOC Gas 5, High purity
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Fig. 3.1.3. Powder EDS analysis showing the elemental distributions in Vulcan XC72R
carbon black.
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Fig. 3.1.5. Powder EDS analysis showing the metal distributions in 20wt% (1:1 atomic
ratio) colloidal (a) Pt-Ni and (b) Pt-Ir.
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Fig. 3.1.6. Powder EDS analysis showing the metal distributions in 20wt% colloidal Au.
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Fig. 3.1.7. Powder EDS analysis showing the metal distributions in 20wt% (1:1 atomic
ratio) colloidal (a) Au-Ag, (b) Au-Ni and (c) Au-Pd.
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Fig.3.1.8. Powder EDS analysis showing the metal distributions in 20wt% (1:1 atomic
ratio) colloidal (a) Ir, (b) Ir-Ag, (c) Ir-Ni, and (d) Ir-Pd.
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Fig. 3.1.9. Powder EDS analysis showing the metal distributions in 20wt% (1:1 atomic
ratio) colloidal (a) Pd, (b) Pd-Ag, and (c) Pd-Ni.
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Fig. 3.1.10. X-ray diffraction pattern of powder Vulcan XC 72R carbon black.
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Fig. 3.1.11. X-ray diffraction patterns of powder 20wt% (1:1 atomic ratio) colloidal Pt
and Pt-alloys, showing [111], [200], [220], and [311] reflections of the fcc lattice of
metallic Pt and its alloys.
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Fig. 3.1.12. X-ray diffraction patterns of powder 20wt% (1:1 atomic ratio) colloidal Au
and Au-alloys, showing [111], [200], [220], and [311] reflections of the fcc lattice of
metallic Au and its alloys.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



600

C-Black IE]

S00

A
s

400 -

300 -

Counts

200 -

o 20 40 60 80 100 120 140
2-theta / degroos

1200

1000

800
g C-Black

600 -

400 -

200 -

o 50 100 150
2 theta / degree

600 -]

500 -

<1
S

400 -

300 -

200 - (220)(311)

Counts

4100 -

o 5‘0 1 (')O 1 ."tO
2 theta / degree

900

800 -

700 -

600 -

111)

-
s

500 - (200)
400 -

300 -
200 -]
100 -

Counts

(220) (3414)

o 50 100 150
2 theta / degree

Fig. 3.1.13. X-ray diffraction patterns of powder 20wt% (1:1 atomic ratio) colloidal Ir
and Ir-alloys, showing [111], [200], [220], and [311] reflections of the fcc lattice of
metallic Ir and its alloys.
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3.2. Working Electrode preparation

For the electrochemical studies (e.g., cyclic voltammetry, chrono-techniques) the
supported metal colloids were fixed on a glassy carbon disk electrode of 3 mm in
diameter (Electrosynthesis Inc.). Before the application of the colloid, the glassy carbon
(GC) electrode was polished to a mirror finish with 1 pm diamond paste and by 0.05 ym
alumina (Cypress System Inc. polishing kit) followed by thorough ultrasonic washing in
distilled water. To create a good bonding of the supported metal colloid catalyst to the
GC electrode, 5 mg of the carbon supported catalyst powder (20 % wt metal) was
ultrasonically dispersed for 45 minutes in a 1 ml solution composed of 0.25 ml Nafion
solution 5 % wt (Aldrich) and 0.75 ml ethanol (Aldrich). From the suspension of the
supported catalyst and the Nafion, 10 pl was carefully applied on the GC electrode
surface yielding for each of the investigated catalysts a constant load per metal basis of
141 pg cm. The dispersed catalyst on the GC substrate was dried in a mild N; stream for
about 1 h creating a good bonding and electrical contact between the supported catalyst
and the GC electrode.

3.3. Experimental Cell Set Up

Electrochemical tests were performed using a conventional three-electrode cell
arrangement composed of the dispersed colloidal metal GC, two graphite rods with an
area of ~10 cm’ acting as the counter-electrodes and Hg/HgO, 2M NaOH (B20B400,
Radiometer Analytical S. A.) as the reference electrode with a potential of - 0.068 V vs.
Ag/AgCl, KClsd (or + 0.13 V vs. NHE). In this work all the potentials are referenced vs.
Hg/HgO, 2M NaOH abbreviated as MOE. For NaBH, oxidation, 2 M NaOH was used
with NaBHa4 (Alfa Aesar Inc., purity + 97 %wt) with concentrations between 0.03 and 1
M (Fig. 3.3.1).
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F1g331 Sét-ilp of éonventional three electrode cell (University of British Cdlumbia,
Dept. of Chemical and Biological Eng.).

3.4. Electrochemical Measurement Systems

Cyclic voltammetry, chronoamperometry and chronpotentiometry experiments
were carried out in N, purged electrolytes at 295 K employing either a PAR 263A or a
PARSTAT 2263 computer controlled potentiostat (Princeton Applied Research Inc.) and
the associated Power Sweep and Power Step software (part of the Power Suite package).
Voltammetry on a rotating disc electrode (RDE) experiments were performed by using
Volta Lab 80 (PGZ402, Radiometer Analytical S. A.) in conjunction with the glassy
carbon electrode tip (A35T090, Radiometer Analytical S. A.), RDE (EDI101, Radiometer
Analytical S. A.), and a speed control unit (CTV101, Radiometer Analytical S. A.)
(Fig.3.4.1).
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Fig.3.4.1. Electrochemical instrumentation (PAR 363A) for stationary and (Volta Lab 80)
for rotating disc tests (University of British Columbia, Dept. of Chemical and Biological
Eng.).

3.5. Fuel Cell Set Up and MEA Preparation
3.5.1. MEA Preparation

Membrane electrode assemblies (MEAs) used in this study were prepared in the
laboratory (University of British Columbia, Dept. of Chemical and Biological Eng.) by
forming and applying the anode side onto a half-MEA with Nafion117 membrane
supplied by Electrochem Inc. (EC-MEA-C1) where the cathode side consisted of 4 mg Pt
cm™ and Toray carbon paper as a gas diffusion layer. The anode colloidal catalysts with a
metal load of 5 mg cm™ were applied on a carbon cloth (ECCC1- 060, Electrochem. Inc.).
The procedure consisted of the following steps: 5 mg cm™ on metal(s) bases of the
colloidal catalyst was mixed with 1 mg cm™ Nafion 117 (i.e. corresponding volume of
Nafion 5%wt solution) and 0.7 ml ethanol. The mixture was ultrasonically dispersed for
45 minutes. Afterwards, the supported catalyst suspension was applied on the carbon
cloth by a technique similar to the decal method [8], followed by drying in a N2
atmosphere for 12 h. The final stage in the MEA preparation was the hot pressing of the

anode catalyst on the carbon cloth substrate, together with another carbon cloth acting as
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the anodic backing layer onto the Nafion 117 membrane with the commercial cathode

side. Hot pressing was performed at 1200 1b load for 2 min at 160 °C.

3.5.2. Fuel Cell Set Up

Tests on direct borohydride fuel cells were performed using the Fideris (Lyntech
Industries, Inc.) FCTS MTK system in conjunction with FCPower control software and 5
cm’ geometric area single fuel cell kits (Fig.3.5.1). Liquid and gas reactant pumping rates
are computer controlled at a maximum of 3200 ml min" and 10 standared liters per
minute, respectively. The external reservoir capacity is 1000 ml. The heating and cooling
systems capacities are both 400 watts. Inlet gas pressure ranges between 100 to 250 psi.
The maximum current and voltage ratings and power dissipation are 5 A, 24 V, and 100
watts, respectively. The fuel temperature is set between ambient and 100 °C. The speed
of data acquisition of this model is 108 points per minute.

The hot pressed full MEA was assembled together with the end plates using a
serpentine flow path. It has been shown that this is superior to other flow paths in
enhancing the mass transport inside the cell [9]. Membrane conditioning was performed
by recirculating a solution of 2 M NaOH at 60 ml min™' and 298 K for 2 h prior to each
test at open circuit voltage. The pure sodium hydroxide solution was then replaced by a 2
M NaBH, in 2 M NaOH solution at feed at rates of 20, 50, and 85 ml min™’. The oxygen
flow rate was fixed at 200 ml min' for all tests, with a gauge pressure of ~ 1.7 atm. The
tests were started after the fuel cell temperature and the fuel feed flow stream
temperatures reached either 298 or 333 K, respectively. The potential vs. current data

were recorded.
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Fig.3.5.1. Lyntech fuel cell test station (University of British Columbia, Dépt. of
Chemical and Biological Eng.).

3.6. Electrochemical Measurement Methods and Related
Electrochemical Parameters

In transient techniques measurements are made by perturbing the system from a
steady state, and the data is recorded as a function of the perturbation until a new steady
state condition is reached. Chronoamperometry (CA), chronopotentiometry (CP),
chronocoulometry (CC), potential sweep methods, e.g., cyclic voltammetry (CV), and
voltammetry on rotating disc electrode (RDE) are the common types of such techniques
and are widely used in the determination of the kinetic parameters, and in the
identification of intermediates [10].

Only certain qualita..ve and/or quantitative electrochemical information can be
revealed by each electrochemical technique [11]. Accordingly, since electrocatalysis
reactions are rather complicated, their study requires a wide range of electrochemical
techniques. CV, CA, CP, CC, and capacitance measurements have been used to
determine the mechanism and electrode kinetics of a reaction for an electrocatalyst. In-
situ and ex-situ spectroscopic techniques are also useful in giving a detailed insight into

the electrode-solution interface during the electrocatalytic reactions [12].
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Potential, current, concentration and time are the essential parameters to be
measured together with their governing relationships. These relationships are highly
influenced by the mode of mass transfer, the kinetics of both the desired heterogeneous of
electron-transfer reaction and the side chemical reactions, and the geometrics of both the

working electrode and the cell [11].
3.6.1. Electrode Kinetics

The importance of the Tafel equation comes from the necessity of knowing the
value of the overpotential (n) that must be subtracted form the open circuit potential of a
fuel cell in order for the electrons to flow [10]. In addition, from practical and
engineering points of view, the parameters i, and b, are useful in comparing different

electrocatalysts activities for a given electrochemical reaction [13].

3.6.1.1. Activation Polarization
3.6.1.1.1. Exchange Current Density (i,) and Tafel Slope (b,)

Exchange current density is defined as the forward or backward reaction velocity,
expressed in A cm, at equilibrium [10]. A formula describing the electrode kinetics for
the reaction, O+e” <> R, can be derived assuming that the electron-transfer processes
are first order reactions, and that the rate of oxidation of R, or the reduction of O, depends
only on the rate constant and either of their concentrations at the electrode [14]. The rate

of the reaction is described by;

i
i = kC® = —— 3.6.1
J A ( )

The anodic current is:
i, = nFAk,CS, (3.6.2)
The cathodic current is:

i, = —nFAk,C (3.6.3)
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k, and k_ can be found from the Arrhenius expression. The substitution for k, and k,
into €q.3.6.1 and 3.6.3 and by taking the sum of these currents, i.e., i =i, +i, gives [15]:

SN (3.6.4)

a nF -a
RT

(RT

Equation 3.6.4 can be written in terms the overpotential, (n), as the extra potential

i =nFA[k,Cyexp E)—k,CJ exp(

required to overcome the energy barrier of the rate determining step to a value such that

the electrode reaction proceeds at a desired rate [10]:

n=E-E, (3.6.5)
In addition, at equilibrium;

E=E,,i =i =i,,and i=0 (3.6.6)
< i, = nFAk,Cy exp(“;’f E,)=nFak,C2 exp(— %" £ ) (3.6.7)

The substitution of eq. 3.6.5 into eq. 3.6.4, and by making use of the equalities in eq.
3.6.6 gives a very important equation that is used widely in experimental and applied
electrochemistry, and is known as Butler-Erdey-Gruz-Volmer equation (eq. 3.6.8):

a.nF NF
7 D exp m] (3.6.8)

-a
RT

i = i, [exp(

This equation shows that the measured current is a function of 1, i,,, andea,. It also

shows that the measured current density at any overpotential is the diffirence of anodic

and cathodic current densities (Fig. 3.6.1) [16].

(;:35 o -—f {~0(anod)
E~Ey — . i:r-’i-l'io (exchange
(n=0) . (= t*+::_-ocm'ren;

4 density) -
£<8, [ . _ - th
a0) 77777 A T i(camh)

metal / Electrolyte (5,5,
C//)4

-

Fig. 3.6.1. Net anodic, zero, and net cathodic overall reactions of a redox electrode.
Arrow direction represents the electron flow [17].
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The limiting forms are:
a) High field approximatiom (high 7, i.e., << 0):
At more negative overpotentials, i. increases and i, decreases, and accordingly the first

term equation 3.6.8 becomes negligible, i.e.,

—a nF
—i=ie < ,or 3.6.9
i, exp( RT n) (3.6.9)
log(—i) =logi, —%7] (3.6.10)

b) Low field approximatiom (low 1, i.e., >> 0):
At more positive overpotentials, i, increases and i, decreases, and accordingly the second

term of equation 3.6.8 becomes negligible, i.e.,

a nF
i=1i exp(—= 3.6.11
» €Xp( RT ) ( )
logi = logi. +2¢ 1 or 1 =blog-- (3.6.12)
g g1, 2.3RT77’ n gio -0.
Where b= 2'3R; is defined as the Tafel slope (3.6.13)
a,n

The Tafel equations 3.6.10 and 3.6.12 are used widely for determining i,, and
Tafel slope b. Plotting log i vs. 7, the exchange current density i, and Tafel slope b, can
be determined from the intercept and the slope respectively (Fig.3.6.2) [16].

The Tafel slope (b) and the exchange current density (i,) are used, from a
practical point of view, as a measure for the electrocatalyst activity for a certain reaction
[18, 16]. Fig. 3.6.3 shows how the Tafel slope and the exchange current densities can
affect the overpotentials of two hypothetical electrocatalysts [19]. An electrocatalyst with
lower values of b and higher values of i,, will leads to a lower overpotential (eq. 3.6.12),

and thus a higher electrocatalyst activity is expected [13].
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Fig. 3.6.3. A schematic representation shows the effect of Tafel slope b on i, and the
overpotential [19].

3.6.1.1.2. Concentration Polarization

Under mass transfer control, due to the limited diffusion rate an increase in the

potential is required to maintain the desired current density. This extra potential is called

concentration overpotential [21]. ConsiderCrand Cjas the reactant bulk and surface

concentrations of species R respectively. At high overpotentials, Creaches its minimum

value and the current density can be determined by Fick’s first law;

oC i
i=p & | L= 3.6.14
J D( ox )0 J=F (3.6.14)
Q= nFD(a—C) —nrpEr=Cr (3.6.15)
X x=0 6N
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where, J, is the Nemst diffusion layer thickness. At Cp = 0, the current will reach a
limiting value called diffusion limited current density,, and eq. 3.6.15 becomes:

Cr

i, = nFD (3.6.16)

N
A relationship between overpotential (1)), as a function of i and i, can be developed from

egs. 3.6.15 and 3.6.16:
1. =R—Ts1n(1—.i) (3.6.17)
nF i

According to the convention, the stoichiometric factor (s) is positive for products

and negative for reactants. Therefore, it is expected that 7, is positive for the oxidation

reaction (anodic reactions), and negative for the reduction reaction (cathodic reactions)

[21].
3.6.2. Cyclic Voltammetry

Polarographic investigations (i.e., on a Hg drop electrode) employing the linear
sweep voltammetry (LSV) and cyclic voltammetry (CV) have been used for more than 70
years and the continuous developments in the potentiostat have made it possible to apply
LSV and CV techniques to a three electrode cell using virtually any solid electrode [22].
Voltammetry is defined as the interdependence of the electrode potential, the current, and
the time [12]. It is usually the first technique to be employed in any electrochemical
study, since it easy to perform and provides quick and useful information about the
system under investigation, especially in terms of the mechanism of the electrode
reactions and the kinetics of the electron transfer process [18]. It is recommended to start
with qualitative experiments before heading to semi-quantitative, and finally quantitative,
experiments from which Kkinetic parameters can be obtained [12]. Linear sweep
voltammetry (LSV) is the simplest form of such a technique, while the more useful and
widely applied technique is cyclic voltammetry (CV). In both CV and LSV, the potential
is scanned linearly with time in a repetitive manner (Fig. 3.6.4 and 3.6.5). The wave that

peaks at a certain potential is a basic feature of the voltammogram. Scanning rate,
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electrode materials, solution composition, and reactant concentration are the factors that
affect the peak potential and current, and the shape of the wave. Tafel parameters,
diffusion coefficient, number of electrons transfered, and electrochemical rate constant
can be determined from the basic CV [13]. The characteristic peak in both CV and LSV
can be explained by considering the voltage and mass transfer effects. As the voltage is
swept from its initial value the current begins to flow, and it increases as the voltage is
swept further to the right hand side. The peak occurs at some point where the diffusion
layer has grown sufficiently above the electrode so that the diffusion rate of the reactant
to the electrode surface is not fast enough to satisfy that required by the Nernst equation.
At this point, the current begins to drop (Figs. 3.6.4 and 3.6.5) [23].

(a) ®)

> —0 e Y »
Time (1) ‘ E, E, > B
E

Fig. 3.6.4. (a) the potential sweep, and (b) corresponding current response [18].

4

Time (0

Fig. 3.6.5. Cyclic voltammogramm for a reversible electron transfer reaction [18].
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3.6.2.1. Theory of voltammetry

Fick’s second law of diffusion, is the starting point in formulating the governing
equation for the CV technique expressing the diffusion-limited peak current density [22].

Assume the reaction, R — O + ¢’, and for one direction diffusion:

oc 0%

—=D—;, 3.6.18
ot ox ( )
The boundary conditions are as follows [15]:
At t=0, only R is present in solution:
Dt=0x20: C.= Cy, (no electrode reaction) (3.6.19)
(i)t>0,x > = : C, = Cp , (bulk solution) (3.6.20)

(i) t>0,x=0;C, = Cz= 0, ( diffusion-limited current), and the flux balance is

DO(GC,,J _ DR(aCR}L (3.621)
ox ) ox nFA
E=FE, +vt,wherev = i—f (3.6.22)

where Cy is the concentration of substance R in bulk solution, and Cp the concentration

of R at any time, X is the distance from the electrode, ¢ is the time, D is the diffusion
coefficient, n is the number of the electrons, E is the potential at time ¢, E; is the starting

potential, v is scanng rate, and R, T, and F have their usual significance.

Irreversible System, Slow electron transfer

In a slow electron transfer process, the surface concentration changes slowly.
Thus, the maximum gradient of the concentration is reached at more positive potentials.
In such processes, diffusion is coupled with electron transfer, and as the scan rate
increases the peak potential will shift to a more positive value [21]. Again, for an anodic

process, and forf > 0,x =0 [21]:

ocg

j=kCp= DR( ) =— (3.6.23)
x=0 n

ox FA
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k, =k exp| ZEEZET) | (3.6.24)
RT

where E = E, +vt, and £’ is the standard heterogeneous rate constant (cm s

The solution to eq. 3.6.18 at 298 K for 4 in cm’, D, in cm? s, C, in mol cm’, and v in

Vs, i,, in amperes will be [24]:

i, =2.99x10°n>*AC; D' a'? (3.6.25)
a= 2.3RT , therefore,
nbF
1/2
iha= 2.99x105nAC,‘;D}{2v”2(2%) ,0r (3.6.26)
1/2
I,,= 2.99x105nch;’2v1’2(%) (3.6.27)

where b is the apparent Tafel slope (V), C; is the bulk borohydride concentration (mol
cm ), D effective BHy~ diffusivity in the catalyst layer (cm® s™), F is the faraday
constant (C mol™), ip is the peak current (ampere), I, is the peak current density (A cm?)
n the total number of electrons involved in the oxidation, R the universal gas constant (J

mol ' K)and T temperature (K).
3.6.3. Chronoamperometry

Gerischer and Vielstich [24], Vielstich and Gerischer [25] were the first to
develop the chronoamperometry technique (CA), in order to study the charge-transfer
kinetics. For CA to be performed, a sudden potential step has to be applied, to a working
electrode, from a value where no Faradic reactions takes place to a value where the
reaction becomes diffusion controlled. The resulting current decay with time is then
recorded (Fig.3.6.6). The ability to study the kinetics of mass-transport, charge-transfer,
and adsorption are the main advantages of performing such a technique [18]. By this
method, the diffusion coefficient, the heterogeneous electron-transfer rate (k,), the

number of electrons transferred, and the charge-transfer kinetics can be determined [11].
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0 t
(@) (b) )

Fig. 3.6.6. The essentials of chronoamperometry (a) Potential step, (b) Concentration
variation with distance, and (¢) Current-time response [20].

