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Résumé

Résumeé

Les piles a combustibles a I'éthanol ont été démontrées comme étant une bonne
alternative aux moteurs & combustion interne dans le but de réduire les émissions de CO, Dans
cette étude, des nanocatalyseurs a base de Pd sont déposé sur différents supports (noir de
charbon, graphéne, SnO,, CeO,, TiO,, nanotubes de TiO, et SnO, sur nanotubes de TiO,) et
leurs effets sur les propriétés catalytiques envers I'oxydation d'éthanol en milieu alcalin du
catalyseur sont étudiés. Ces modifications du systeme catalytique se sont exprimées par une
augmentation de la vitesse de réaction a la surface du catalyseur et une réduction du potentiel de
déclenchement de la réaction d'oxydation d'éthanol. Deux mécanismes favorisant I'oxydation
d'éthanol sur les systemes catalytiques ont été identifiés. Premiérement, I'apport d'ions OH™ a
I'interface métal-support facilite I'oxydation des molécules adsorbées sur des sites de Pd
avoisinant. Deuxiémement, une augmentation de la densité d'électron dans les nanoparticules de
Pd cause une modification de I'énergie d'adsorption de I'éthanol et des molécules intermédiaires

de son oxydation ce qui influence la vitesse de réaction.



Abstract

Abstract

Direct ethanol fuel cells have been shown to be a good alternative to internal combustion
engines in order to reduce the CO, emissions. In this study, Pd and Pd-based nanocatalysts were
deposited on various supports (carbon black, graphene, SnO,, CeO,, TiO,, TiO, nanotubes and
SnO,/TiO, nanotubes) and their effects on the catalytic properties of the deposited metal for
ethanol oxidation in alkaline media are studied. These modifications to the catalytic systems
have shown to cause an increase in the reaction rate at the surface of the catalyst and to reduce
the overpotential of the ethanol oxidation reaction. Two different promotion mechanisms have
been identified. Firstly, the supply of OH" ions at the metal-support interface facilitates the
oxidation of adsorbed molecules on neighbouring Pd sites. Secondly, an increase in electron
density of Pd nanoparticles with increasing support reducibility modifies the adsorption strength

of ethanol and its oxidation intermediates.
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Chapter 1: General Introduction

1.1 Present Global Situation

The Intergovernmental Panel on Climate Change (IPCC) published their Fourth
Assessment Report in 2007 assessing the current knowledge of the climate change situation at
the time of publication. The Fifth assessment report, which was not yet published at the time of
redaction of this thesis, was aimed to be released at the end of 2014. In this assessment report,
the IPCC makes predictions about the future of climate change and global warming based on
recent literature. They also assess the deviation between the present state of global warming and
previous predictions. The IPCC made the prediction that for the global temperature not to
increase by more than 2.0 to 2.4 °C, which is considered the agreed limit to avoid irreversible
climate change, the average atmospheric CO, concentration should be kept under 400 ppm. Even
with a sudden stop in man-produced CO,, the global temperature is not expected to drop anytime
in the course of the next centuries. This means that the present situation cannot be reversed but
merely stopped. The rate at which the concentration of airborne CO; increases has been pretty
steady since 1956 where the concentration has been measured monthly at the Mauna Loa
Observatory in Hawaii (as shown in Figure 1-1) where it was measured at the time to be around
315 ppm which is already 35 ppm over the pre-industrial revolution value of 280 ppm. At the
time of the Fourth Assessment Report the airborne concentration of CO, was measured to be
around 380 ppm [1]. However, in May 2013 the airborne CO, concentration at the observatory
was measured at 400 ppm, a 43 % increase from the pre-industrial concentration, for the first
time in recorded history. This signifies that we are already at the position where the temperature

is predicted to increase by the maximal amount that is considered safe [2], [3].
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Figure 1-1: Airborne CO; concentration measured at the Mauna Loa observatory March

1958 to August 2011 [3]