3.6.3.1. Theory of Chronoamperometry

For pure diffusion problem, assume the reaction R — O + ¢, and for one direction

diffusion, can be described by Fick’s second law:

oc d%c

—=D—, 3.6.18
o o’ ( )
Boundary conditions [17]:

Atx =0, t> 0,C, = Cj, and this surface concentration is controlled by the overvoltage,

Atx 5> o ,t> 0, C, =Cy, i.e., bulk concentration,

Att=0,x>0, (E) =0,
(2

Att>0,x=0, (G_C) = ! , from Fick’s first law,
ox )., nFAD,

The solution of the partial differential eqn. 3.6.1, using above boundary conditions is:

nFAC3\ D, nFn
| =———=[1—exp( <)], or (3.6.28)
Nzt RT )
FAC",/D
I= n___L_i[l - exp(ﬂf-)] (3.6.29)
AANm-t RT
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where, I = i, is the superficial current density (A cm™), 4 is the superficial (geometric)

electrode area, i is the current in amperes, A4 is the effective (electrochemically active)

electrode area, and 1 from [21]:

n, = Es In(1- .L) , where s is the stoichiometric coefficient (3.6.17)
I

Eq.3.6.28 gives the diffusion controlled time-dependence of the current density, which is

well known as the Cottrell equation [17], from which the diffusion coefficient or the

number of electrons transfered can be determined when I+/f vs. £ is constant [26]. Figure
3.6.7 shows the current-time responses for a step change.
In case of atx = 0, t > 0,Cy, = 0, the Cottrell eq. (3.6.28) becomes [27]:
nFAC; 1/D
T RN R (3.6.30)
t

r-t

i=

t

e

Fig. 3.6.7. A current-time response for a potential step experiment. The potential step is
chosen so that, a) The reaction is diffusion control, b) Kinetically controlled, and c)
Mixed controlled [26].

3.6.4. Chronocoulometry

Anson [14] were the first to develop this technique, which is another way of
analyzing the CA data, by integrating the current, so that the charge is given as a function
of time [20].
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3.6.4.1. Theory of Chronocoulometry

Irreversible System

The interfacial electron-transfer kinetics in irreversible systems is not as fast as in
case of reversible systems. Thus, the response to a potential step is influenced by
parameters such as &k, k, , k°, and «, which in tern can be evaluated from those
responses [18].

For a potential step from where there is no current flow to anywhere on the
oxidation wave for the irreversible reaction R — O + ¢, and for one direction diffusion

on a planar electrode, the equations governing this case are [20]:

oc dc

—=D—, 3.6.18
o o’ ( )
The solution to eq. 3.6.18 will be:

of 287 1
Q = nFAkaCR [W—?J (36.31)
and for the superficial charge density Q in C cm?, eq. 3.6.31 becomes:
A of 2t"? 1
Q = nF(A—s]thR (-il—ﬂ_-l—/? - —]-1—2] (3.6.32)
where H can be found by the relation:
”1/2
H= ST (3.6.33)

1

where ¢, is the intercept of the extrapolated linear domain on the ¢ axis of the plot Q

vs.t"?, Fig. 3.6.8. By knowing H and other parameters, k, can be determined from the

linear slope =2nF (Ai)kaC,‘; (Hr'?).

s
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Fig. 3.6.8. Chronocoulometric response for 10 mM Cd*" in 1 M Na,;SO4 [20].
3.6.5. Chronopotentiometry

Chronopotentiometry (CP), or constant-current, theory was first proposed by
Weber (1879), Sand (1901), Karoglanoff (1906), and Rosebrugh and Miller (1910)
(References 126-129 in [11]). It was described experimentally by Gierst and Juliard
(1953), Delahay and Mamantov (1955), and Reilly, Everett, and Johns (1955)
(References 132-134 in [11]).

It is performed by applying a current step to the working electrode and the
measured potential with time is recorded (Fig 3.6.9).

The parameters of interest in the £ —i response curve are the value of7, the
shape of the E —i curve, and their dependencies on the applied current [11]. Less attention
has been paid to CP, compared to the alternative techniques, because of the difficulties in

determining an accurate transition time [11].

Excitation Response

T—

-
0 t 0 t

Fig.3.6.9. Variation of potential with time for a step change in applied current [20].
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3.6.6. Summary of Electrochemical Techniques Employed in this Study

Table 3.6 gives a summary of the electrochemical techniques employed in this
study. Also contained in this Table are the references to the relevant equations used in the
analysis, together with a summary of the measured parameters (basically current,

potential and time) and the calculated electrochemical parameters.

Table. 3.6. Summary of the electrochemical techniques employed together with the
relevant equations and the measured and calculated parameters.

Electrochemical Useful Measured Calculated
Technique Formula Parameters Parameters
i E t n|A| by | i | kn

Cv 3.6.27 . . o

CA 3.6.29 . . .

CC 3.6.32 . . .
RDE/ Tafel Plot 3.6.12 . . o | o

FC . .

3.7. References

1. H. Bonneman, W. Brijoux, R. Brinkmann, E. Dinjus, T. JouPen, B Korall, Angew.
Chem. Int. Engl., 30 (10) (1991) 1312-1314.
2. M. Gétz and H. Wendt, Electrochim Acta, 43, 24 (1998) 3637-3644.
3. R. Richards, R. Mortel, H. Bonnemann, Fuel Cell Bulletin, 4, 37 (2001) 7-10.
4. H. Bonneman, Private Communication, October 16, 2003.
5. H. Bonneman, U. Endruschat, J. Hormes, G. Kohl, S. Kruse, H. Modrow, R.
Mortel, K.S. Nagabhushana, Fuel Cells, 4, 3 (2004) 297-308.
6. D. Lewis, E. S. Wheeler, D. O. Northwood, J. Educational Modules for Materials
Science and Engineering, 4 (4) (1982) 665-700.
7. T. Kovacs, Pricples of X-ray Metallurgy, Iliffe Book Ltd, London, (1969) 151-152.
8. H. Dohl, J. Mergel, D. Stolen, J. Power Sources, 111 (2002) 268-282.
9. A.S. Arico, P. Creti, V. Baglio, E. Modica, V. Antonucci, J. Power Sources 91 (2000)
10. J. O’M. Bockris, S. Srivinasan, Fuel Cells: Their Electrochemistry, McGraw Hill, NY
(1969) 469-486.
11. B. W. Rossiter, J. F. Hamilton, Physical Methods of Chemistry, Vol. II,
Electrochemical Methods, John Wiley, NY (1986) 191-271, 525-589.
12. K. B. Oldham, J. C. Myland, Fundamentals of Electrochemical Science, Academic
Press, Inc., NY (1994) 263-303, 179-227.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13. E. Gileadi, E. Kirowa-Eisner, J. Penciner, Interfacial Electrochemistry An
Experimental Approach, Addison-Wesley Publishing Company, Inc., Massachusetts
(1975) 347-430, 179-181.

14. F. C. Anson, Anal. Chem., 38 (1966) 54.

15. R. S. Nicholson, 1. Shain, Analytical Chemistry, 36, 4 (1964) 706-723.

16. D. Oletcher, F. Walsh, Industrial Electrochemistry, Chapman and Hall, New York
(1993) 1-38.

17. K. J. Vetter, Electrochemical Kinetics, Academic Press, NY (1967) 213-216.

18. A. C. Fisher, Electrode Dynamics, Oxford University Press, Oxford (1996) 27-50.

19. S. H. Jordanov, P. Paunovic. O. Popovski, A. Dimitrov, D. Slavkov, Bull. Chem.
Tech. of Macedonia, 23 (2) (2004) 101-112.

20. A. J. Bard, L. R. Faulkner, Electrochemical Methods Fundamental and Applications,
2 Ed., TW, NY (2001) 156-260, 331-348.

21. C. H. Hamann, A. Hamnett, W. Vielstich, Electrochemistry, Wielt-VCH, Weinheim
(1998) 143-179,227-234.

22. W. Vielstich, Handbook of Fuel Cells-Fundamental, Technology, and Applications,
John Wiley, vol. 2 (2003) 153-162.

23. J. Wang, Analytical Electrochemistry, John Wiley, NY (2000) 28-59.

24, H. Gerischer, W. Vielstich, Z. Phys. Chem., 3 (16) (1955).

25. W. Vielstich, H. Gerischer, Z. Phys. Chem., 4 (10) (1955).

26. R. Greef, P. Peat, L. Peter, D. Pletcher, J. Robinson, Instrumental Methods in
Electrochemistry, John Wiley, NY (1985)113-147, 229-250, 356-364.

27. C. M. A. Brett, A. M. O. Brett, Electrochemistry Principles, Methods, and
Applications, Oxford University Press, Oxford (1993) 70-102, 174-198.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4

RESULTS AND DISCUSSION

4.1. Osmium and Osmium-Alloys

Prior to this study, there was limited information available in the open literature on
methanol oxidation on Os. Kua and Goddard [1], using computational chemistry
techniques, presented detailed charts for the heat of formation for both methanol
dehydrogenation and water oxidation pathways for Pt, Ir, Os, Pd, Rh and Ru. They
confirmed the bifunctional action of Pt-Ru towards CH3;0H and H;O oxidation. The also
concluded that pure Os could favor both the CH;0OH and H>O oxidation recommending
therefore the experimental testing of this hypothesis [1]. Pt-Os alloys have been
experimentally investigated for methanol oxidation largely with negative results [2, 3].
Gokagag and Kennedy [2] found that for certain Os to Pt atomic ratios the formation of
surface Os-oxide inhibits the methanol oxidation reaction. Moore et al [3] found that the
presence of Os leads to a lower open-circuit potentials and higher overpotentials as

compared to both pure Pt and Pt-Ru.

4.1.1. Comparative Cyclic Voltammetry of Methanol on Colloidal Os and Os-alloys

Figures 4.1.1 and 4.1.2 show the cyclic voltammograms recorded for CH;OH on
colloidal 20 %wt Os (20 and 30 %wt) and colloidal 20 %wt (1:1 atomic ratio) Os-Mo,
Os-Sn and Os-V, respectively. In both figures the methanol concentration was 1 M in 0.5
M H,S0,, and the potential range of -0.1 to +0.7 V vs. Ag/AgCl, KCly4 No oxidation
peaks were observed, and these findings, are in a good agreement with the negative
results that were obtained by previous experimental studies on Pz-Os electrocatalysts [2,
3]. However, on the other hand, they contradict the theoretical findings of Kua and
Goddard [1], who based on the calculated heats of formation, for Pt, Ir, Os, Pd, Rh and
Ru, suggested that Os could oxidize both CH;0H and H-O.
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Fig. 4.1.1. Cyclic voltammogram of 1 M methanol in 0.5 M H,;SO; on colloidal Os.
Scan rate 50 mV s‘l, temperature 295 K.
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Fig. 4.1.2. Cyclic voltammogram of 1 M methanol in 0.5 M H,SO4 on 20 %wt colloida
Os-Mo, Os-Sn and Os-V (1:1 atomic ratio). Scan rate 50 mV s, temperature 295 K.
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4.1.2. Cyclic Voltammetry (CV) of BH4 on Colloidal Os and Os-alloys

Fig. 4.1.3 and 4.1.4 show the cyclic voltammograms of 0.03 M BHs on Os and Os-
alloys colloids. The potential range was -1.0 to +0.5 V vs. Ag/AgCl, KClgy. Oxidation
peaks were observed at 0.187, 0.187 and 0.27 V vs. Ag/AgCl, KClgq on 10%, 20% and
30% Os, respectively. Further investigation is needed to verify that these peaks resulted
from borohydride oxidation, since according to the potential-pH graph for Os [4], these
peaks could be attributed to Os oxide formation. Alloying Os with Mo, V and Sn would
affect the catalytic behaviour toward borohydride oxidation. Figure 4.1.4 compares the
cyclic voltammograms of 0.03 M NaBH, in 2 M NaOH on the colloidal alloys Os-Mo,
Os-V and Os-Sn (1:1 atomic ratio). In the potential range relevant for the direct oxidation
of borohydride, i.e. —0.4 to +0.2 V vs. SSCE the cyclic voltammograms show that Os-Sn
had a very poor activity characterized by current densities below 20 mA cm™. From a
cyclic voltammetry standpoint, Os-Mo and Os-V gave a better response with peak current
densities up to 40 mA cm™. The oxidation peaks, on colloidal 20wt% (1:1 atomic ratio)
Os-Mo, Os-Sn and Os-V, occur at 0.196, 0.185 and 0.115 V vs. Ag/AgCl, KClgq,

respectively.
50
— :10%wt Os, 0.03 M NaBH4+TU
J1 == 20%wtOs .
4011 *30%wt Os ',,s \..
= blank, 2M NaOH i .
30 | ——20%wt Pt-0.03M+TU i/‘\ A
\ ./'41
o 20 -
E
(3]
< 10
E .
- 0 4
=10 -
-20 -
'30 T T T
-1.2 -0.7 -0.2 0.3 0.8

E IV vs. agingCisatd.

Fig. 4.1.3. Cyclic voltammetry of 0.03 M NaBH, in 2 M NaOH on colloid 20%wt Os.
Alloy load 30 pg cm >, and on 20%wt Pt Temperature 295 K.
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Fig. 4.1.4. Cyclic voltammetry of 0.03 M NaBH; in 2 M NaOH on colloidal 20%wt (1:1
atomic ratio) Os-Mo, Os-V and Os-Sn. Alloy load 30 pg cm™. Temperature 295 K.

Fig. 4.1.5 shows the BH, concentration dependence of I, at a constant scan rate of

100 mV s\, The peak current increased sharply with concentration up to 0.1 M, and then

leveled off.

90
80 -
70 -
60 {

404
—~ 30 -
20 -
10 -

-2
p/ MA cm

50{ ¢

0.1

T

0.2

0.3

Co/M

T

0.4

T

0.5

0.6

Fig. 4.1.5. Concentration dependence of the peak current I, for the oxidation of 0.03 M
BH, in 2 M NaOH with 1.5x10>M TU on colloidal 20wt% Os at 298 K.
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4.1.3. Effect of Thiourea (TU) on the Electro-oxidation of BH4 on Colloidal Os

Thiourea is a well-known corrosion inhibitor for iron in acidic media. It is also
known as a hydrogen evolution inhibitor. Thus, it could potentially influence the BH,
oxidation by affecting the hydrolysis and hydrogen evolution reactions.

Fig. 4.1.6 shows the cyclic voltammogram of 2 M NaOH, 2 M NaOH with
1.5x10® M TU, and 0.03 M NaBH, in 2 M NaOH with 1.5x10° M TU on colloidal
10%wt Os. Oxidation waves recorded for both TU and BHs were almost at the same
potential range (i.e., 0.1-0.3 V vs. Ag/AgCl, KClyqg) (Fig.4.1.6). Thus, the oxidation peak
at 0.2 V could be for both TU and BH, oxidation. It is worth mentioning that the
voltammetric peak current for TU on Pt was found by Yan [5] to be 35 mA cm?, while

on the colloidal Os it was ~10 mA cm™. Therefore, Os is less active than Pt in oxidizing

thiourea.

— - BH4-TU-NaOH
- - 'Blank(2MNaOH)
—— 2MNaOH-TU \

(2]
(=]
i

1/ mA cm?
- N
(=] (=]
| [l

(=]
A

-20 T T T v
15 -1 0.5 0 0.5 1
E /' V vs. agiagct, Kcistd.

Fig. 4.1.6. Cyclic voltammogram obtained on 10 %wt colloidal Os electrode in 2 M
NaOH in the absence and in the presence of 0.03 M NaBH, and1.5x10° M TU. Scan
rate 100 mV s™'. Temperature 295 K.
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4.1.4. Chronopotentiometry

By analogy with the constant current operation of a direct borohydride fuel cell,
chronopotentiometry could provide further relevant information regarding the
overpotentials for a step change in the applied current density for Os and Os-alloys
catalysts. Fig. 4.1.7 compares the chronopotentiograms of a 0.03 M BHy'solution in 2 M
NaOH, obtained on colloidal 10%, 20% and 30% Os in the presence of 1.5 % 10°M TU
at current density of 25 mA cm™. The operating potential of the 20% Os was more
negative, about —0.73 V vs. SSCE, compared to 10%, and 30% Os colloids (Fig. 4.1.7). It
can also be seen from Fig. 4.1.7 that the open circuit potential of NaBH, in contact with
colloidal Os is between —1.03 and —1.06 V vs. SSCE, i.e. close to the reversible H,
electrode potential in the same media (2 M NaOH). This finding is indicative of the
catalytic hydrolysis of BH; generating H, at open circuit conditions according to
equation (2.10.1) [6].

Figure 4.1.8, on the other hand, shows that the Os-Sn alloy operated at a very high
overpotential associated with a current step of 25 mA cm™. Generally, all three

investigated Os-alloys performed poorly compared to the pure Os colloid (Figs. 4.1.7).
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Fig. 4.1.7. Chronopotentiogram of 0.03 M NaBH, in 2 M NaOH on 10, 20 and 30%wt
colloidal Os electrodes with a 30 pg cm 2 Os load. Current density step was from 0 to 25
mA cm™. Temperature 298 K.
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Fig. 4.1.8. Chronopotentiometry of 0.03 M Na BH, in 2 M NaOH on colloidal 20%wt
Os-Mo, Os-V and Os-Sn. Metal load of 30 ug cm™. Current density step: from 0 to 25
mA cm . Temperature 295 K.

4.1.5. Chronoamperometry

Figs. 4.1.9 and 10 show the chronoamperometric response, potential step from -
0.8 to + 0.3 V vs. Ag/AgCl, KClgq4, of 0.1 M NaBH, on both colloidal Os and Os-alloys
in the presence of 1.5 x10> M TU. The currents were higher on colloidal 20% and 30%
Os compared to the colloidal 10% Os and Os-alloys colloids. The concentration
dependence of the current decay is shown in Fig. 4.1.11. The peak current was about 2.5

times higher for 1.0 M compared to 0.1 M NaBH, concentration.

3 - 10%wt Os
2 k - - -20%mwt Os
T - ! - - -30%wt Os
qg 0 1 ”«»
i1 &
= -2 :I}
g 3] A
.4 ] b'w}
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-6 T v T
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t/s

Fig. 4.1.9. Chronoamperometry of 0.1 M BH4" in 2M NaOH with 1.5x10°M TU on
colloidal 10wt%, 20wt% and 30%wt Os , potential step from -0.8 to 0.3 V vs. Ag/AgCl,
KClgq, at 298 K.
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Fig. 4.1.10. Chronoamperometry of 0.1 M BHy4 in 2 M NaOH with 1.5x10°M TU on
colloidal 20wt% (50/50atomic) OsMo, OsSn and OsV, potential step from -0.8 to 0.3 V
vs. Ag/AgCl, KClgq, at 298 K.
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Fig. 4.1.11. Chronoamperometry response on colloidal 20%wt Os as a function of NaBH,4
concentration in 2 M NaOH. Potential step from - 0.8 to + 0.3 V vs. Ag/AgCl, KClgg.
Temperature 295 K.

4.1.6. Summary

In conclusion, voltammetry results showed that the investigated supported
colloidal Os and Os-alloys were catalytically inactive with respect to methanol oxidation.
On the other hand, the cyclic voltammograms on both colloidal Os and Os-alloys suggest
the possibility of BH,; oxidation. The oxidation peak potentials between 0.1 and 0.3 V
were a mix of BH, and TU oxidation for all the supported colloidal Os and Os-alloys.
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4.2. Platinum and Platinum Alloys
4.2.1. Voltammetry of borohydride oxidation on static electrodes
The linear voltammograms on static electrodes for colloidal Pt, Pt-Au, Pt-Ni, Pt-Ir,

and Pt-Ag shown in Figures 4.2.1 to 4.2.5, were recorded at a scan rate of 100 mV s as

a function of increasing NaBH, concentration (between 0.03 and 1 M).

120
1.0M
0.5M
100 - 0.4M
0.3 M
0.2M
80 - 0.1 M
o 0.05M
§ 0.03M
g 60 - Blank
N A
20 | /—-\
———
0 - T
-1.0 -0.5 0.0 0.5

E/V vs.moe

Fig. 4.2.1. Linear voltammogram of BH,; oxidation on colloidal Pt catalyst using a static
electrode showing the effect of BH;~ concentration. Scan rate 100 mV s, 298 K. Inset
legend indicates the NaBH,4 concentration in 2 M NaOH.

250
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-1.1 -0.6 -0.1 0.4
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Fig. 4.2.2. Linear voltammogram of BH4 oxidation on colloidal Pt-Au catalyst using a
static electrode showing the effect of BH, concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH,4 concentration in 2 M NaOH.
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Fig. 4.2.3. Linear voltammogram of BH; oxidation on colloidal Pt-Ni catalyst using a
static electrode showing the effect of BH,; concentration. Scan rate 100 mV s™', 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.
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Fig. 4.2.4. Linear voltammogram of BH4 oxidation on colloidal Pt-Ir catalyst using a

static electrode showing the effect of BH, concentration. Scan rate 100 mV s ', 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.
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Fig. 4.2.5. Linear voltammogram of BH; oxidation on colloidal Pt-Ag catalyst using a
static electrode showing the effect of BH, concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.

Two peaks were identified on colloidal Pt (Fig. 4.2.1), one around —0.85 V vs. MOE,
and the other between 0 and +0.3 V as a function of BHs concentration, which shifts
slightly toward more positive values with increasing NaBH, concentration (Fig. 4.2.8).
These peaks were in a good agreement with Gyenge’s findings [6]. The first peak (at —
0.85 V), is due to the oxidation of H, generated by the catalytic hydrolysis of BH; (eq.
2.10.1), while the peak around 0 and +0.3 V results from the direct oxidation of BH; on
Pt (eq. 4.2.1).

Liu et al [7] have shown that on carbon-supported Pt and Pd catalysts, hydrogen
evolution is decreased, compared to their planar surfaces, and can also be halted under
certain conditions. It was also shown that the addition of thiourea (TU) increases the
oxidation peak ratio of the borohydride and hydrolysis (eq. 2.10.2), resulting hydrogen
oxidation on Pt for borohydride concentrations of 0.5 to 1 M [6].

BHs + 8OH — BO2 + 2H:+2H20 + 4e “4.2.1)

It was of interest to alloy Pt, well known active surface for complete oxidation and
hydrogenation-dehydrogenation processes, with same family elements, Pd, Ni, Ir, and
with elements that are considered virtually inert for the hydrogenation-dehydrogenation
processes, Ag and Au [8], in attempt to combine the higher kinetics of Pt with the higher
coulombic efficiency of Au, for complete borohydride oxidation (eq. 2.10.3) [6].
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The effect of alloying on Pt-Au catalysts activity can be seen clearly through the
comparison of Figs. 4.2.1 and the CV data for Au (in section 4.3) with Fig. 4.2.2. The
large direct BH,; oxidation wave for Pt-Au peaked at more negative potentials compared
to pure Pt and pure Au, i.e. between —0.1 and 0.05 V vs. MOE is recorded.

The activity of Pt-Ni, Pt-Ir, and Pt-Ag colloidal catalysts for borohydride oxidation
was also tested. On Pt-Ni, (no oxidation peaks were recorded on a pure Ni colloid, Fig.
4.2.6), the oxidation peak occurred at —0.2 V vs. MOE at a potential which is almost
independent of BH, concentration (Fig. 4.2.3). Multiple peaks at negative potentials, at
about —0.85 V, —0.65 V and —0.27 V, were recorded on colloidal Pt-Ir, and they show a
slight concentration dependence. Comparing Fig. 4.2.1 and the CV data for Ir (in section
4.4) with Fig. 4.2.4, the existence of the third peak and the effect of such alloying on Pt
electroactivity, can be explained as the effect of the Ir or, alternately on the effect of an
intermediate species such as BH;0H [9] .

With Ag present, (colloidal Ag shows one peak at around +0.4 V vs. MOE, Fig.
4.2.7), two oxidation peaks occurred are at -0.7 V vs. MOE and the second between -0.24
and -0.1 V vs. MOE as a function of NaBH, concentration (Fig. 4.2.5). Thus, amongst the
investigated alloy catalysts, Pt-Ir showed oxidation peaks at the most negative potentials,
indicating potentially favorable kinetics on such a catalyst. Whereas, the peak at —0.85 V
was due to H, oxidation and the one at —0.27 V corresponded to direct BH,; oxidation,
the peak at —0.65 V seems to be characteristic of alloying effects [10, 11, 12, 13, 14] such
as geometric and surface electronic structure changes, or the close proximity effect.

Elder and Hickling in their study, using smooth Pt, Platinized Pt, and gray platinum
electrode surfaces, concluded that the competition between the borohydride oxidation and
corresponding hydrolysis is different on different surfaces, and this accounts for their
different activities [15]. Liu et al [7] concluded that the anodic oxidation of borohydride
(eq.2.10.3) has to compete with the hydrolysis reaction (eq.2.10.2). They also proposed
an equation for the overall actual anodic reaction (eq. 2.10.13). Therefore, the different
behaviour of the colloids under investigation is expected according to Elder’s [15] and
Liu’s [7] findings. It can be concluded that Pt-Ir among the investigated colloidal
catalysts showed the highest peak current at more negative potential, in a the domain that

is of interest for borohydride fuel cells, i.e., more negative than -0.2 V vs. MOE.
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Fig. 4.2.6. Linear voltammogram of BH; oxidation on colloidal Ni catalyst using a static
electrode showing the effect of BHs; concentration. Scan rate 100 mV s_l, 298 K. Inset
legend indicates the NaBH,4 concentration in 2 M NaOH.
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Fig. 4.2.7. Linear voltammogram of BH; oxidation on colloidal Ag catalyst using a
static electrode showing the effect of BH; concentration. Scan rate 100 mV s_l, 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.

The peak current density increases linearly with concentration for all investigated
colloids for the peak potential ranges; Pt (0.088 to 0.256 V), Pt-Au (-0.2 to 0.15 V), Pt-Ni
(-0.227 to -0.13 V), Pt-Ir (-0.68 to -0.264 V), and Pt-Ag (-0.237 to 0.01 V). The higher
peak current density was recorded on colloidal Pt-Au (Fig. 4.2.8). This indicates that the
oxidation of BH, is a diffusion controlled process {16, 6, 17].
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Fig. 4.2.8. The concentration dependence of the peak current density on colloidal Pt and
Pt-alloys. Scan rate 100 mV s, 298 K.

The scan rate dependence of linear voltammograms, in the range between 5 to 500
mV s~ at a 0.03 M NaBH, concentration, on static electrodes for Pt, Pt-Au, Pt-Ni, Pt-Ir,
and Pt-Ag have been recorded (Figures 4.2.9-4.2.13 respectively). It can be seen that the
oxidation peak potentials, for Pt, Pt-Ni, and Pt-Ag, are only slightly affected by the scan
rate, while they are significantly affected in the cases of Pt-Au and Pt-Ir.
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Fig. 4.2.9. Linear voltammogram of BH; oxidation on colloidal Pt catalyst using a static
electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K. Inset

legend indicates the scan rate.
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Figure 4.2.10. Linear voltammogram of BH4 oxidation on colloidal Pt-Au catalyst using
a static electrode showing the effect of scan rate. NaBH, concentration 0.03 M, 298 K.

Inset legend indicates the scan rate.
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Fig. 4.2.11. Linear voltammogram of BHs oxidation on colloidal Pt-Ni catalyst using a
static electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.2.12. Linear voltammogram of BH, oxidation on colloidal Pt-Ir catalyst using a
static electrode showing the effect of scan rate. NaBH; concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.2.13. Linear voltammogram of BH; oxidation on colloidal Pt-Ag catalyst using a
static electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.

Fig. 4.2.14 shows that the peak current density increased linearly with the square root
of scan rate for all the investigated catalysts for the peak potential ranges; Pt (0.08 to
0.185), Pt-Au (-0.26 to -0.15), Pt-Ni (-0.312 to -0.13), Pt-Ir (-0.70 to -0.22), and Pt-Ag (-
0.195 to -0.16 V). This indicates that the oxidation of BH, is a diffusion controlled

process. Pt-Ir and Pt-Au show a special behaviour, in that their slopes have deviated from
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linearity at a scan rate of 100 mV s, and thus such a deviation suggests an adsorption

effect on the voltammetry response [16, 17-22].
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Fig. 4.2.14. The scan rate dependence of the peak current densities obtained on the
colloidal Pt and Pt-alloys catalysts: NaBH,4 concentration 0.03 M, 298 K.

4.2.2. Voltammetry of borohydride oxidation on retating electrodes

Voltammetry on rotating disc electrode (RDE) can be used to simulate the operation
of the fuel cell anode catalyst. RDE voltammograms were recorded for Pt, Pt-Au, Pt-Ni,
Pt-Ir, and Pt-Ag, and are shown in Figs. 4.2.15-4.2.19, respectively. These experiments
were performed at a constant NaBH, concentration of 0.3 M and a rotation per minute
(rpm) ranging between 500 and 3,000 rpm. The strong temperature and the weak rotation
speed effects can be seen clearly from these figures. The weak rotation speed effect is an
indication of the surface-reaction-limited rather than transport-limited. The bell-shaped
suggesting that at potentials more positive than the peak potential, is depleted inside the
porous electrode structure and it is not replenished by the external convective flow
imparted by the rotating electrode.

The peak potential on Pt was around —0.18 and —0.15 V at 298 K, and —0.12 and -
0.10 V at 313 K, and was just slightly a function of the rotation speed (Fig. 4.2.15). On
Pt-Au the peak occurred at more positive potentials, between —0.08 and —0.04 V (Fig.
4.2.16). Pt-Ni (Fig. 4.2.17), on the other hand, gave a peak exactly in the same range as

pure Pt, whilst the presence of Ir shifted the potential to more negative values, i.e. —0.25,
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—0.3 V (Fig. 4.2.18). On Pt-Ag the peak occurred at more negative potentials, between —
0.05 for rpm range of 500-1000 and -0.15 V for 3000 rpm at 298 K, and in the same
range at 313 K (Fig. 4.2.19)
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Fig. 4.2.15. Linear voltammetry of BH, oxidation on colloidal Pt catalysts using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation speed per minute.
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Fig. 4.2.16. Linear voltammetry of BH; oxidation on colloidal Pt-Au catalysts using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation speed per minute.
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Fig. 4.2.17. Linear voltammetry of BH; oxidation on colloidal Pt-Ni catalysts using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation speed per minute.
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4.2.18. Linear voltammetry of BH; oxidation on colloidal Pt-Ir catalysts using a rotating

electrode showing the effects of rotation speed and temperature. Scan rate 5 mV s ', 298
K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates the

rotation speed per minute.
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4.2.19. Linear voltammetry of BH; oxidation on colloidal Pt-Ag catalysts using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate S mV
s !, 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation sped per minute.

Tafel slopes and the exchange current densities

According to the Tafel equation, eq. (eq. 3.6.12), a plot of logivs. 7(= E - E_ ) was
made, using the exponential increase domain of Figs. 4.2.15-4.2.19, were about 400-800
actual experimental points recoreded, in order to calculate the apparent Tafel slopes and

the exchange current densities (Fig. 4.2.20).
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Fig. 4.2.20. Tafel plots for the supported colloidal Pt and Pt-alloys catalysts generated
from the rotating disk electrode data. 298 K.
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Table 4.2.1 shows that the apparent Tafel slopes b, exchange current densities. High
apparent Tafel slopes were determined in this study. They were at least four times higher
than the values found by Gyenge [6], based on pure electrode kinetics, i.e., b, value of
0.18 V for Pt. Perry et al. [23] proposed that the ionic conductivity, and mass transfer
limitations coupled with the electrode kinetics, are the reasons behind the large Tafel
slopes. Furthermore, adsorption can also increase the Tafel slope of porous electrodes
[24]. Nafion® was used as a binder to support the catalysts on the glassy carbon electrode
(Experimental Methods Section), which acts as an ionic conductor within the catalysts
pores and might thus suppress intra-catalyst layer mass transfer of both BH,” and OH to
the active sites of the catalyst. This idea is supported by the weak rotation speed effect
seen in the polarization curves (Figs. 4.2.15-4.2.19).

Lowering the Tafel slope, b,, for an electrocatalyst is a crucial step in enhancing its
activity towards electro-oxidation or electroreduction processes, since lower values will
lead to higher exchange current densities and lower overpotentials (eq. 3.6.28 and Fig.
3.6.10) [25, 26]. Alloying Pt with Au, Ni, Ir and Ag decreased the apparent Tafel slope
while also decreasing the exchange current density for all catalysts except Pt-Ir (Table
4.2.1). The Pt-Ag catalyst had the lowest exchange current density, 0.83 x 10~ A cm™>,
indicating the kinetic sluggishness of borohydride oxidation on Ag. Pt-Ir on the other
hand, gave the highest exchange current density of 3.62 x 10° A cm™.

To calculate the number of electrons transfered, the voltammetry governing equation
for an irreversible system [16], eq. 3.6.27, was used in a modified form. The ratio of the
number of electrons transfered between Pt-alloys and Pt can be calculated from the
respective slope ratios (eq. 4.2.2).

12
Np,_x .(bba,m J _ Brix , “4.2.2)

Rp, a,P-X B,

where X = Au, Ir, Ni, Ag and § is the slope of the i, vs. C; linear function from Fig. 4.2.8.
Substituting the b, values from Table 4.2.1 into eq. (4.2.2), and using n = 4 for Pt [5,

15], gives the numbers of electrons transfered in the borohydride oxidation process for Pt
and its alloys (Table 4.2.1). On Pt-Au, almost eight electrons are transferred in the BH,
oxidation process (n = 7.67). This shows the beneficial effect of the Au add atom, and is
in good agreement with the findings of Mirkin et al. [27] for flat Au micro-electrodes (n
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= 7.9). For Pt-Ni, Pt-Ir and Pt-Ag, on the other hand, there is incomplete oxidation as
characterized by n < § (Table 4.2.1).

Table 4.2.1. Apparent Tafel slopes, b,, exchange current densities, ipa, and total number
of electrons exchanged, n, determined from RDE data using supported colloidal Pt and
Pt-alloys catalysts with Nafion 117 polymer electrolyte. Eq. (4.2.2) was used to calculate
n.

Catalysts | ba(V dec™) iga(A cm™) n
298 K 298 K
Pt 0.939 2.64x10™ 4
Pt-Au 0.662 1.18x10™ 7.7
Pt-Ni 0.651 1.50x10°° 2.5
Pt-Ir 0.823 3.62x10™ 3.2
Pt-Ag 0.615 0.83x10™ 3.4

4.2.3. Chronopotentiometry

In order to simulate the constant current operation of a fuel cell, chronopotentiometry
experiments were performed for the investigated catalysts at an applied current density
step of 10 mA cm™ to the electrode for 60 s, in a solution of 0.5 M NaBH, concentration.
It can be clearly seen from Fig. 4.2.21 that the anode potential was the most negative on
Pt-Ir, followed by Pt-Ag, Pt-Au, Pt-Ni, and lastly Pt, where the potential was up to 460
mV higher. Furtheremore, the open circuit potential could serve as an indication of
hydrolysis activity. The more negative the open circuit potential of the anode, the lower is

the hydrolysis activity for the catalyst [7].
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Fig. 4.2.21. Chronopotentiometry of BH, oxidation on colloidal Pt and Pt-alloys
catalysts. Current step from 0 to 10 mA cm 2. 0.5 M Na BH,; in 2 M NaOH. 298 K.

4.2.4. Chronoamperometry and chronocoulometry

Based on voltammograms shown by Figs. 4.2.17-19, three potential steps were
chosen from the rising, the middle and close to the peak zones, (0.6, —0.4 and —0.2 V vs.
MOE) to perform the chronoamperometry experiments. The potential steps were started
from —0.9 V vs. MOE.

Figures 4.2.22-4.2.26 show the superficial current density transients on Pt, Pt-Au, Pt-
Ni, Pt-Ir, and Pt-Ag, respectively. The highest anodic current densities at the -0.2 V and -
0.4 V potential steps were recorded on Pt-Ir, i.e. about 0.03 A cm™ and 0.04 A cm™ after
60 s, respectively (Fig. 4.2.25). Thus, in the negative potential range of —0.9 V and -0.4
V, the domain of interest for practical fuel cell anodes, Pt-Ir was the most active catalyst,
and the other electrocatalysts showed lower current densities. At the -0.2 V step change,
the highest current density was recorded on Pt-Au, e.g. 0.07 A cm™ (Fig. 4.2.23). The
overlapping in the case of Pt-Ir at -0.2 V with the one obtained at —0.4 V can be attributed
to intra-catalyst layer diffusion which becomes rate limiting in addition to kinetics (mixed
control) at —0.2 V, while at —0.4 V the oxidation is still under pure electrode kinetics
control (Fig. 4.2.18).
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Fig. 4.2.22. Chronoamperometry of BH; oxidation on a colloidal Pt catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively. 0.5 M
NaBH, in 2 M NaOH. 298 K.
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Fig. 4.2.23. Chronoamperometry of BH, oxidation on a colloidal Pt-Au catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively. 0.5
M NaBH; in 2 M NaOH. 298 K.
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Fig. 4.2.24. Chronoamperometry of BH; oxidation on a colloidal Pt-Ni catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively. 0.5

M NaBH,; in 2 M NaOH.
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Fig. 4.2.25. Chronoamperometry of BH; oxidation on a colloidal Pt-Ir catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively. 0.5 M

NaBH4 in 2 M NaOH. 298 K.
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Fig. 4.2.26. Chronoamperometry of BH; oxidation on a colloidal Pt-Ag catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively. 0.5
M NaBH; in 2 M NaOH. 298 K.

Cottrell Plot

i -/ vs. t were constructed using the chronoamperometry data to study the interplay
of the electrode kinetics and mass transfer.

In attempt to calculate the effective surface area to be used in calculating the
heterogeneous rate constant, the i -/t value of colloidal pure Pt can be assumed almost
constant after about 30 s. Thus, after a longer exposure time on colloidal Pt electrode,
intra-catalyst layer diffusion becomes rate determining. Therefore, the rearranged Cottrell
equation (eq. 3.6.29) can be applied (eq. 4.2.3). The effective BH4 diffusion coefficient
in the catalyst layer, D, estimated with a Bruggeman-type relationship (eq. 4.2.4) [28, 29,

30, 31, 32):
nFAC ,/D nFn

IVt = ——2Y R[] — exp(— 2.4.3

At [1 - exp( 7T )| (2.4.3)

D =D, "’ (4.2.4)

where, 4 is the effective (electrochemically active) electrode area, 4, the superficial (i.e.

geometric) electrode area (= 0.0706 cm’), n = 4 for Pt, Dy the borohydride diffusion
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coefficient in the bulk alkaline solution (= Ix107 c¢m’ in 2 M NaOH [5)), ¢ is the porosity
which is estimated as approximately equals to 0.3 based on the employed catalyst layer

preparation method, i and i, (for 7, calculation) values were taken from Fig. 4.2.22 at -

0.4 V (=7 and 25 mA cm’, respectively), since the potential step method is widely used

in determining i, for an electrochemical process by applying a sufficiently positive
potential value [33], and s (in eq. 3.6.17 which used to calculate 7, ) is the stoichiometric

coefficient of BH; (= -1) according to the following equation:

BO; +6H,0+8¢" —BH, —-80OH =0 (4.2.5)
Substituting the numerical values of / Jr forPtatf=60s (=59x10° 4 cm™ s"%)

from Fig. 4.2.28, D (=1.643 x 10° ecm s),, (= 0.0021 V), Cs(=0.5 x 107 mol cm’), F

(=96485 C mol") into eq. (4.2.3) gives 4 = 0.106 cm’, the effective area /4, = 1.51 cm’?
eff | cm” geom., and the effective Pt electrode area is about 0.8 cm’ mg™ (based on a
load of 0.14 mg cm™). Given the similar preparation method (Bonnemann Method) used
for all colloids, this electrochemically active area for Pt, can be applied to the rest of
colloids, in order to calculate the apparent heterogeneous rate constant k; using eq.
3.6.32. It is well known that determining the electrochemically active electrode area is

not an easy task [28].

4 14 24 34 44 54 64
t/s

Fig. 4.2.27. Cottrell plot generated from the chronoamperometry data with a potential
step from —0.9 V to —0.2 V vs. MOE.
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Fig. 4.2.28. Cottrell plot generated from the chronoamperometry data with a potential
step from —0.9 V to —0.4 V vs. MOE.
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Fig. 4.2.29. Cottrell plot generated from the chronoamperometry data with a potential
step from —0.9 V to —0.6 V vs. MOE.
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Chronocoulometry

Another useful way used to look at the superficial current density transients is by
plotting the cumulative charge density Q vs.At (Anson plot), and this is calied
chronocoulometry. Figures 4.2.30-4.2.32 are the Anson plots for the Au and Au-alloy
catalysts obtained for potential steps from —-0.9 Vto -0.2 V, -0.4 V, and -0.6 V vs. MOE.

t112 / s1l‘2

Fig. 4.2.30. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to -0.2 V

vs. MOE.
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Fig. 4.2.31. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to 0.4 V
vs. MOE.
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Fig. 4.2.32. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to —0.6 V
vs. MOE.

These plots, Q vs. Ji , are characterized by a negative intercept on the Q axis and

a positive intercept on the Jt -axis [16]. From the slope of the linear domain,

2nF (f—)kaC,, (Hr"?*)of eq. 3.6.32, for the curves shown Figure 4.2.31, the apparent

s

heterogeneous rate constant %, at —-0.4 V can be determined [16]. For k, the apparent
heterogeneous rate constant (in cm s™) , Q is the superficial charge density (in C cm™),
and #; is determined from the intercept of Q vs. Jt at Q = 0 (Fig. 4.2.31), n is the
calculated number of electrons transfered, F is the Faraday constant (96485 C mol™), A;
is the geometrical surface area (= 0.0706 cm™), Cy is bulk concentration (= 0.5 x 10° * mol
cm™), and H is taken from eq. 4.6.33. Table 4.2.2 summarizes the k;, values at —0.4 at 298
K obtained from the slope of eq. (3.6.32) corresponding to the data from Fig. 4.2.31. The
apparent heterogeneous rate constants for -0.4 V potential step show the following order
of electrocatalytic activity: Pt-Ir > Pt-Ag> Pt-Ni > Pt-Au> Pt, with &, between 28.7 x 10°°
cm s for Pt-Ir and 5.84 x 10 cm s™* for Pt.
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Table 4.2.2. Apparent heterogeneous rate constants for BH; oxidation at —-0.4 V vs. MOE

and 298 K calculated from chronocoulometry.

Catalyst

Pt

Pt-Au

Pt-Ni

Pt-Ir

Pt-Ag

ky(cms™)

5.84x107°

6.26x10°°

12.6x10°°

28.7x10°

13.9x10°°

The observed catalytic effect of Pt-Ir on the electro-oxidation of borohydride can
either be explained based on the change in the surface electronic structure due to the
alloying [10, 11, 12, 13, 14], or by a bifunctional model of Kua and Goddard [1], where
OH is preferentially adsorbed on the Ir active sites forming OH,y while the BH, is
adsorbed and oxidized on Pt generating, initially, BHj .4 [15]. The reaction is likely to
further proceed according to the Langmuir-Hinshelwood [8] kinetics between two
different surface adsorbed species. The differences in the electrocatalyst activity can be
attributed to differences in the reaction paths for each catalyst: mainly the competition
between hydrolysis, direct oxidation, intermediates and hydrogen oxidation [7].
Therefore, further fundamental studies are needed to further elucidate the multi-electron
multi-step borohydride mechanism and the associated catalytic effects of the various

materials.

4.2.5. Fuel cell performance

Figures 4.2.33-4.2.36 show the temperature and fuel flow rates effects on the
polarization curves obtained using the colloidal Pt, Pt-Au, Pt-Ni and Pt-Ir catalysts
respectively. Increasing the temperature from 298 K to 333 K, significantly improved the
borohydride fuel cell performance. At 298 K, the flow rate had a very small effect on the
fuel cell performance in all cases. This is in good agreement with the RDE results. At 333
K, the flow rate had a very small effect on the fuel cell performance only in the cases of
Pt-Ni and Pt-Ir, while for Pt-Au flow rate showed a significant effect as flow rate
For Pt at 333 K showed unexpected behaviour, where as the flow rate

increases.

increases the fuel cell performance decreases.
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Fig. 4.2.33. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pt) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4 mg
cm 2. O flow rate 200 ml min ' at 2.7 atm.
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Fig. 4.2.34. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pt-Au) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm>, O, flow rate 200 ml min ' at 2.7 atm.
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Fig. 4.2.35. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pt-Ni) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm>. O, flow rate 200 mi min ! at 2.7 atm.
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Fig. 4.2.36. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pt-Ir) load 5 mg cm™. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min "' at 2.7 atm.
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A comparison of the colloidal Pt, Pt-Au, Pt- Ni and Pt-Ir catalysts’ performance can
be seen in Fig. 4.2.37. Pt-Ir has the best performance, and a fuel cell with Pt-Ir as the
anode catalyst, operating at a cell voltage of 0.5 V, can give a current of 46 mA cm™ and

105 mA cm™ at 298 K and 333 K, respectively.
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Fig. 4.2.37. Direct borohydride fuel cell polarization curves at 298 K and 333 K:
Comparison between the colloidal catalysts prepared in the present work (Pt, Pt-Au, Pt-
Ni and Pt-Ir). Anode catalyst load 5 mg cm 2. 50 ml min"' 2 M NaBH,; — 2 M NaOH.
Cathode catalyst (Pt) load 4 mg cm 2. O, flow rate 200 ml min ™" at 2.7 atm.

It is of interest to compare the performance of these colloidal Pt, Pt-Au, Pt- Ni and Pt-
Ir catalysts with a commercial Pt-Ru catalyst (1:1 atomic ratio, 20 %wt on Vulcan XC-
72, ETek Inc.) as an anode electrocatalyst for DBFC. A load of 5 mg cm™ was used for
all catalysts and they were prepared using the same preparation method. Figure 4.2.38
shows that for the conditions investigated, all the laboratory-made catalysts showed
superior performance to the commercial Pt-Ru catalyst. Employing Pt-Ir, for example,
can give a current density which is 2.11 times higher than that for the commercial Pt-Ru
at a cell voltage of 0.5 V and 298 K.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2
oPt
@®Pt-Ru
1 H OPt-Au
APtNi
0.8 _%}g A O Pt-Ir
206 o 68 5
w ™ 00
Op R &
® O O XX
0.4 o 0008 06
)
e O DDOOA p's O
0.2 [Commercial PtRu] o %o ca 2 %
° o 603::2 © 0o
o [ ) q:tl El:l 8 AA © <
0 20 40 60 80 100 120
1/ mAcm?

Fig. 4.2.38. Direct borohydride fuel cell polarization curve at 298 K: Comparison
between commercial Pt-Ru and the colloidal catalysts prepared in the present work (Pt,
Pt-Au, Pt-Ni and Pt-Ir). Anode catalyst load 5 mg cm . 50 ml min"' 2 M NaBH;— 2 M
NaOH.Cathode catalyst (Pt) load 4 mg cm 2. O, flow rate 200 ml min " at 2.7 atm.

4.2.6. Summary

In summary, the most active catalysts among the Pt-group were Pt-Ni and Pt-Ir.

The lowest Tafel slope b, was for Pt-Ni, and the highest exchange current density i, and

heterogeneous rate constant, ki, was for Pt-Ir. The best fuel cell performance at 298 K

was for Pt-Ir, while at 333 K it was for Pt-Ni. The fuel cell performance (as measured by

current density) for the Pt-group catalysts were about 2.7/ times higher than that for Pt-

Ru, the most popular commercial catalyst.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3. Gold and Gold Alloys
4.3.1. Voltammetry of borohydride oxidation on static electrodes

The linear voltammograms on static electrodes for colloidal Au, Au-Pt, Au-Pd, Au-
Ni, and Au-Ag catalysts are shown in Figs. 4.3.1-4.3.4 and 4.2.2. They were recorded at

scan rate of 100 mV s as a function of increasing NaBH, concentration (between 0.03

and 1 M).
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Fig. 4.3.1. Linear voltammogram of BH; oxidation on colloidal Au catalyst using a
static electrode showing the effect of BHs concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH4 concentration in 2 M NaOH.
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Fig. 4.3.2. Linear voltammogram of BH; oxidation on colloidal Au-Pd catalyst using a
static electrode showing the effect of BHs concentration. Scan rate 100 mV s!, 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.
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Fig. 4.3.3. Linear voltammogram of BH4 oxidation on colloidal Au-Ni catalyst using a
static electrode showing the effect of BH, concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.
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Fig. 4.3.4. Linear voltammogram of BH, oxidation on colloidal Au-Ag catalyst using a
static electrode showing the effect of BH; concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH4 concentration in 2 M NaOH.

On the colloidal Au catalyst, only one wide oxidation peak was identified. This peak
ranged between -0.4 and +0.3 V vs. MOE and was a function of the borohydride
concentration. This peak potential shifts slightly toward more positive values with

increasing NaBH,; concentration (Fig. 4.3.5). This is generally consistent with the
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findings of Mirkin and Bard [34] and Gyenge [6] for a planar gold surface, with a single
peak between -0.12 and +0.38 Vg or (-0.249 to 0.251 V vs. MOE) for the oxidation of
3.2 mM BH, in 0.2-1 M NaOH, and -0.2 to -0.4 Vagagc1, kcise- for the oxidation of 0.03
M BH; in 2 M NaOH. It has been demonstrated that this peak is a result of the direct
oxidation of BH,; on Au with eight electrons transfered (eq. 2.10.3) [6, 35].

Alloying gold, which has a fairly inert surface, at least for dehydrogenation [8], with
metals that are being widely used for complete oxidation and hydrogenation/
dehydrogenation processes, (e.g., Pt, Pd, and Ni) is of interest in order to see their effects
on Au’s catalytic activity to NaBH, oxidation [8, 36-43]. On Au-Pt, a large oxidation
wave was recorded at more negative peak potentials than Au, i.e., between —0.1 and 0.05
V vs. MOE. A comparison of Figs. 4.2.1, 4.3.1 and 4.2.2 shows the effect of Pt as an add
atom. The oxidation wave has widened and peaks at a more negative potential compared
to both pure Au and pure Pt.

Colloidal, Au-Pd, Au-Ni, and Au-Ag catalysts were also tested as anode
electrocatalyst for borohydride oxidation (Figs. 4.3.2, 4.3.3 and 4.3.4, respectively). With
Pd as an add atom, two oxidation peaks were present. The first occurred between -0.5 and
-0.1 V vs. MOE, and the other between -0.1 and 0 V vs. MOE, and was a function of the
borohydride concentration. The peak potentials shifted towards more negative values
compared to pure Au. Again, by comparing Figs. 4.3.1 and the CV data for Pd (section
4.5) with 4.3.2, the effect of the Pd add atom in enhancing the Au electroactivity can be
clearly seen.

Although the pure Ni catalyst did not show any peaks (Fig. 4.2.6), on alloying Au
with Ni, there were multiple peaks, at -0.5, 0, and +0.4 V vs. MOE respectively, and
these showed a slight dependence on concentration (Fig. 4.3.3). The peaks were clearer at
high NaBH, concentrations. This might be due to the changes in structure and surface
electronic structure of the bimetallic Au-Ni, which led to the activation of the Ni and/or
Au surfaces [10, 11, 12, 13, 14]. For Ag-Au (only one peak at a more positive potential
was recorded on pure Ag, Fig. 4.2.7), two oxidation peaks occurred. One was around -
0.30 V vs. MOE and showed a slight dependence on concentration. The second was
between 0.15 and 0.37 V vs. MOE and varied with NaBH, concentration (Fig. 4.3.4). By
knowing that the pure Ni did not show any oxidation peak, and that pure Ag showed an
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oxidation peak at a very positive potential, around +0.4 V vs. MOE, and by recalling
Figs. 4.3.3 and 4.3.4, the effect of these add atoms on the electroactivity of Au can be
explained by the presence of the new oxidation peaks at more negative potentials
compared to pure Ni and Pure Ag.

The Au-Pt catalyst gave the largest voltammetric BH, oxidation current densities at
potentials which were more negative than the rest of the Au-based catalysts. Au-Pd also
exhibited comparable negative peak potentials to Au-Pt, but had lower peak current
densities.

The linear relationship between the peak current density and NaBH, concentration for
the peak potential ranges; Au (0.01 to 0.30 V), Au-Pt (-0.2 to 0.15 V), Au-Pd (-0.075 to -
0.185 V), Au-Ni (~0.4 V), and Au-Ag (0.077 to 0.366 V) can be seen in Fig. 4.3.5. The
highest slope of the I, vs. C; plot was found for Au-Pt.

140 - ©Au
AAu-Pd
120 - X Au-Ni
OAu-Ag
« 100 - OAu-Pt
g 80 -
= 60 -
40 -
20 -
o T T T T T
0 0.2 04 06 0.8 1
C,/M

Fig. 4.3.5. The concentration dependence of the peak current density for colloidal Au and
Au-alloys. Scan rate 100 mV s—1, 298 K.

The scan rate dependence of linear voltammograms, in the range between 5 to 500
mV s~! at 0.03 M NaBH, concentration, on static electrodes for colloidal Au, Au-Pd, Au-
Ni, Au-Ag and Au-Pt have been recorded (Figures 4.3.6-4.3.9 and 4.2.10, respectively).
It is obvious that the oxidation peak potentials are very slightly dependent on the scan

rate for most of the investigated catalysts.
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Fig. 4.3.6. Linear voltammogram of BH; oxidation on colloidal Au catalyst using a

static electrode showing the effect of scan rate. NaBH, concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.3.7. Linear voltammogram of BH, oxidation on colloidal Au-Pd catalyst using a
static electrode showing the effect of scan rate. NaBH; concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.3.8. Linear voltammogram of BH,; oxidation on colloidal Au-Ni catalyst using a
static electrode showing the effect of scan rate. NaBH; concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.3.9. Linear voltammogram of BH; oxidation on colloidal Au-Ag catalyst using a
static electrode showing the effect of scan rate. NaBH,; concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.

Fig. 4.3.10 is a plot the peak current density versus the square root of scan rate at

a constant NaBH,

concentration of 0.03 M for the peak potential ranges; Au (0.01 to

0.140 V), Au-Pt (-0.2 t0 0.15 V), Au-Pd (-0.14 to -0.20 V), Au-Ni (0.4 to 0.5 V), and Au-
Ag (0.127 to 0.214 V). A linear increase of peak current density with the square root of

scan rate is expected for diffusion controlled processes, in which adsorption effects are
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negligible [6, 16, 17-22]. The peak current density of Au-Pt is the most influenced by the
scan rate and there is a change at 100 mV s Similarly, for Au-Ni and Au-Pd, there is a
slope change at 50 mV s, but the peak current density is dependent on the scan rate
compared to Au-Pt. Au and Au-Ag, on the other hand, are the least dependent on the scan
rate, and the I, vs. v"2 plots level off at scan rates > 50 mV s, indicating slow kinetics

for the catalytic process [20].

v1l2 / (V s-1)112

Fig. 4.3.10. The scan rate dependence of the peak current densities obtained on the
colloidal Au and Au-alloys catalysts: NaBH, concentration 0.03 M, 298 K.

4.3.2. Voltammetry of borohydride oxidation on rotating electrodes

RDE experiments were performed for the colloidal Au, Au-Pd, Au-Ni, Au-Ag and
Au-Pt catalysts, and the results are shown in Figures 4.3.11-4.3.14 and 4.2.16,
respectively. As in the case of Pt-based catalysts (section 4.2), a strong temperature effect
and a weak rotation speed effect can be clearly seen, and their bell-shape type curve was
explained in section 4.2.2 for the Pt-alloys.

The peak potential for Au was around +0.3 V vs. MOE, at both 298 K, 313 K, and for
all rotation speeds (Fig. 4.3.11). On Au-Pt the peak occurred at more negative potentials,
around 0 V vs. MOE, at both 298 K and 313 K, and for all rotation speeds (Fig. 4.2.16).
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Au-Pd (Fig. 4.3.12) exhibited a peak in the same range as Au-Pt, whilst the presence
of Ni gave rise to a peak in the same range as for pure Au (Fig. 4.3.13). On Au-Ag the
peak occurred at more positive potentials, between 0.25 V to 0.35 V vs. MOE at 298 K,
and around 0.4 V vs. MOE, at 313 K, and for all rotation speeds (Fig. 4.3.14).

18

16
14
12
10

1/ mA cm™

1.0 0.5 0.0 0.5
E/V vs. moe
Fig. 4.3.11. Linear voltammetry of BH; oxidation on a colloidal Au catalyst using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s 1, 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation speed per minute.
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Fig. 4.3.12. Linear voltammetry of BH; oxidation on a colloidal Au-Pd catalyst using
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s_l, 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation speed per minute.
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Fig. 4.3.13. Linear voltammetry of BH; oxidation on a colloidal Au-Ni catalyst using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s!, 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Fig. 4.3.14. Linear voltammetry of BH; oxidation on a colloidal Au-Ag catalyst using a
rotating electrode showing the effects of rotation speed and temperature. Scan rate 5 mV
s ', 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Tafel slopes and the exchange current densities

Similarly as in the case of Pt-based catalysts (section 4.2.2), a plot of logi vs.
n(=E—-E,) was made as per the Tafel eq. 3.6.12, using the rising domain of Figs.

4.3.11-4.3.14 and 4.2.16. This enabled the calculation of both the apparent Tafel slopes
and the exchange current densities (Fig. 4.3.15).
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Fig. 4.3.15. Tafel plots for the supported colloidal Au and Au-alloys catalysts generated
from the rotating disk electrode data. 298 K.

Table 4.3.1 shows that the apparent Tafel slopes b, were in the range of about 0.723
to 1.121 V at 298 K, and are higher by a factor of three to five than the value found for a
planar gold surface, i.e., 0.19 V [6]. Alloying Au with Pt, Pd, Ni, and Ag has decreased
the apparent Tafel slope at 298 K, which is advantageous from a practical point of view
[25, 26]. Also, the exchange current density is increased by alloying Au with Pt, Pd, Ni,
and Ag (Table 4.3.1). At 298 K, the Pt-Au catalyst had the highest exchange current
density, 1.4 x 10~ A cm ™. Au and Au-Pd on the other hand, gave the lowest exchange
current densities of 0.076 x 10~ at 298 K, indicating the slowest kinetics of borohydride

oxidation on Au.
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Similarly, as in section 4.2.2, using the b, values from Table 4.3.1 in conjunction with
eq. 4.3.1 which is similar to eq. (4.2.2), the number of electrons involved in the

borohydride oxidation can be calculated taking into account that » is equal to 8 for pure

Au [6, 26, 34, 35]:
1/2
My x [ by s ] _Bux (4.3.1)
nAu ba,Au—X ﬂAu

Table 4.3.1 summarizes the number of electrons involved in the oxidation of
borohydride on Au and its alloys. The oxidation of BH, on Au-based catalysts leads to
an incomplete oxidation (i.e., n < 8) except for Au-Ag. For Au-Pd n = 6.21, and for Au-
Ni n = 2.51. Au-Ag, on the other hand, showed an unexpected number of electrons
transfered, i.e. n ~ 12, which is more than that could be gained by the complete oxidation

described by eq. 2.10.3 (n = 8).

Table 4.3.1. Apparent Tafel slopes, ba, exchange current densities, igas, total number of
electrons exchanged, n, determined from RDE data using supported colloidal Au and Au-
alloys catalysts with Nafion 117 polymer electrolyte. Eq. (4.3.1) was used for the
calculation of n.

Catalysts ba(V dec™) iga (A cm™) n
298 K 298 K
Au 1.121 0.076x10~ 8
Au-Pt 0.723 1.4x107 7.8
Au-Pd 0.938 0.120x10™ 6.2
Au-Ni 0.851 0.399x10™ 2.5
Au-Ag 0.888 1.285x10” 12

4.3.3. Chronopotentiometry

The overpotential, 7(= E — E, ) , was the smallest on Au-Pt, about 325 mV, followed
by Au-Ag (422 mV), Au-Pd (553 mV), Au (576 mV) and lastly Au-Ni, where the

overpotential was 895 mV. Au-Pt is the most active among the investigated Au-alloys,
since it shows a lower overpotential [16]. The more negative the open circuit potential of

the anode, the lower hydrolysis activity of the catalyst [7].
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Fig. 4.3.16. Chronopotentiometry of BH; oxidation on colloidal Au and Au-alloys
catalysts. Current step: from 0 to 10 mA c¢m 2. 0.5 M Na BH, in 2 M NaOH. 298 K.

4.3.4. Chronoamperometry and chronocoulometry

Figures 4.3.17-4.3.20 and 4.2.23 show the current density transients responses on Au,
Au-Pd, Au-Ni, Au-Ag and Au-Pt, respectively. The highest anodic current densities, for
the —0.6 V, —0.4 V and -0.2 V potential steps, were measured on Au-Pt, at about 0.06,
0.024, and 0.006 A cm respectively (Fig. 4.2.23). Lower current densities than for Au-
Pt were recorded on the rest of the colloidal catalysts in the following order, Au-Pd > Au-
Ag > Au-Ni under similar conditions. Therefore, Au-Pt was the most active catalyst
among the colloidal Au-alloys in the negative potential range of —-0.9 V and 0.4 V, the

domain of interest for practical fuel cell anodes.
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Fig. 4.3.17. Chronoamperometry of BH; oxidation on colloidal Au catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M

NaBH, in 2 M NaOH. 298 K.
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Fig. 4.3.18. Chronoamperometry of BH; oxidation on colloidal Au-Pd catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M

NaBH; in 2 M NaOH.
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Fig. 4.3.19. Chronoamperometry of BH; oxidation on colloidal Au-Ni catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M
NaBH,4 in 2 M NaOH. 298 K.
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Fig. 4.3.20. Chronoamperometry of BH; oxidation on colloidal Au-Ag -catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5
M NaBH; in 2 M NaOH. 298 K.
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Cottrell Plot

An almost Cottrellian response, i.e., purely diffusion controlled, is shown by the
it vs. t plots where i At s approximately constant, for all the investigated Au and

Au-alloys catalysts for all step changes, except for Au-Pt (Figs. 4.3.21-4.3.23).

450
400 -

Au-Pt

- [ N W W

(4. (=3 g QS O

o o o o
L L I ) L

It/ (mA em?)(s)'?

Au-Ag

i Au-Pd
Au-Ni

-

(=3

o
1

14
o

(-]

10 20 30 40 50 60 70
t/s

Fig. 4.3.21. Cottrell plots generated from the chronoamperometry data for potential step
from —0.9 V to —0.2 V vs. MOE.
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Fig. 4.3.22. Cottrell plots generated from the chronoamperometry data for potential step
from —0.9 V to —0.4 V vs. MOE.
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Fig. 4.3.23. Cottrell plots generated from the chronoamperometry data for potential step
from —0.9 V to —0.6 V vs. MOE.

Chronocoulometry

Figures 4.3.28-4.3.30 are Anson plots for Au and its alloy catalysts obtained for
potential steps from —0.9 V t0 -0.2 V,—0.4 V, and -0.6 V vs. MOE.
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Fig. 4.3.24. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —-0.9 Vto —0.2 V
vs. MOE.
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Fig. 4.3.25. Cumulative charge density as a function for square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to 0.4 V

vs. MOE.
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Fig. 4.3.26. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to 0.6 V

vs. MOE.
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Figures 4.3.28-4.3.30 show that the plot for Au-Pt highly deviates from linearity,
while, the rest of Au-alloys only show a slight deviation. Again, by employing egs. 3.6.32
and 3.6.33 in conjunction with the extrapolation of the linear domain of these curves
shown Figure 4.3.29 to Q = 0, the apparent heterogeneous rate constant k, at -0.4 V can
be determined [16].

Table 4.3.2 summarizes the k&, values at —0.4 V at 298 K obtained from the slope of
eq. (3.6.32) corresponding to the data from Fig. 4.3.29. The apparent heterogeneous rate
constants for the -0.4 V potential step show the following order of electrocatalytic
activity; Au-Pt > Au-Pd > Au-Ni > Au-Ag > Au, with &, between 6.26 x 10 cm s! for
Au-Pt and 0.559 x 107 cm s~ for pure Au. The high electrocatalytic activity of Au-Pt can
be attributed to the addition of Pt, which has a higher activity compared to Au, in addition
to, the surface changes due to alloying.

Table 4.3.2. Apparent heterogeneous rate constants for BH, oxidation at —0.4 V vs. MOE
at 298 K calculated from chronocoulometry.

Catalyst Au Au-Pt Au-Pd Au-Ni Au-Ag

ky(ecms™) | 0.559x10° | 6.26x10° 4.08x10° 1.40x10™° 1.01x10™°

4.3.5. Fuel cell performance

Figures 4.3.27-4.3.30 show the effects of temperature and fuel flow rates on the
polarization curves obtained using the colloidal Au, Au-Pt, and Au-Pd catalysts. As was
the case for the Pt-group, temperature has a significant impact on the fuel cell
performance for all alloys, while the flow rate has no significant effect on the fuel cell
performance. This could be attributed, at specific temperature, to the intrinsic activity of
the catalysts. Accordingly, at all the investigated flow rates, enough fuel is available at
the catalyst surface to react. In another words, the flow rate was high enough that the

reaction was surface-reaction-limited rather than transport-limited.

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EIV
¥ g

@ 85 ml/min, 333 K
© 85 mi/min, 298 K
A 50 mi/min, 333K
A 50 mi/min, 298 K
& 20 mi/min, 333 K
020 mi/min, 298 K

0.6 - O"
0.4 - ng%"&\
R .‘.
0.2 1 %8%9 "l,‘
2%
0 HRa —%4% ,
0 50 100 150 200
1/ mA cm™

Fig. 4.3.27. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Au) load 5 mg cm ™. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4 mg

cm 2. O, flow rate 200 ml min ! at 2.7 atm.
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Fig. 4.3.28. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Au-Pt) load 5 mg cm 2. 2 M NaBH,; — 2 M NaOH. Cathode catalyst (Pt) load 4

mg cm 2. O, flow rate 200 ml min " at 2.7 atm.
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Fig. 4.3.29. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Au-Pd) load 5 mg cm™. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min "' at 2.7 atm.

The fuel cell performance of the Au, Au-Pt, and Au-Pd catalysts are compared in Fig.
4.3.34. At both 298 K and 333 K, Au-Pt showed the best performance followed by Au-Pd
and then Au. A fuel cell with Au-Pt as the anode catalyst, operating at a cell voltage of
0.5 V can give a current of 27 mA cm2, while at 333 K, the same catalyst can give a

current of 93 mA cm™ at the same 0.5 V cell voltage.
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Fig. 4.3.30. Direct borohydride fuel cell polarization curves at 298 K and 333 K:
Comparison between the colloidal Au and Au-alloys catalysts prepared. Anode catalyst
load 5 mg cm 2. 85 ml min' 2 M NaBH; — 2 M NaOH. Cathode catalyst (Pt) load 4 mg
cm 2. O, flow rate 200 ml min"" at 2.7 atm.
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4.3.6. Summary

In summary, the most active electrocatalyst was Au-Pt catalyst. Au-Pt exhibited
the lowest b,, and the highest i, and heterogeneous rate constant, ky, all of which are
characteristics of a good electrocatalyst. These fundamental studies have been supported
by the fuel cell tests where Au-Pt showed superior performance compared to the Au and

Au-Pd catalysts.
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4.4. Iridium and Iridium Alloys
4.4.1. Voltammetry of borohydride oxidation on static electrodes

The linear voltammograms for a static electrode for colloidal Ir, Ir-Ni, Ir-Pd, Ir-Ag

and Ir-Pt are shown in Figures 4.4.1-4.4.4 and 4.2.4, respectively.
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Fig. 4.4.1. Linear voltammogram of BH,; oxidation on colloidal Ir catalyst using a static
electrode showing the effect of BH; concentration. Scan rate 100 mV s’!, 298 K. Inset
legend indicates the NaBH,4 concentration in 2 M NaOH.
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Fig. 4.4.2. Linear voltammogram of BH4 oxidation on colloidal Ir-Ni catalyst using a
static electrode showing the effect of BH4 concentration. Scan rate 100 mV s!, 298 K.
Inset legend indicates the NaBH4 concentration in 2 M NaOH.
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Fig. 4.4.3. Linear voltammogram of BH; oxidation on colloidal Ir-Pd catalyst using a
static electrode showing the effect of BH; concentration. Scan rate 100 mV s 208 K.
Inset legend indicates the NaBH,4 concentration in 2 M NaOH.
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Fig. 4.4.4. Linear voltammogram of BH; oxidation on colloidal Ir-Ag catalyst using a
static electrode showing the effect of BHs concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH;4 concentration in 2 M NaOH.
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For colloidal Ir, two oxidation peaks were identified at between —0.68 V and -0.40 V
vs. MOE, and between -0.27 V and 0 V vs. MOE, respectively. Both peak potentials
shifted significantly towards more positive values with increasing NaBH, concentration.

Although pure Ni did not show any oxidation peak (Fig. 4.2.5), on alloying Ir with Ni
multiple oxidation peaks occurred at around -0.9, -0.7, and -0.26 V vs. MOE for NaBH,
concentrations between 0.03 and 0.1 M. However, at higher NaBH; concentrations no
oxidation peaks were observed within the investigated potential range (Fig. 4.4.2). This is
interesting from a practical point of view since it shows a wide negative potential range
before getting into the mass transfer region. Comparing Figs. 4.4.1 and 4.4.2 shows the
alloying effects.

On alloying with Pd, on the other hand, multiple oxidation peaks occurred at around
-0.65, -0.25, and between 0 and 0.1 V vs. MOE, with a slight dependence on
concentration (Fig. 4.4.3). Comparing Figs. 4.4.1 and the CV data for Pd ( section 4.5)
with 4.4.3, one can clearly see that the first and second peaks were due to the catalytic
action of Ir, while the third peak is due to the catalytic action of the add atom, Pd.

With Ag as an add atom, one oxidation peak was observed at around +0.4 V vs. MOE
, same as for blank solution, for the concentration range of 0.03 to 0.5 M NaBH,, while
for 1 M NaBH, there was no oxidation peak recorded (Fig. 4.4.4). This can be ascribed to
the Ag catalytic action since the pure Ag colloid shows only one peak at around +0.4 V
vs. MOE (Fig. 4.2.7). This is an indicative of the Ag atoms catalytic activity at the
colloidal Ir-Ag surface. This must, however, be verified. The EDS powder analysis, Fig.
3.1.8, showed the existence of both Ir and Ag. Again, more detailed materials
characterization is needed.

Ir-Pd, Ir-Pt, and Ir-Ni showed oxidation peaks at the most negative potentials. The
peaks at -0.65, —0.85, and -0.912 V, respectively, are due to H, oxidation as per fhe
reaction shown in eq. 2.10.1. The peaks at -0.25, —0.27, and -0.27 V, respectively,
correspond to direct BH, oxidation. The peaks at —0.65 V on Ir-Pt, and -0.7 on Ir-Ni,
seem to be characteristic of the alloy’s catalytic activities.

Thus, it can be concluded that amongst the investigated catalysts, the Ir-Pd, the Ir-Pt,

and the Ir-Ni alloys gave the largest voltammetric BH, oxidation current densities at
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more negative potentials, in the domain that is of interest for borohydride fuel cells, i.e.,
more negative than -0.2 V vs. MOE.

Figure 4.4.5 shows that the peak current density increases linearly with concentration for
Ir, Ir-Pt, Ir-Ni, and Ir-Ag. For Ir-Pd the slopes have changed at 0.05 M. The peak
potential ranges were; Ir (-0.3 to -0.188 V), Ir-Ni (-0.65 to -0.225 V), Ir-Pt (-0.68 to -
0.264 V), Ir-Pd (-0.30 to 0.1 V), and Ir-Ag (-0.70 to -0.5 V). Such a change in slope with
concentration could be attributed to the change in the number of electrons transferred
during the process according to eq. 3.6.27. The highest slope of I, vs. C; was for colloidal
Ir-Pd. The peak current densities at a scan rate of 100 mV s were higher on Ir-Pd
followed by Ir-Pt and then Ir-Ni for the entire range of borohydride concentrations. The
slopes of the linear portions of the peak current density vs. concentration plots for Ir-Pd,

Ir-Pt, and Ir-Ni were about 2 times the value obtained for pure Ir.
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Fig. 4.4.5. The concentration dependence of the peak current density on colloidal Ir and
Ir-alloys. Scan rate 100 mV s—1, 298 K.

The scan rate dependence of the linear voltammograms for Ir, Ir-Ni, Ir-Pd, Ir-Ag and
Ir-Pt are shown in Figures 4.4.6-4.4.9 and 4.2.12. It can be clearly seen from these figures

that the oxidation peak potentials are almost independent of the scan rate for most of the

investigated catalysts.
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Fig. 4.4.6. Linear voltammogram of BH; oxidation on colloidal Ir catalyst using a static
electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K. Inset
legend indicates the scan rate.
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Fig. 4.4.7. Linear voltammogram of BH; oxidation on colloidal Ir-Ni catalyst using a
static electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.4.8. Linear voltammogram of BH, oxidation on colloidal Ir-Pd catalyst using a
static electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.
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Fig. 4.4.9. Linear voltammogram of BH; oxidation on colloidal Ir-Ag catalyst using a
static electrode showing the effect of scan rate. NaBH, concentration 0.03 M, 298 K.
Inset legend indicates the scan rate.

Figure 4.4.10 shows that the peak current density increased linearly with the square root
of scan rate for Ir and Ir-Ag catalysts at a constant NaBH, concentration of 0.03 M. The
peak potential ranges were; Ir (-0.4 to -0.235 V), Ir-Ni (-0.311 to -0.220 V), Ir-Pt (-0.70
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to -0.22 V), Ir-Pd (-0.38 to -0.215 V), and Ir-Ag (0.35 to 0.465 V). Ir-Ag is the most
influenced by the scan rate. For Ir-Pt, Ir-Ni, and Ir-Pd, a change in slope was observed at
a scan rate of 50 mV s™', and a deviation from linearity of the increasing slope at high

scan rates suggests an adsorption effect on the voltammetry response [6, 16, 17-22].
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Fig. 4.4.10. The scan rate dependence of the peak current densities obtained on the
colloidal Ir and Ir-alloys catalysts: NaBH,4 concentration 0.03 M, 298 K.

4.4.2. Voltammetry of borohydride oxidation on rotating electrodes

The RDE voltammograms recorded for colloidal Ir, Ir-Ni Ir-Pd, Ir-Ag and Ir-Pt are
shown in Figs. 4.4.11-4.4.14 and 4.2.18, respectively. As was the case for both the Pt-
and Au-alloys, a strong temperature effect was seen and only a fairly weak effect of the
rotation speed.

The peak potential for Ir was around 0.5 V vs. MOE at both 298 K and 313 K (Fig.
4.4.11). Ir-Ni (Fig. 4.2.12), on the other hand, exhibited a peak in the same range as pure
Ir at 298 K, but less negative at 313 K, i.e., -0.4 V. Ir-Pd, showed a peak at around -0.4 V
at both 298 K and 313 K (Fig. 4.4.13). On Ir-Ag the peak occurred in the same range as
for Ir-Ni at both 298 K and 313 K (Fig. 4.4.14). The highest peak current was for Ir-Pd.
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Fig. 4.4.11. Linear voltammetry of BH4 oxidation on colloidal Ir catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s !, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Fig. 4.4.12. Linear voltammetry of BHs; oxidation on colloidal Ir-Ni catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Fig. 4.4.13. Linear voltammetry of BH; oxidation on colloidal Ir-Pd catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s’!, 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates
the rotation speed per minute.
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Fig. 4.4.14. Linear voltammetry of BH4 oxidation on colloidal Ir-Ag catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s!, 298 K and 313 K. NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Tafel slopes and the exchange current densities

As for the other groups, Tafel plots of logivs. 77(= E — E, ) were made, using the
exponential increase domain of Figs. 4.4.11-4.4.14 and 4.2.18, were about 300-800 actual
experimental points recoreded, in order to calculate the apparent Tafel slopes and

exchange current densities (Fig. 4.2.15).
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Fig. 4.4.15. Tafel plots for the supported colloidal Ir and Ir-alloys catalysts generated
from the rotating disk electrode data at 298 K.

Table 4.4.1 shows that the apparent Tafel slopes, b,, were in the range of about 0.498
to 0.815V at 298 K. Alloying Ir with Pt and Pd increases the apparent Tafel slope at 298
K, but it is decreased by alloying with Ni and Ag. The exchange current density, on the
other hand, increased in all cases with the exception of Ir-Ag. As mentioned before,
lowering the b, values and increasing the isa values is crucial issue in developing the

electrocatalysts [25, 26].
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Table 4.4.1 summarizes the number of electrons involved in the oxidation of
borohydride by the Ir-based alloys. The oxidation of BH, on Ir and Ir-alloys is, in all
cases, an incomplete oxidation process, i.e., n < 8. On Ir-Pt, Ir-Pd, and Ir-Ni, n = 3, while,
on Ir and Ir-Ag, n = 1.5 (Table 4.4.1). Based on eq. 2.10.13, the following equation is

representative of a three electron process:

BH, +30H — BO, +%H2 +H,0+3e". (4.4.1)

Table 4.4.1. Apparent Tafel slopes, ba, exchange current densities, ipqa, total number of
electrons exchanged, n, determined from RDE data using supported colloidal Ir and Ir-
alloys catalysts with a Nafion 117 polymer electrolyte. Eq. (4.2.2) is used for the
calculation of n.

Catalysts ba(V dec_l) iga (A cm™) n
298 K 298 K
Ir 0.755 2.37x10™ 1.5
Ir-Pt 0.815 3.62x107 3.2
Ir-Ni 0.607 7.90x10™ 2.8
Ir-Pd 0.757 13.06x10™ 2.9
Ir-Ag 0.498 1.31x107 1.5

4.4.3. Chronopotentiometry

The results of the chronopotentiometry experiments are given in Figure 4.4.16. It can
be clearly seen that the overpotential (=E-E,;) was smallest for Ir-Pt, about 80 mV,
followed by Ir (125 mV), Ir-Ag (173 mV), Ir-Pd (295 mV), and lastly Ir-Ni, where the
overpotential was about 330 mV. Therefore, colloidal Ir-Pt is the most active catalyst,
due to its lower overpotential [26]. The more negative the open circuit potential of the

anode, the less the hydrolysis activity of the catalyst [7].
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Fig. 4.4.16. Chronopotentiometry of BH,; oxidation on colloidal Ir and Ir-alloys
catalysts. Current step: from 0 to 10 mA cm . 0.5 M Na BH, in 2 M NaOH. 298 K.

4.4.4. Chronoamperometry and chronocoulometry

Figures 4.4.17-4.4.20 and 4.2.25 show the superficial current density transients for Ir,
Ir-Ni, Ir-Pd, Ir-Ag, and Ir-Pt, respectively. For the cases of 0.6 V, -0.4 V and -0.2 V
potential steps, the highest anodic current densities were recorded on Ir-Pt (i.e. about
0.029, 0.032, and 0.025 A cm” respectively, after 60 s, Fig.4.2.25), while the other
electrodes exhibited current densities smaller than for Ir-Pt, in the following order, Ir-Pd
> Ir > Ir-Ag > Ir-Ni. Thus, in the negative potential range of —-0.9 V and —0.4 V, which is
the domain of interest for practical fuel cell anodes, Ir-Pt was the most active catalyst.

The highest anodic current at —0.2 V was measured on Ir-Pt followed by Ir-Pd, e.g.
0.029, and 0.026 A cm > after 60 s respectively (Figs. 4.2.25 and 4.4.19).

By knowing that the intra-catalyst layer diffusion becomes rate limiting in
addition to kinetics at —0.2 V, while at —0.4 V the oxidation is under pure electrode
kinetic control (Figs. 4.4.17-4.4.20, and 4.2.25), the independence of the
chronoamperometric response on the size of the potential step is indicative of a slow
heterogeneous chemical reaction preceding the electrochemical step. This supports the

proposed chemical-electrochemical mechanism for borohydride oxidation.
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Fig. 4.4.17. Chronoamperometry of BH; oxidation on a colloidal Ir catalyst. Potential
steps from —0.9 V vs. MOE to -0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M

NaBH, in 2 M NaOH. 298 K.
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Fig. 4.4.18. Chronoamperometry of BH; oxidation on a colloidal Ir-Ni catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M

NaBH, in 2 M NaOH.
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Fig. 4.4.19. Chronoamperometry of BH, oxidation on a colloidal Ir-Pd catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M

NaBH; in 2 M NaOH. 298 K.
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Fig. 4.4.20. Chronoamperometry of BH, oxidation on a colloidal Ir-Ag catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5

M NaBH; in 2 M NaOH. 298 K.
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Cottrell Plot
A non-Cottrellian response, i.e., not purely diffusion controlled, is shown in the

i-«/t vs. t plots for all the investigated Ir and Ir-alloy catalysts (Figs. 4.4.21-4.4.23).
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Fig. 4.4.21. Cottrell plot generated from the chronoamperometry data for potential step

from —0.9 V to —0.2 V vs. MOE.
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Fig. 4.4.22. Cottrell plot generated from the chronoamperometry data for potential step
from —-0.9 V to —0.4 V vs. MOE.
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Fig. 4.4.23. Cottrell plot generated from the chronoamperometry data for potential step
from —0.9 V to 0.6 V vs. MOE.

Chronocoulometry

Figures 4.4.24-4.4.26 show the Anson plots for Ir and Ir-alloys catalysts obtained for
potential steps from —0.9 Vt0-0.2 V,-0.4 V, and -0.6 V vs. MOE.
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Fig. 4.4.24. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to —0.2 V

vs. MOE.
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Fig. 4.4.25. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to 0.4 V

vs. MOE.
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Fig. 4.4.26. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for a potential step from —0.9 V to —0.6 V
vs. MOE.
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Figures 4.4.24-26 show a deviation from linearity of the Q vs. Jt dependence for all

the catalysts investigated. A negative intercept on the Q axis and a positive intercept on

the /7 -axis are indicative of electrode kinetic effects on the chronocoulometry response
[16]. Once again, employing equations 3.6.32 and 3.6.33 in conjunction with
extrapolating the linear domain of these curves shown in Figure 4.4.25 to Q = 0, the
apparent heterogeneous rate constant k; at —0.4 V can be determined [16]. Table 4.4.2
summarizes the k; values at —-0.4 V at 298 K obtained from the slope of eq. (3.6.32)
corresponding to the data from Fig. 4.2.25. The apparent heterogeneous rate constants for
-0.4 V potential step show the following order of electrocatalytic activity: Ir > Ir-Ag > Ir-
Pt > Ir-Pd> Ir-Ni, with &, between 35.5 x 10%cm s forIrand 11.5 x 10 % cm s™! for Ir-
Ni. The differences in the activity might be due to the changes in the surface electronic

structure in addition to the bifunctional ability due to the alloying.

Table 4.4.2. Apparent heterogeneous rate constants for BH, oxidation at —0.4 V vs. MOE
and 298 K calculated from chronocoulometry.

Catalyst Ir Ir-Pt Ir-Ni Ir-Pd Ir-Ag

ky(cms™?) | 35.5x10° 28.7x10° 11.5x10° 25x10°° 30x10™°

4.4.5. Fuel cell performance

Figures 4.4.26-4.4.27 show the temperature and fuel flow rate effects on the
polarization curves obtained using the colloidal Ir-Pt, Ir-Ni, and Ir-Pd catalysts,
respectively. As for Pt- and Au-alloys, the temperature has a significant impact on the
fuel cell performance in all cases, while the flow rate has no significant effect on the fuel

cell performance.
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Fig. 4.4.27. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Ir-Pt) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min "' at 2.7 atm.
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Fig. 4.4.28. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Ir-Ni) load 5 mg cm™. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min ! at 2.7 atm.
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Fig. 4.4.29. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Ir-Pd) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min " at 2.7 atm.

Figure 4.4.29 compares the fuel cell performance using colloidal Ir-Pt, Ir-Ni, and Ir-
Pd as the anode electocatalysts. At 298 K, almost the same performance was recorded for
all catalysts. However, at 333 K, Ir-Pd and Ir-Pt were the most active catalysts. With Ir-Pt
or Ir-Pd a cell operating at a voltage of 0.5 V can give a current of about 46 and 49 mA
cm™ at 298 K, respectively, while at 333 K, the same catalyst can give 105 and 95 mA

cm2, respectively at the same 0.5 V cell voltage.
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Fig. 4.4.30. Direct borohydride fuel cell polarization curves at 298 K and 333 K:
Comparison between the colloidal catalysts prepared in the present work (Ir-Pt, Ir-Ni and
Ir-Pd). Anode catalyst load 5 mg cm 2. 50 ml min"' 2 M NaBH, — 2 M NaOH. Cathode
catalyst (Pt) load 4 mg cm 2. O, flow rate 200 ml min ' at 2.7 atm.

4.4.6. Summary

In summary, the highest electrocatalytic activity amongst the Ir-group was for the
Ir-Ni catalyst. Ir-Ni showed a relatively low b, and the second highest i,. The
heterogeneous rate constant, ky, for Ir-Ni was found to be three times lower than that of
pure Ir. Fuel cell tests at 298 K, showed that Ir-Ni has the highest performance compared
to the other Ir-group members.
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4.5. Palladium and Palladium Alloys
4.5.1. Veltammetry of borohydride oxidation on static electrodes

The linear voltammograms on static electrodes for colloidal Pd, Pd-Ni, Pd-Ag, and

Pd-Au, Pd-Ir catalysts are shown in Figs. 4.5.1-4.5.3, 4.3.2 and 4.4.3, respectively.
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Fig. 4.5.1. Linear voltammogram of BH; oxidation on colloidal Pd catalyst using a static
electrode showing the effect of BH; concentration. Scan rate 100 mV s_l, 298 K. Inset
legend indicates the NaBH, concentration in 2 M NaOH.
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Fig. 4.5.2. Linear voltammogram of BH; oxidation on colloidal Pd-Ni catalyst using a
static electrode showing the effect of BH;~ concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.
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Fig. 4.5.3. Linear voltammogram of BH; oxidation on colloidal Pd-Ag catalyst using a
static electrode showing the effect of BH, concentration. Scan rate 100 mV s, 298 K.
Inset legend indicates the NaBH, concentration in 2 M NaOH.

For colloidal Pd, only one oxidation peak could be identified between —0.1 and +0.1
V vs. MOE (Fig. 4.5.1). The peak potential shifted slightly towards more positive values
with increasing NaBH,4 concentration.

Therefore, it was interest to alloy it with a similar element, Ni, with a metal that has
many free electrons, Ir, and with elements that are considered to be virtually inert for the
hydrogenation-dehydrogenation processes, such as Au and Ag[8].

For Pd-Ni, two oxidation peaks were observed, one between -0.7 to -0.6 V vs. MOE
which is considered to be due alloying catalytic action, and the second between -0.25 to
0.1 V vs. MOE (Figs. 4.5.1, 4.2.6, and 4.5.2). The peak potential shifts slightly toward
more positive values with increasing NaBH, concentration. It is worth mentioning that
Kinjo [44], in his study of the oxidation of 0.1 M KBH, in 0.1 M KOH on Pd deposited
on porous sintered Ni, recorded three peaks at -0.3, -0.07, and 0.1 V vs. MOE. He
proposed that H, gas evolution was due to BH3;O0H oxidization in a three electron
process. With Au present (Figs. 4.3.2), two oxidation peaks were observed, one between -
0.5 to -0.3 V vs. MOE, with a significant potential shift towards more positive values
with increasing NaBH, concentration, and the other around 0 V vs. MOE, with slight

dependence on NaBH, concentration. The add atom effect can be clearly shown by
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comparing Figs. 4.5.1 and 4.3.1 with 4.3.2. The presence of a new first peak at a more
negative potential and the second wide-wave peaks at a more negative potential
compared to that of pure Au (Fig. 4.3.1) can be attributed to the alloying effects. On Pd-
Ag, on the other hand, two oxidation peaks were again observed, one between -0.55 to -
0.4 V vs. MOE, and the other between -0.2 to 0 V vs. MOE with a slight dependence on
NaBH, concentration. Again, by comparing Figs. 4.5.1 and 4.2.7 with 4.5.3, the effect of
the add atom, Ag, can be clearly seen through diminishing the more positive peak
(around +0.4 V) for pure Ag and shifting and widening the negative peak (between - 0.1
to + 0.1 V) for pure Pd.

Figure 4.5.4 shows that the peak current density increases linearly with concentration for
Pd-Ni, Pd-Au, and Pd-Ag, while for Pd and Pd-Ir the slopes have changed at 0.05 M. for
The peak potential ranges were; Pd (-0.1 to 0.125 V), Pd-Ir (-0.3 to -0.1 V), Pd-Ni (-0.50
to 0.30 V), Pd-Au (-0.185 to -0.075 V), and Pd-Ag (-0.44 to 0.265 V). The slope of the
linear dependence between peak current density and concentration on Pd was about 3
times the values obtained on Pd-Ni and Pd-Ag, double the value obtained on Pd-Au, and
1.5 times the value obtained on Ir-Pd.

OPd ““o

OPd-Ni

0 0.2 04 0.6 0.8 1 1.2
Cy/M

Fig. 4.5.4. The concentration dependence of the peak current density on colloidal Pd and
Pd-alloys catalysts. Scan rate 100 mV s ™', 298 K.
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The scan rate dependence of linear voltammograms, are shown in Figs. 4.5.5-4.5.7. It
is obvious that the oxidation peak potentials are only slightly dependent on the scan rate

for most of the Pd-based catalysts.
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Fig. 4.5.5. Linear voltammogram of BH,; oxidation on colloidal Pd catalyst using a static
electrode showing the effect of scan rate. NaBH, concentration 0.03 M, 298 K. Inset

legend indicates the scan rate.
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Fig. 4.5.6. Linear voltammogram of BH; oxidation on colloidal Pd-Ni catalyst using a
static electrode showing the effect of scan rate. NaBH4 concentration 0.03 M, 298 K.
Inset legend indicates the scan rate
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Fig. 4.5.7. Linear voltammogram of BH; oxidation on colloidal Pd-Ag catalyst using a
static electrode showing the effect of scan rate. NaBH,4 concentration 0.03 M, 298 K.

Inset legend indicates

Fig. 4.5.8 shows the peak current density versus square root of scan rate at a constant
of 0.03 M. The peak potential ranges were; Pd (-0.3 to -0.045 V),
V), Pd-Ni (-0.40 to 0.07 V), Pd-Au (-0.20 to -0.14 V), and Pd-Ag (-

NaBH, concentration
Pd-Ir (-0.38 to -0.215

the scan rate.

0.26 to -0.10 V).In the case of Pd and Pd-Ir a change in their slopes has been observed at

a scan rate of 50 mV

s”!. Such an increase at high scan rates suggesting that adsorption

has an effect on the voltammetry response [6, 16, 17-22].
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Fig. 4.5.8. The scan rate dependence of the peak current densities obtained on the
colloidal Pd and Pd-alloys catalysts: NaBH4 concentration 0.03 M, 298 K.
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4.5.2. Voltammetry of borohydride oxidation on rotating electrodes

The RDE results for the colloidal Pd, Pd-Ni, Pd-Ag, and Pd-Au, Pd-Ir catalysts are
shown in Figures 4.5.9-4.5.11, 4.3.12, and 4.4.13, respectively. As was the case for Pt-,

Au-, and Ir-alloys, a strong temperature dependence and a weak rotation speed effect can

be clearly seen.
The peak potential on Pd was around 0 V at both 298 K and 313 K, Fig. 4.5.9. On Pd-

Ir the peak occurred at more negative potentials, around 0 V, at both 298 K and 313 K
(Fig. 4.4.13). For Pd-Ni, Pd-Au and Pd-Ag (Figs. 4.5.10, 4.3.12, and 4.5.11, respectively)

on the peak was in the same range as for pure Pd.

20 A

-d
(2]
1

-h
o
1

1/ mA cm?

o . T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E/V vs.moe

Fig. 4.5.9. Linear voltammetry of BH; oxidation on colloidal Pd catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s!, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Fig. 4.5.10. Linear voltammetry of BH; oxidation on colloidal Pd-Ni catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s'l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Fig. 4.5.11. Linear voltammetry of BH; oxidation on colloidal Pd-Ag catalysts using a
rotating electrode showing the effect of rotation speed and temperature. Scan rate 5 mV
s_l, 298 K and 313 K. NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates

the rotation speed per minute.
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Tafel slopes and the exchange current densities

Tafel plots of logi vs. n(= E — E,,) made using the rising domain of Figs. 4.5.9-

4.5.11, 4.3.12, and 4.4.13, were about 300-460 actual experimental points recorded, are
shown in Fig. 4.5.18.
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Fig. 4.5.12. Tafel plots for the supported colloidal Pd and Pd-alloys catalysts generated
from the rotating disk electrode data at 298 K.

The apparent Tafel slopes (b,) are given in Table 4.5.1. The minimum and maximum
values were 0.761 and 0.938 V for Pd-Ni and Pd-Au, respectively at 298 K. As
mentioned previously, porous electrodes are characterized by so called multiple Tafel
slopes due to ionic conductivity and/or mass transfer limitations coupled with electrode
kinetics [25].

Alloying Pd with either Au or Ag increases the apparent Tafel slope. It is decreased at
298 K when it is alloyed with Ni and Ir. The exchange current density, on the other hand,
increased by 13 times at 298 K when alloyed with Ir (Table 4.5.1). Thus, alloying with Ir
enhances the activity, since it slightly lowers the Tafel slope and significantly increases

the exchange current density [25, 26].
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Table 4.5.1 summarizes the number of electrons involved in the oxidation of
borohydride. The oxidation of BH, on Pd and Pd-alloys is an incomplete oxidation
process, i.e., n < 8: On Pd-Au (n = 6.2), on Pd (n = 4.4) (Kinjo [44] found » = 3 for Pd
deposited on sintered Ni), on Pd-Ir (» ~3), and on Pd-Ni and Pd-Ag (n = 2).

Table 4.5.1. Apparent Tafel slopes, ba, exchange current densities, ipq, total number of
electrons exchanged, n, determined from RDE data using supported colloidal Pd and Pd-
alloys catalysts with Nafion 117 polymer electrolyte. Eq. (4.2.2) is used to calculate ».

Catalysts ba(V dec™) iga(A cm™) n
298 K 298 K

Pd 0.787 0.939x10™ 4.5

Pd-Ir 0.757 13.06x10™ 2.9

Pd-Ni 0.761 0.765x10™ 2.0

Pd-Au 0.938 0.120x10™ 6.2

Pd-Ag 0.934 1.67x10°° 2.0

4.5.3. Chronopotentiometry

It can be clearly seen from Fig. 4.5.13 that the overpotential (=E-E,;) was the
smallest on Pd-Ir, about 295 mV, followed by Pd (467 mV), Pd-Au (553 mV), Pd-Ni
(690 mV), and lastly Pd-Ag, where the overpotential was about 760 mV. Pd-Ir is the most
active among the investigated catalysts, since it shows a lower overpotential [26]. The
more negative the open circuit potential of the anode, the less is the hydrolysis activity of

the catalyst [7].
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Fig. 4.5.13. Chronopotentiometry of BH4; oxidation on colloidal Pd and Pd-alloys
catalysts, Current step: from 0 to 10 mA cm™. 0.5 M Na BH, in 2 M NaOH. 298 K.

4.5.4. Chronoamperometry and chronocoulometry

The chronoamperometry results for the colloidal Pd, Pd-Ni, Pd-Ag, and Pd-Au, Pd-Ir
catalysts are shown in Figs. 4.5.14-4.5.16, 4.3.18, and 4.4.19, respectively.

For the —0.6 V, 0.4 V and -0.2 V potential steps, the highest anodic current densities
were measured on Pd-Ir (i.e. about 0.026, 0.017, and 0.015 A cm respectively, after 60
s, (Fig.4.4.19). The rest of the electrodes gave current densities less than Pd-Ir in the
following order, Pd > Pd-Ni > Pd-Au > Pd-Ag under similar conditions.

For both the —0.6 V and —0.4 V potential steps, the highest anodic current densities
were measured on Pd-Ir (i.e. about 0.03 A cm™> after 60 s at the former and 0.04 A cm .
Thus, in the negative potential range of —0.9 V and —-0.4 V, which is the domain of

interest for practical fuel cell anodes, Pd-Ir was the most active catalyst.
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Fig. 4.5.14. Chronoamperometry of BHs oxidation on a colloidal Pd catalyst. Potential
steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5 M

NaBH; in 2 M NaOH. 298 K.
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Fig. 4.5.15. Chronoamperometry of BH, oxidation on a colloidal Pd-Ni catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5

M NaBH; in 2 M NaOH. 298 K.
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Fig. 4.5.16. Chronoamperometry of BH4 oxidation on a colloidal Pd-Ag catalyst.
Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V vs. MOE, respectively 0.5
M NaBH, in 2 M NaOH. 298 K.

Cottrell Plot

A non Cottrellian response as shown in the it vs. t plots was exhibited for all Pd

and Pd-alloys catalysts, except for Pd-Au and Pd-Ag at both the -0.4 and the -0.6 V step
changes (Figs. 4.5.17-4.5.18).
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Fig. 4.5.17. Cottrell plot generated from the chronoamperometry data for potential step
from —0.9 V to —0.2 V vs. MOE.
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Fig. 4.5.18. Cottrell plot generated from the chronoamperometry data for potential step
from —0.9 V to —0.4 V vs. MOE.
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Fig. 4.5.19. Cottrell plot generated from the chronoamperometry data for potential step
from —0.9 V to —0.6 V vs. MOE.
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Chronocoulometry

Figures 4.5.20-4.5.22 show Anson plots for the Pd and Pd-alloy catalysts obtained for
potential steps from —0.9 Vto 0.2 V, -0.4 V, and -0.6 V vs. MOE.
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Fig. 4.5.20. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for potential step from —0.9 V to —0.2 V vs.
MOE.
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Fig. 4.5.21. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for potential step from —0.9 V to —0.4 V vs.
MOE.
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Fig. 4.5.22. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for potential step from —0.9 V to —0.6 V vs.

MOE.

Table 4.5.2 summarizes the &, values at —0.4 V and 298 K obtained from the slope of
eq. (3.6.32) corresponding to the data from Fig. 4.2.29.

Table 4.5.2. Apparent heterogeneous rate constants for BH; oxidation at 0.4 V vs. MOE

and 298 K calculated from chronocoulometry.

Catalyst Pd Pd-Au Pd-Ni Pd-Ir Pd-Ag
ky 6.72x107° 4.08x10°° 10.8x107° 25x107° 7.35x107°
(cm s—l)

The apparent heterogeneous rate constants for -0.4 V potential step show the
following order of electrocatalytic activity: Pd-Ir > Pd-Ni > Pd-Ag > Pd > Pd-Au, with k;
between 25 x 10° cm s~ for Pd-Ir and 4.08 x 10° cm s™* for Pd-Au.
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4.5.5. Fuel cell performance

Figures 4.5.23-25 show the temperature and fuel flow rates effects on the polarization
curves obtained using the colloidal Pd, Pd-Ir, and Pd-Au catalysts respectively. The
temperature has a significant impact on the fuel cell performance for all investigated

cases, while, the flow rate has no significant effect on the fuel cell performance.

14
=20 mi/min, 333K
1.2 020 mi/min, 298 K
A 50 mi/min, 298 K
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Fig. 4.5.23. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pd) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4 mg
cm 2, O, flow rate 200 ml min " at 2.7 atm.
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Fig. 4.5.24. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pd-Ir) load 5 mg cm 2 2 M NaBH,; — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min "' at 2.7 atm.
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Fig. 4.5.25. Direct borohydride fuel cell polarization curves at 298 K and 333 K: Anode
catalyst (Pd-Au) load 5 mg cm 2. 2 M NaBH, — 2 M NaOH. Cathode catalyst (Pt) load 4
mg cm 2. O, flow rate 200 ml min ™" at 2.7 atm.
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Figure 4.5.26 shows a comparison between the fuel cell performances using colloidal
Pd, Pd-Au, and Pd-Ir as anode catalyst. Pd-Ir is the most active, and fuel cell employing
such anode catalyst and operate at a cell voltage of 0.5 V can give a current of 48.84

mA cm’z, while at 333 K, same catalyst, can give 95.23 mA cm2at0.5V cell voltage.

OPd, 298 K
®Pd, 333K
OPd-Au, 298 K
8 Pd-Au, 333 K
APd-Ir, 298 K
APd-r, 333K

EIV

150 200 250

1/ mA cm™

Fig. 4.5.26. Direct borohydride fuel cell polarization curves at 298 K and 333 K:
Comparison between the colloidal catalysts prepared in the present work (Pd, Pd-Ir, and
Pd- Au). Anode catalyst load 5 mg cm 2. 50 ml min"' 2 M NaBH, — 2 M NaOH. Cathode
catalyst (Pt) load 4 mg cm 2. O, flow rate 200 ml min "' at 2.7 atm.

4.5.6. Summary

In summary, Pd-Ir was the most active electrocatalyst amongst the Pd-group, with
the lowest b, and the highest i, and heterogeneous rate constant, k,. The fuel cell test
performance (as measured by current density) of Pd-Ir was /.66 times higher than for

pure Pd and 3.32 higher than for Pd-Au.
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4.6. Overall Comparison of the Best of the Catalyst Groups

4.6.1. Voltammetry of borohydride oxidation on static electrodes

Linear voltammograms on static electrodes for the colloidal Pt, Pt-Au, Pt-Ir, Pt-Ni,
Pd, Pd-Ir, and Ir-Ni catalysts, recorded at 298 K and a constant scan rate of 100 mV s'l,
for 0.03 M and 0.1 NaBH, concentrations are shown in Figures 4.6.1and 4.6.2,
respectively. The most negative oxidation peaks were obtained on Pt-Ir, Pt-Ni, and Pd-Ir,
while the highest peak current was recorded on Pd-Ir at the low NaBH, concentration and
on Pt-Au at the higher NaBH, concentration. The most positive oxidation potentials were
obtained on Pd and Pt-Au respectively. The oxidation peaks shift slightly to a more

positive value with an increase in NaBH, concentration (Figs. 4.6.1 and 4.6.2).

30

Pd-Ir

(] N
(=] (3]
L L

1/ mA ecm™
-—
(4]

10 -

E/V Vs. MOE

Fig. 4.6.1. Linear voltammogram of BH4 oxidation on colloidal catalysts using static
electrode. NaBH, concentration 0.03 M BH; in 2 M NaOH. Scan rate 100 mV s_l, 298

K.
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Fig. 4.6.2. Linear voltammogram of BH; oxidation on colloidal catalysts using static
electrode. NaBH, concentration 0.1 M in 2 M NaOH. Scan rate 100 mV s_l, 298 K.

Table 4.6.1 summarizes the peak currents and potentials of the best of the

catalysts group. It can be clearly seen that the highest first peak current was recorded for

Pd, while the most negative first peak potential was recorded for Ir-Ni followed by Pt-Ni.

The highest second peak current was recorded for Pt-Au followed by Pd-Ir, while the

most negative second peak potential was recorded for Ir-Ni followed by Pt-Ni. The third

peak was only present for Pt-Ir, Pd-Ir, and Ir-Ni. The highest third peak current was for

Pd-Ir, while the most negative third peak potential was for Pt-Ir.

Table 4.6.1. Summary of peaks current and potential of the best of the catalysts group at
0.1 M NaBH, and 100 mV s™.

Catalyst First Peak Second Peak Third Peak
Current Potential | Current Potential | Current Potential
(mA cm™) %) (mA em’) V) (mA cm™) V)
Pt 7.62 -0.849 16.97 -0.014
Pt-Au 20.65 -0.736 31.67 -0.14
Pt-Ni 10.74 -0.903 13.36 -0.206
Pt-Ir 16.48 -0.883 18.91 -0.673 16.32 L -0.271
Pd 29.72 -0.089
Pd-Ir 23.14 -0.682 25.22 -0.281 20.5 0.0
Ir-Ni 7.07 -0.905 14.0 -0.676 17.71 -0.24
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4.6.2. Voltammetry of borohydride oxidation on rotating electrodes

Figure 4.6.3 compares the polarization curves for a RDE for Pt, Pd, Pd-Ir, Pt-Ni, Pt-
Au, Pt-Ir and Ir-Ni as recorded at a scan rate was 5 mV s, and a rotation speed of 500
rpm and 0.3 M BH,™ concentration. It can be clearly seen that for Ir-Pd the highest peak
current can be obtained at a potential of -0.36 V vs. MOE. For Pd, on the other hand, the
lowest peak current was recorded at potential of -0.125 V vs. MOE. It is worth
mentioning that the second highest peak current was on Ir-Ni, but at the most negative

oxidation potential, i.e., -0.5 V vs. MOE (Fig. 4.6.3).

I/ mA cm™

-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04
E/V vs moe

Fig. 4.6.3. Linear voltammetry of BH, oxidation on colloidal catalysts using rotating
electrodes: Rotation per minute 500. Scan rate 5 mV s ', 298. NaBH, concentration 0.3

M in 2 M NaOH.

Table 4.6.2 summarizes the apparent Tafel slopes, b,, as reported in the previous
sections. The Tafel slopes range between 0.607 to 0.939 V decade™ at 298 K. The highest
exchange current densities, at 298 K, were recorded on Pd-Ir, followed by Ir-Ni, Pt-Ir, Pt,

Pt-Ni, Pt-Au and Pd, respectively.

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.6.2. Apparent Tafel slopes, ba, exchange current densities, ipa, and the total
number of electrons exchanged, n, at 298 K determined from RDE data using supported
colloidal catalysts with Nafion 117 polymer electrolyte. Eq. (4.2.2) was used to calculate

n.
Catalysts b (V dec™) iga(A cm™) n
298 K 298 K

Pd 0.787 0.939x10™° 4.5

Pt 0.939 2.648x10™ 4
Pd-Ir 0.757 13.06x10°° 3.0
Pt-Au 0.662 1.180x10™ 7.7
Pt-Ni 0.651 1.506x107° 2.5
Pt-Ir 0.823 3.622x107° 3.2
Ir-Ni 0.607 7.906x10™ 29

4.6.3. Chronopotentiometry

Figure 4.6.4 shows the anode potentials and the open circuit values for the Pt, Pt-Au,
Pt-Ni, Pt-Ir, Pd, Pd-Ir, and Ir-Ni catalysts operating at 10 mA cm >,

The overpotential (= E-E,.) was the smallest on Pt-Ir, about 100 mV, followed by Ir-
Pd, Pt-Au, Ir-Ni, Pt-Ni, Pd, and lastly Pt, where the overpotential was about 630 mV. The

more negative the open circuit potential of the anode, the less is the hydrolysis activity of

the catalyst [7].
-0.2
-0.3 Pt
-0.4
w -0.5 A Pd
2 Pt-Ni
> -0.6 - Ir-Ni
2 Pt-Au
w _0.7 Ir-Pd
-0.8 -
Pt-Ir
-0.9 -
-1.0 T T T ¥ T T T T

-10 (] 10 20 30 40 50 60 70
t/s

Fig. 4.6.4. Chronopotentiometry of BH; oxidation on colloidal catalysts. Current step:
from 0 to 10 mA cm 2. 0.5 M Na BH, in 2 M NaOH. 298 K.
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4.6.4. Chronoamperometry and chronocoulometry

The chronoamperometry results for colloidal Pd, Pt, Pt-Au, Pt-Ni, Pt-Ir, Pd, Pd-Ir, Ir-
Ni, Catalysts for a potential step change of —0.9 V to —0.4 V vs. MOE are shown in Fig,.
4.6.5. The highest superficial current density transient was recorded on Pt-Au, while the
least was on Pt. The remainder gave current densities less than for Pt-Au in the following

order, Pd-Ir > Pt-Ir > Pt-Ni > Pd > Ir-Ni.

I/ mA cm™

"1

35 45

tis

Fig. 4.6.5. Chronoamperometry of BH, oxidation on colloidal catalysts. Potential steps
from —0.9 V to —0.4 V vs. MOE, respectively 0.5 M NaBH, in 2 M NaOH. 298 K.

Table 4.6.3 summarizes the kj, values at 298 K for a potential step of -0.4V vs. MOE.
The apparent heterogeneous rate constants show the following order of electrocatalytic

activity: Pt-Ir > Pd-Ir > Pt-Ni > Ir-Ni > Pd > Pt-Au > Pt.

Table 4.6.3. Apparent heterogeneous rate constants for BH, oxidation at —-0.4 V vs. MOE
and 298 K calculated from chronocoulometry.

Catalyst Pt Pt-Au Pt-Ni Pt-Ir Pd Pd-Ir Ir-Ni
ks, 5.8x10° | 6.26x10° [ 12x10° [28x10° |6.7x10° | 25x10° | 11x10™°
(cm s
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The apparent heterogeneous rate constant differences could be attributed to the
hydrogen (generated by the hydrolysis process) adsorption rate, the strength of hydrogen-
metal bond and how this affects the competition between hydrogen and borohydride on
these surfaces [45], in addition to their intrinsic catalytic activity and the differences in
hydrolysis reaction rates on theses catalysts (eq. 2.10.2). Moreover, by knowing the
precise borohydride oxidation mechanisms, (see Fig. 2.9.4), a better explanation can be
mput forward for the differences in the oxidation activities. For example, if the
borohydride oxidation mechanism follows the Langmuir-Henshelwood type (Fig. 2.9.4),
the competition between BH,  and OH’, and the adsorption bond strength on these mono-
and bi-metallic catalysts, could be attributed to their activity differences. It has been
postulated that a good electrocatalyst is one which strongly adsorbs the reactant, but not
too strongly [8].

4.6.5. Fuel cell performance

Figures 4.6.6 and 4.6.7 show the temperature effect on the polarization curves
obtained using the colloidal Pt, Pt-Au, Pt-Ni, Pt-Ir, Pd, Pd-Ir, and Ir-Ni catalysts.
Increasing the temperature from 298 K to 333 K, improved dramatically the borohydride
fuel cell performance. With Pt, Pt-Au, Pt-Ni, Pt-Ir, Pd, Pd-Ir, and Ir-Ni catalysts, a fuel
cell operating at a cell voltage of 0.5 V gives current densities of 34, 26, 44, 46, 29, 49,
and 51 mA cm’z, respectively at 298 K. At 333 K, the current densities were 85, 93, 105,
105, 78, 95, and 83 mA cm?, respectively. Thus Ir-Ni and Pd-Ir followed by Pt-Ni, and
Pt-Ir are the most active catalysts at 298 K. At 333 K on other hand, the order of the
catalysts’ activity is Pt-Ir, Pt-Ni, Pd-Ir, Pt-Au and Ir-Ni.
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Fig. 4.6.6. Direct borohydride fuel cell polarization curves at 298 K: Comparison
between the colloidal catalysts. Anode catalyst load 5 mg cm 2. 85 ml min ' 2 M NaBH,4
— 2 M NaOH. Cathode catalyst (Pt) load 4 mg cm 2. O, flow rate 200 ml min "' at 2.7 atm.
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Fig. 4.6.7. Direct borohydride fuel cell polarization curves at 333 K: Comparison
between the colloidal catalysts. Anode catalyst load 5 mg cm >, 85 ml min~' 2 M NaBH,
— 2 M NaOH. Cathode catalyst (Pt) load 4 mg cm 2. O, flow rate 200 ml min ' at 2.7 atm.
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4.6.6. Summary

In summary, Ir-Ni and Pd-Ir showed the highest electroactivity. The optimum
Tafel slope ranking for the best four catalysts was Ir-Ni < Pt-Ni < Ir-Pd < Pt-Ir, while the
exchange current densities ranking was Pd-Ir > Ir-Ni > Pt-Ir > Pt-Ni. This supports the
idea that a lower Tafel slope and a higher exchange current density are required for an
electrocatalyst to show a good activity for a specific reaction. The heterogeneous rate
constant was found to be the highest for Pt-Ir and Ir-Pd followed by Pt-Ni and Ir-Ni. The
difference in their rate constants, (assuming a constant particle size), is due to the
interactions between both the supported alloying elements themselves and with the
conductive support that can lead to changes in the metal-metal distance (i.e, decreasing
the distance leads to an enhanced close proximity catalyst action), changes in the surface
structure, and changes in the surface electronic structure (i.e., an increase in the metal(s)
d-electron vacancies is favorable for adsorption controlled processes). Fuel cell tests
showed that they almost had comparable performance characteristics. All these anode
electrocatalysts showed superior performance compared to the commercial Pt-Ru

catalyst.
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4.7. Effect of Titanium Dioxide Addition

In attempt to see the effect of a promoter such as 7iO- on the reactivity of Pt, Pd, and
Ir toward the oxidation of NaBH,, a laboratory-made support of 10wt% Ti0,-90% C-
black was prepared and the performance compared to the standard C-black support.

4.7.1. Veltammetry of borohydride oxidation on static electrodes

Figures 4.7.1-4.7.3, 4.2.1, 4.5.1, and 4.4.1 compare the linear voltammograms for
static electrodes for colloidal Pt/(C+TiO,), Pd/(C+Ti0,), Ir/(C+Ti0,), Pt/(C), Pd/(C), and
It/(C), respectively. In all cases the voltammograms have been recorded at a constant
scan rate of 100 mV s™! as a function of increasing NaBH, concentration (between 0.03
and 1 M).

On Pt, the addition of 7iO: shifts the second oxidation potential to a more negative
value, i.e., from between 0 and +0.3 V to between -0.25 and 0 V vs. MOE. The addition
of TiO: has no influence on first oxidation potential peak, around —0.85 V vs. MOE (Fig.
4.7.1). The peak current is increased by around 15% in the case of Pt.

Similarly for Pd, the presence of TiO: shifts the oxidation potential to a more negative
value, i.e., from around 0 V to between -0.14 and 0 V vs. MOE (Fig. 4.7.2), while the
peak current remains almost the same as for Pd/C.

On the other hand for Ir, there is a negative effect when TiO; is added to the C-Black
support. Although the second oxidation peak is shifted to a more negative value (from
between -0.25 and -0.1 to around -0.3 V vs. MOE), the peak current drops dramatically
by a factor of 3.2 (Fig. 4.7.3). These effects could be attributed to the change in the
surface electronic structure due to the addition of the promoter 7i0- [10, 11, 46-49].
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Fig. 4.7.1. Linear voltammogram of BH, oxidation on colloidal Pt catalyst using a static
electrode showing the effect of BHs concentration: The colloidal supported on 90wt%
C-Black and 10wt% TiO;. Scan rate 100 mV s ', 298 K. Inset legend indicates the
NaBH; concentration in 2 M NaOH.
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Fig. 4.7.2. Linear voltammogram of BH; oxidation on colloidal Pd catalyst using a static
electrode showing the effect of BHs concentration: The colloidal supported on 90wt%
C-Black and 10wt% TiO,. Scan rate 100 mV s ', 298 K. Inset legend indicates the
NaBH; concentration in 2 M NaOH.
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Fig. 4.7.3. Linear voltammogram of BH,; oxidation on colloidal Ir catalyst using a static
electrode showing the effect of BHy concentration: The colloidal supported on 90wt%
C-Black and 10wt% TiO,. Scan rate 100 mV s", 298 K. Inset legend indicates the
NaBH; concentration in 2 M NaOH.

Figures 4.7.4-4.7.6 show the concentration dependence of the peak current density of
Pt/(C-Black) and Pt/(C-Black+TiO,), Pd/(C-Black) and Pd/(C-Black+TiO,), and Ir/(C-
Black) and Ir/(C-Black+TiO;) catalysts, respectively. The peak potential ranges were;
Pt/(C-Black+TiO,) (-0.255 to 0.03 V), Pd/(C-Black+TiO;) (-0.14 to 0.15 V), and Ir/(C-
Black+Ti0,) (-0.7 to -0.63 V). It can be clearly seen that the peak current density
increases linearly with concentration regardless of whether the support is (C-Black) or
(C-Black+TiO3).

The slope of the linear dependence between peak current density and concentration
on Pt/(C-Black+TiO;) was slightly higher than the values obtained on Pt/(C-Black).. On
Pd/(C-Black+TiO,) the trend of the curve was almost same as that of Pd/(C-Black) in that
there was a change in slope at about 0.05 M NaBH, concentration. This could be due to
the change in the number of the electrons tranfered during the oxidation process. On
It/(C-Black+TiO,), on other hand, the value has dropped by half compared to that on
Ire/(C-Black). Thus, according to eq. 4.2.2, it is expected that the number of electrons

transfered will be affected.
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Fig. 4.7.4. The concentration dependence of the peak current density on colloidal Pt/(C-
Black) and Pt/(C-Black+TiO;) catalysts. Scan rate 100 mV s ', 298 K.
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Fig. 4.7.5. The concentration dependence of the peak current density on colloidal Pd/(C-
Black) and Pd/(C-Black+TiO,) catalysts. Scan rate 100 mV s 1,298 K.
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Fig. 4.7.6. The concentration dependence of the peak current density on colloidal Ir/(C-
Black) and Ir/(C-Black+TiO,) catalysts. Scan rate 100 mV s ', 298 K.

The scan rate dependence of linear voltammograms, in the range between 5 to 500
mV s at 0.03 M NaBH; concentration, on static electrodes for colloidal Pt/(C-
Black+Ti0,), Pd/(C-Black+Ti0Q,), Ir/(C-Black+TiO;), Pt/(C-Black), Pd/(C-Black), and
Ir/(C-Black) catalysts is shown in Figures 4.7.7-4.7.9, 4.2.9, 4.5.5, and 4.4.6,
respectively. It is obvious from these figures that the oxidation peak potentials are

slightly shifted to a more positive value with scan rate due to the TiO; addition.
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Fig. 4.7.7. Linear voltammogram of BH,; oxidation on colloidal Pt catalyst using a static
electrode showing the effect of scan rate: The colloidal supported on 90wt% C-Black and
10wt% TiO,. NaBH; concentration 0.03 M, 298 K. Inset legend indicates the scan rate.
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Fig. 4.7.8. Linear voltammogram of BH; oxidation on colloidal Pd catalyst using a static
electrode showing the effect of scan rate: The colloidal supported on 90wt% C-Black and
10wt% Ti0,. NaBH, concentration 0.03 M, 298 K. Inset legend indicates the scan rate.
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Fig. 4.7.9. Linear voltammogram of BH; oxidation on colloidal Ir catalyst using a static
electrode showing the effect of scan rate: The colloidal supported on 90wt% C-Black and
10wt% TiO,. NaBH, concentration 0.03 M, 298 K. Inset legend indicates the scan rate.
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Figs. 4.7.10-4.7.12 show that the peak current density increased linearly with the
square root of scan rate for all the investigated catalysts at a constant NaBH,
concentration of 0.03 M. The peak potential ranges were; Pt/(C-Black+TiO;) (-0.40 to -
0.18 V), Pd/(C-Black+TiO,) (-0.30 to -0.4 V), and Ir/(C-Black+TiO,) (~ -0.70 V). The I,
vs. v1? slope has increased due to the TiO, addition in the case of both Pt and Pd, while it
has decreased in case of Ir. Moreover, in the case of Pd, the change in slope of the , vs.
vi?2 plot has shifted from the 50 to the 100 to mV s”! scan rate, due to the TiO; addition.
Accordingly, the adsorption effect has shifted. Such an increase at high scan rates

indicates that adsorption has an effect on the voltammetry response {6, 16, 17-22].
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Fig. 4.7.10. The scan rate dependence of the peak current densities obtained on the
colloidal Pt/(C-Black) and Pt/(C-Black+ TiO,) catalysts: NaBH, concentration 0.03 M,

298 K.
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Fig. 4.7.11. The scan rate dependence of the peak current densities obtained on the
colloidal Pd/(C-Black) and Pd/(C-Black+ TiQ,) catalysts: NaBH4 concentration 0.03 M,
298 K.
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Fig. 4.7.12. The scan rate dependence of the peak current densities obtained on the
colloidal Ir/(C-Black) and Ir/(C-Black+ TiO,) catalysts: NaBH4 concentration 0.03 M,
298 K.
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4.7.2. Voltammetry of borohydride oxidation on rotating electrodes

The RDE results for colloidal Pt/(C-Black+TiO,), Pd/(C-Black+TiO), Ir/(C-
Black+TiO,), Pt/(C-Black), Pd/(C-Black), and Ir/(C-Black) catalysts are shown in
Figures 4.7.13-4.7.15, 4.2.15, 4.5.9, and 4.4.11, respectively. The scan rate was 5 mV s!
in all cases, while the rotation speed range was between 500 and 3,000 rotations per
minute (rpm). The BH, concentration was constant at 0.3 M. Again, a strong temperature
effect and a weak rotation speed effect can be clearly seen.

On Pt and Pd, the TiO; addition slightly increases the peak current, but did not cause a
change in the oxidation potential (Fig. 4.7.13 and 4.7.14). On Ir, on the other hand, the
potential has shifted to a more positive value and the peak current is lowered due to the

TiO, addition.

o T T 1 T T T Ly
-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 0.4 0.6

E/V vs. moe
Fig. 4.7.13. Linear voltammetry of BH; oxidation on colloidal Pt catalysts using a
rotating electrode showing the effect of rotation speed and temperature. The colloidal
supported on 90wt% C-Black and 10wt% TiO;.Scan rate 5 mV s!, 298 K and 313 K.
NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates the rotation speed per
minute.
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Fig. 4.7.14. Linear voltammetry of BHs oxidation on colloidal Pd catalysts using a
rotating electrode showing the effect of rotation speed and temperature. The colloidal
supported on 90wt% C-Black and 10wt% TiO,.Scan rate 5 mV s ', 298 K and 313 K.
NaBH, concentration 0.3 M in 2 M NaOH. Inset legend indicates the rotation speed per
minute.

I/ Alem™

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
E/V s moe
Fig. 4.7.15. Linear voltammetry of BH; oxidation on colloidal Ir catalysts using a
rotating electrode showing the effect of rotation speed and temperature. The colloidal
supported on 90wt% C-Black and 10wt% TiO,.Scan rate 5 mV s', 298 K and 313 K.
NaBH; concentration 0.3 M in 2 M NaOH. Inset legend indicates the rotation speed per
minute.
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Tafel slopes and the exchange current densities

The Tafel plots of logivs. 7(= E — E, ) were made using the rising domain of Figs.

4.7.13-4.7.15 and are shown in Figs. 4.7.16-4.7.18.

Experimental Data
Pt/(C), 298 K
-1.85 - |= PHt(C+TiO,), 298 K

N 19-
e
[4)
< 1.95 |
o >
© P
2 . .

Catalyst  Eoc/V
2.05 - PH(C) -0.962

Pt/(C+TiO;) -0.955

-2-1 T T T T
0.5 0.6 0.6 0.7 0.7 0.8

E-E. |V

Fig. 4.7.16. Tafel plots for the supported colloidal Pt/(C-Black) and Pt/(C-Black+ TiO,)
catalysts generated from the rotating disk electrode data. 298 K.
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==z Experimental Data
2.05 - === Pd/(C), 298 K
e == Pd/(C+TiO,), 298 K
-2.1
E -2.15 A
<
o 2.2
)
-2.25 -
Catalyst __Enp/V
2.3 Pd/(C) -0.983
Pd/{C+TiO;) -0.938
'2-35 T T T T T
0.5 0.6 0.6 0.7 0.7 0.8 0.8

E-E,. IV

Fig. 4.7.17. Tafel plots for the supported colloidal Pd/(C-Black) and Pd/(C-Black+ TiO)
catalysts generated from the rotating disk electrode data. 298 K.
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Fig. 4.5.18. Tafel plots for the supported colloidal Ir/(C-Black) and Ir/(C-Black+ TiO,)
catalysts generated from the rotating disk electrode data. 298 K.

Table 4.7.1 summarizes the apparent Tafel slopes b,, exchange current density ipa,
and number of electrons tranfered n, for Pt/(C-Black) and Pt/(C-Black+TiO,), Pd/(C-
Black) and Pd/(C-Black+Ti0O,), and Ir/(C-Black) and Ir/(C-Black+TiQO;) catalysts at 298
K. It can be clearly seen that the addition of TiO; has decreased the b, value in the case of
Pd and increased that of Pt and Ir, while i,,, has slightly increased for Pt, slightly
decreased for Pd, and significantly decreased for Ir.

Using the b, values from Table 4.7.1 in conjunction with eq. (4.2.2), the number of
electrons involved in the borohydride oxidation can be determined assuming that on pure
Pt n is equal to 4 [6, 15]. For Pt, the TiO, addition has slightly increased the number of
electrons transferred, while for Pd it has slightly decreased n, and for Ir has significantly

decreased n.

Table 4.7.1. Apparent Tafel slopes, exchange current densities, total number of electrons
exchanged, n, determined from RDE data using supported colloidal catalysts on Carbon
and on Carbon+TiO, with Nafion 117 polymer electrolyte. Eq. (4.2.2) was used to
calculate n.

Catalysts ba(V dec‘W ioa(A cm™) n
298 K 298 K
Pd/C 0.787 0.939x10™ 4.5
Pd/C+TiO, 0.603 0.70x10™ 4.0
Pt/C 0.939 2.64x10™° 4.0
Pt/C+TiO, 1.00 2.95x10™ 4.3
Ir/C 0.755 2.37x10™ 1.5
Ir/C+TiO, 0.853 0.60x10 0.8
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4.7.3. Chronopotentiometry

Figures 4.7.19-4.7.21 show the anode potentials and the open circuit values for the
Pt/(C-Black) and Pt/(C-Black+TiO,), Pd/(C-Black) and Pd/(C-Black+TiO;), and Ir/(C-
Black) and Ir/(C-Black+TiO,) catalysts operating at 10 mA cm™ and 298 K. It can be
clearly seen that the overpotentials (= E-E,;) were affected by the addition of 7iO,. The
highest impact was on Pt where the overpotential about was 402 mV in contrast to the
value of 640 mV in the absence of TiO; (Fig. 4.7.19). On Pd and Ir, on the other hand, the
overpotential was increased slightly for Pd and significantly for Ir (Figs. 4.7.20 and

4.7.21).

-0.2

-0.3 -

-0.4 1

-0.5

E/Vyame

-0.7

-0.8 -

Fig. 4.7.19. Chronopotentiometry of BH; oxidation on colloidal Pt/(C-Black) and Pt/(C-
Black+ TiO,) catalysts. Current step: from 0 to 10 mA cm 2. 0.5 M NaBH, in 2 M

NaOH. 298 K.
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- -pd

——Pd/(C+TIO2)

Fig. 4.7.20. Chronopotentiometry of BH; oxidation on colloidal Pd/(C-Black) and
Pd/(C-Black+ TiO,) catalysts. Current step: from 0 to 10 mA c¢m 2. 0.5 M NaBH, in 2 M

NaOH. 298 K.
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Fig. 4.7.21. Chronopotentiometry of BH; oxidation on colloidal Ir/(C-Black) and Ir/(C-
Black+ TiO,) catalysts. Current step: from 0 to 10 mA cm™. 0.5 M NaBH; in 2 M
NaOH. 298 K.

4.7.4. Chronoamperometry and chronocoulometry

Figures 4.7.22-4.7.24 give the superficial current density transients for a step change
from -0.9 V to 0.2 V vs. MOE on Pt/(C-Black) and Pt/(C-Black+TiO,), Pd/(C-Black) and
Pd/(C-Black+TiO,), and Ir/(C-Black) and Ir/(C-Black+TiO,) catalysts, respectively. The
superficial current density has increased significantly due to the TiO: addition on Pt,

decreased significantly on Ir, and remains unchanged on Pd.

= = Pt{(C)
—Pt(C+TIO2)

-5 5 15 25 35 45 55
t/s

Fig. 4.7.22. Chronoamperometry of BH; oxidation on Pt/(C-Black) and Pt/(C-Black+
TiO,) catalysts. Potential steps from —0.9 V to —0.2 V vs. MOE. 0.5 M NaBH; in 2 M
NaOH. 298 K.
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Fig. 4.7.23. Chronoamperometry of BH; oxidation on Pd/(C-Black) and Pd/(C-Black+
TiO;) catalysts. Potential steps from —0.9 V to —0.2 V vs. MOE. 0.5 M NaBH, in 2 M
NaOH. 298 K.
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Fig. 4.7.24. Chronoamperometry of BH; oxidation on colloidal Ir/(C-Black) and Ir/(C-
Black+ TiO,) catalysts. Potential steps from —0.9 V to —0.2 V vs. MOE. 0.5 M NaBH, in
2 M NaOH. 298 K.
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Cottrell Plot

Figures 4.7.25-4.7.27 show the Cottrell plots of it vs. t for Pt/(C-Black+TiO,),

Pd/(C-Black+TiO,), and Ir/(C-Black+TiQ,) catalysts, respectively. A non Cottrellian

response (i.e. not purely diffusion controlled) is obvious for all cases, since It'*

is not a
constant value. For Ir, the TiO; addition has no effect compare to the Ir/C-Black (Figs.
4.7.27 and 4.4.25-4.4.27). For Pt has a significant impact for all potential steps compare
to Pt/C-Black (Figs. 4.7.25 and 4.2.27-4.2.29). For Pd, on the other hand, the addition has
affected the responses of -0.4 V and -0.6 V step changes in comparison with the response

on Pd/C-Black (Figs. 4.7.26 and 4.5.25-4.5.27).

200 - e—=E step, -0.2 V
—E step, -0.4 V
= = Estep,-06V
. 150 -
C)
S
£
2]
< i
E 100
50 -
o T T T 1
10 20 30 40 50 60

t/s

Fig. 4.7.25. Cottrell plot generated from the chronoamperometry data for colloidal Pt
catalyst supported on 90wt% C-black and 10wt% TiO,. Potential steps from —0.9 V vs.
MOE to -0.6, —0.4 and —0.2 V vs. MOE.
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Fig. 4.7.26. Cottrell plot generated from the chronoamperometry data for colloidal Pd
catalyst supported on 90wt% C-black and 10wt% TiO,. Potential steps from —0.9 V vs.

MOE to —0.6, —0.4 and —0.2 V vs. MOE.
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Fig. 4.7.27. Cottrell plot generated from the chronoamperometry data for colloidal Ir
catalyst supported on 90wt% C-black and 10wt% TiO,. Potential steps from —0.9 V vs.

MOE to —0.6, —0.4 and —0.2 V vs. MOE.
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Chronocoulometry

Figures 4.7.28-4.7.30 show the Anson plots, Q vs. \t , obtained for the potential steps
from —0.9 V to -0.2 V, -0.4 V, and -0.6 V vs. MOE, for Pt/(C-Black+TiO,), Pd/(C-
Black+Ti0O,), and Ir/(C-Black+TiO;) catalysts respectively.

1.8
1.6

—F step, -0.2 V
=—E step, -0.4 V
1.4 4| = = Estep,-0.6V

1.2 1
1 A
0.8
0.6 -
04
0.2
0
-0.2 — T T T
-1 1 3 5 7
2 gt

Q/Ccm?

Fig. 4.7.28. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for colloidal Pt catalyst supported on 90wt%
C-black and 10wt% TiO,. Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and —0.2 V
vs. MOE.

14

= = E step, -0.2V

4.2 {| ™E step, -04V '.-‘I
~—E step, -0.6 V o

Q/ccm?

t1l2 ! s‘lll

Fig. 4.7.29. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for colloidal Pd catalyst supported on
90wt% C-black and 10wt% TiO,. Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and
—0.2 V vs. MOE.
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Fig. 4.7.30. Cumulative charge density as a function of square root of time (Anson plot)
generated from the chronoamperometry data for colloidal Ir catalyst supported on 90wt%
C-black and 10wt% TiO,. Potential steps from —0.9 V vs. MOE to —0.6, —0.4 and 0.2 V
vs. MOE, respectively.

Again, by employing eqs.3.6.32 and 3.6.33 in conjunction with the extrapolation of
the linear domain of these curves shown Figures 4.7.28-4.7.30 to Q = 0, the apparent
heterogeneous rate constant &, at —0.4 V can be determined [12]. Table 4.7.2 summarizes
the &, values at —0.4V at 298 K obtained from the slope of eq. (3.6.32) corresponding to
the data from Figs. 4.7.28-4.7.30. The apparent heterogeneous rate constants for -0.4 V
potential step show the following order of electrocatalytic activity: Ir/C > Ir/(C+TiO,) >
Pd/(C+Ti0,) > Pt/(C+TiO,) > Pd/C > Pt/C.

Table 4.7.2. Apparent heterogeneous rate constants for BH,; oxidation at 0.4 V vs. MOE
and 298 K calculated from chronocoulometry.

Catalyst | Pt(C) | Pt/(C+TiO,) | Pd/(C) [Pd/(C+TiO)| Ir/(C) [ Ir/(C+TiOy)

K, 5.84x10° | 8.94x10° | 6.72x10°| 9.68x10° | 35.5x107° 20.8x107°
(cm s'lL
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It can be seen clearly from Table 4.7.2, that the addition of the promoter 7iO- has
enhanced the heterogeneous rate constant for Pt and Pd significantly. This is in a good
agreement with K-Minsker et al’s [46] findings where the oxidation of propane was
improved on Pt supported on 7i0O; compared to pure Pt and Pt supported on other
materials. It was also found by Eguchi et al [47], Widijaja et al [48], and Sekizawa et al
[49] that supporting Pd on TiO, enhanced methane oxidation in comparison with other
supporting materials. However for Ir, the heterogeneous rate constant was decreased
dramatically.

The surface electronic structure is highly affected by; the support type, add atom type
and composition, and nanoparticle size [10-14]. Therefore, this could have contributed to
the change in the electronic structure of the supported colloids due to the addition of such
promoter, which in turn affects the catalytic activities of these colloids through changing
(increasing or decreasing) the d-electron vacancies on the catalyst surfaces, which highly
affects the reactants adsorption processes and their bonding energy to the catalyst’s
surface [10-14].

4.7.5. Summary

In summary, a TiO, addition to the support has a slightly positive impact on the
activities of Pt and Pd, while it has a significant negative impact on the activity of Ir. CV
studies showed an enhancement in the peak current of about /.2 and /.5 times in case of
Pt and Pd, respectively, while a decrease of about 3.2 times was found in the case of Ir.
This behaviour has been supported by the heterogeneous rate constant, k;, calculations,

where k; was enhanced for Pt and Pd, respectively, but was decreased for Ir.
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CHAPTER 5

CONCLUSIONS

Colloidal (1:1 atomic ratio) Os and Os-alloys, Pt and Pt-alloys, Au and Au-alloys, Ir
and Ir-alloys, and Pd and Pd-alloys, supported on Vulcan XC-72 and prepared using a
modified Bénneman method, were investigated as anode electrocatalysts for direct
borohydride fuel cells. They were all tested for BH, oxidation, and in the case of the
colloidal Os and Os-alloy catalysts for methanol oxidation. Cyclic voltammetry on static
and rotating disk electrodes, chronopotentiometry, chronoamperometry and
chronocoulometry techniques were used to evaluate their catalytic activity towards BH,
oxidation. Single fuel cell performance tests, using the most active catalysts as anode
electrocatalysts, were also carried out.

The main conclusions to come from this study were as follows:

1. Os-based materials were catalytically inactive with respect to methanol oxidation in
acid media. However, in case of borohydride, oxidation peaks were obtained at positive
potentials. Thus, the fuel cell tests were not performed.

2. Colloidal Pt-Ni and Pt-Ir were the most active catalysts among the Pt-group. Pt-Ni
showed the lowest Tafel slope, b, while Pt-Ir showed the highest exchange current
density, i,. The heterogeneous rate constant, ky, was highest for Pt-Ir (28.7 x 10 em s7).
The fuel cell performance of these catalysts at 298 K were about /.8 times higher than
that for pure Pt and 2.25 times higher than that for Pt-Ru the most popular commercial
catalyst.

3. Amongst the Au-group, colloidal Au-Pt was the most active electrocatalyst. It showed
the lowest b, (0.662 V), and the highest i, (1.180 x 10° mA cm™) which are
characteristics of a good electrocatalyst. The heterogeneous rate constant, ky, was the
highest for Au-Pt (6.2 6 x 10 cm 5™"). These fundamental studies have been supported by
the fuel cell tests where Au-Pt showed superior performance compared to the Au and Au-
Pd catalysts.

4. Colloidal Ir-Ni showed the highest activity among the Ir-group, with a relatively low
b, (0.607 V) and a second highest i, (7.906 x 10° mA cm™). The heterogeneous rate
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constant, ky, for Ir-Ni was found to be three times lower than that of pure Ir. Fuel cell
tests at 298 K, showed that Ir-Ni has the highest performance compared to the other
group members.

5. Amongst the Pd-group, Pd-Ir was the most active, with the lowest b, (0.757 V) and the
highest i, (13.06 x 10° mA cm™). Pd-Ir also exhibited the highest heterogeneous rate
constant, k;, (25 x 10 em s ). The fuel cell tests showed that the performance of Pd-Ir
was 165% better than pure Pd and 320% better than Pd-Au.

6. In general, the colloidal Ir-Ni, Pd-Ir, Pt-Ir and Pt-Ni catalysts were found to be the
most electroactive. Their good fuel cell performance confirmed the basic electrochemical
studies that were done on these electrocatalysts.

7. Although the oxidation of BH; was incomplete on these catalysts (i.e., n < 8), they
showed a relatively low Tafel slope and high exchange currents densities in the cases of
Ir-Ni and Pd-Ir, which is indicative of a high electroactivity. The optimum Tafel slope
ranking for the best four catalysts was Ir-Ni < Pt-Ni < Ir-Pd < Pt-Ir, while the exchange
current densities ranking was Pd-Ir > Ir-Ni > Pt-Ir > Pt-Ni. This supports the idea that a
lower Tafel slope and a higher exchange current density are required for an
electrocatalyst to show a good activity for a specific reaction.

8. The heterogeneous rate constants were found to be the highest for Pt-Ir and Ir-Pd
followed by Pt-Ni and Ir-Ni. The difference in their rate constants, (assuming almost
constant particle size), is due the interactions between both the supported alloying
elements themselves and with the conductive support. These interactions can lead to
changes in the metal-metal distance (i.e, decreasing the distance enhances the close
proximity catalyst action), changes in the surface structure, and changes in the surface
electronic structure (i.e., an increase in metal(s) d-electron vacancies is favorable for
adsorption controlled processes).

9. Fuel cell tests showed that had almost comparable performance characteristics. For Ir-
Ni, Pd-Ir, Pt-Ir, and Pt-Ni as the anode catalysts, a cell operating at a voltage of 0.5V
can give a current density of about 51.28, 48.84, 46.39, and 44 mA cm™>, respectively at
298 K. At 333 K, the same catalysts can give a current density of about 83, 95, 105, and
105 mA cm™, respectively at the same 0.5 V cell voltage. These anode electrocatalysts
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showed superior performance compared to the commercial Pt-Ru catalyst. They were
more active (higher performance) and more cost-effective.

10. A TiO; addition to the support (the Vulcan XC-72 C-Black), was also investigated
for the colloidal Pt, Pd and Ir catalysts. It was found that such an addition has a slightly
positive impact on the activities of Pt and Pd, while it has a significant negative impact
on the activity of Ir. CV studies showed a an enhancement in the peak current of about
1.2 and 1.5 times in case of Pt and Pd respectively, while a decrease of about 3.2 times
was found in the case of Ir. This behaviour has been supported by calculations of the
heterogeneous rate constant, k;, where k, was enhanced /.52 and 1.44 times for Pt and
Pd, respectively, but was decreased by a factor of 1.7 for Ir.

The main contribution of this study is that for the first time a number of supported
mono- and bi-metallic nanoparticle electrocatalysts were synthesized and investigated
using fundamental electrochemical techniques and fuel cell station tests for anode
electrocatalysts for direct borohydride fuel cells. The main findings are that the fuel cell
test station experiments demonstrated the superior performance of the Ir-Ni, Pd-Ir, Pt-Ni,

and Pt-Ir catalysts compared to both Pt and commercial Pt-Ru catalysts.
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CHAPTER 6

RECOMENDATIONS FOR FUTURE WORK

This study has illuminated several areas that warrant further, more detailed study.

These areas include, but are not limited, to the following list.

1.

Would help to explain the differences in BH, oxidation on the different surfaces, plus
help in choosing the right add atom(s) to enhance the catalyst’s activity, study the
borohydride oxidation mechanisms. Knowing how BH, and OH are adsorbed onto
the different surfaces, whether by molecular or dissociative adsorption and the type of
oxidation mechanism. X-ray Photoel;ctron Spectroscopy (XPS), Auger Electron
Spectroscopy (AES), Infrared Spectroscopy (IR), and Secondary-lon Mass
Spectroscopy (SIMS) are the most popular techniques used to determine the
chemisorbed species and the coverage rates. Investigation of the reaction mechanisms
requires the determination of the overall reaction, the rate determining step, and the
intermediate step(s). Electroanalysis, chromatography, and the tracer technique are
useful tools for determining the overall reaction. For the stable electrosorption species
detection, in addition to the above mentioned non-electrochemical techniques, the
chronoamperometric,  chronopotentiometricc, and potentiodynamic  (cyclic
voltammetry) are the most useful electrochemical methods. For the detection and
identification of intermediates, in addition to the above mentioned non-
electrochemical techniques, the transient, adsorption pseudocapacitance, and rotating
disk with ring electrode methods are potentially the most useful methods.

Supporting the transition metals on a conductive surface and/or alloying with other
elements can lead to a changes in the bulk surface electronic structures. Therefore, for
better catalyst design, it is important to study the relationship between the catalyst
activity and the bulk surface electronic structure. X-ray diffraction is the initial
technique both to identify the crystalline phases inside the catalyst by means of lattice
structural parameters, and to obtain an indication of particle size. X-ray Photoelectron
Spectroscopy (XPS) is a useful tool in finding the elemental composition, the

oxidation state of the elements, and the dispersion of one phase over another.
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Extended X-ray Absorption Fine Structure (EXAFS) is another useful tool which can
yield detailed structure information on the distance, number, and type of absorbing
atoms, on the nanometer scale. Transmission Electron Microscopy (TEM) is a useful
technique to determine the shape and size of the particles, which has an impact on the
surface electronic structure. Mossbauer Spectroscopy is a special tool designed to be
used in catalysis, which can yield important information on the oxidation state, the
internal magnetic field, and the lattice symmetry of a limited number of elements.
Finally, for the catalyst surface studies, Scanning Tunneling Microscopy (STM) and
Atomic Force Microscopy (AFM) are potentially valuable techniques.

3. Adding TiO; to the support has a positive impact on the activity of some of the
electrocatalysts, and a negative impact on others. Providing that the borohydride
oxidation mechanism is known, a study of the addition of different metal oxides to
the support is of interest in order to help find an oxide that can significantly enhance
the electrocatalyst activity by modifying the surface electronic structure. The chosen
metal oxides should have a good chemical resistance in highly alkaline concentration
solutions.

4. For a better evaluation of the supported catalysts, it is important to find the
electrochemical surface area, which is limited to the metallic surfaces. The
electrochemical surface area is a crucial parameter in determining the turnover
frequency {TOF = (number of molecules of a given product)/(number of active
sites)(time)}, which yields information about the use of each catalyst site per second.
The well established methods are the hydrogen desorption and CO adsorption
methods. Electrochemical and surface techniques are being widely used for this
purpose: examples include hydrogen desorption and CO stripping by combined cyclic
voltammetry, IR and STM in order to identify the adsorbent bond and the layer on the
metallic surface.

5. Investigation of different atomic ratios rather than 1:1, in order to optimize the
alloy(s) composition.

6. Test Ni-Zr/(C-Black+TiQO,), Ag-Ir, Ag-Pt, Pt/(C-Black+TiQ;), and Os in the fuel cell.
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