In 2012 the worldwide production of CO, was approximately 9.7 + 0.5 billion tonnes of
carbon per year [4] whereas the estimated capacity of the earth's carbon sinks is 7.0 = 1.6 billion
tonnes per year meaning that between 0.6 and 4.8 billion tonnes of carbon remain airborne every
year [5]. This data does not include the CO; released by the transformation of the landscape by
humans for different purposes (intense agriculture, deforestation for urban expansion,
recreational lands or/and fuel, etc.) which releases an additional estimated 1.2 billion tonnes of
carbon per year [5]. A decrease in CO, production from the combustion of fossil fuel to an
amount lower than the carbon sinks' capacity is of the outmost importance to mitigate the effect
of greenhouse gases and global warming on the earth climate. In order to decrease our CO,

production without suddenly reducing our energy consumption, which would have a large impact



Chapter 1: General Introduction

on the present economical state, new green energy sources need to be developed/perfected and
implemented. We already have the technology to produce green energy by harvesting nature's
resources such as hydropower, wind power, solar power, nuclear power, etc. However, all of
these power sources have their drawbacks which prevent our divergence from fossil fuel. For
example, wind and solar power have a very low output and massive infrastructures are needed to
obtain large amount of power, hydropower requires the perfect geological location and has an
immense impact on the surrounding ecosystem by flooding the upstream lands while nuclear
energy is very controversial and the disposal of large amounts of radioactive material remains a
problem. Additionally, while all of those are suitable to produce electricity for the grid they are
not as efficient to supply energy to vehicles, portable application or secluded locations due to the
poor power density of our current electricity storage technology compared to fossil fuels. As a
matter of fact, fossil fuels currently supply 97 % of the world's energy consumed for

transportation [6]-[8].

1.2 Alternative fuels

In view of the previous statements, the transfer from our reliance on fossil fuels to a
greener, more efficient, practical and sustainable source of energy for those applications, which
cannot depend on the stationary sources stated above, is imperative in order to stabilize the
current airborne CO, concentration and avoid irreversible effects on the environment. A few
alternatives have been considered amongst which fuel cells are one of the most promising
candidates. As of now, most vehicles and secluded locations are powered by internal combustion
engines (ICE) which has a typical break thermal efficiency of less than 20 % [9], [10], due to
temperature constraints [11]. Operating with a theoretical power density of 12.3 kWh/kg for

gasoline and 12.7 kWh/kg [12], [13]for diesel fuel the maximal power density that can be
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obtained is 2.6 kWh/kg in a conventional ICE. Portable application such as portable computer
and cellular phones presently rely on electrical power supplied by batteries which can be
obtained by green energy sources but has a very limited power density of 0.6 kWh/kg for state of
the art lithium-ion batteries [6]. However, fuel cells can have efficiencies ranging from 40 to
60 % [10] with power densities of 33.3, 6.09 and 8.01 kWh/kg [13]-[17] when using hydrogen,
methanol and ethanol as a fuel respectively which are the three most extensively studied
potential fuels. Table 1-1 presents the energy density by mass and by volume of different
commonly used fuels. It also shows the price of fuels by units of energy where it can be observed
that for fuels suitable for mobile application those extracted from crude oil still lead the way
followed closely by ethanol and methanol while hydrogen is by far the most expensive fuel per
amount of energy contained.

Table 1-1: Power densities and price per kWh of various common fuels

Euel Mass Density Vqlumetric Cost References
(kWh/kg) Density (KWh/L) | (US$/kwWh)

Gasoline 12.3 9.3 0.062° [12], [13]
Diesel 12.7 10.6 0.055" [13]
Hydrogen 33.3 1.23 0.098° [13], [17]
Methanol 6.09 4.82 0.079° [14], [15]
Ethanol 8.01 6.31 0.072° [15], [16]
Coal 5.6—8.3 48-71 0.011° [12]

Natural Gas Ba | e 0.013" [12]

Density of hydrogen at 700 bar [18].

Values obtained from NASDAQ for the month of October 2014.

Value obtained from Methanex for the month of October 2014.

Value obtained from the Clean Cities Alternative Fuel Price Report published by the US Department of
Energy for the year 2013 [19].

Hydrogen fueled proton exchange membrane fuel cells (PEMFC) are the most mature
type of fuel cells achieving reasonable power density to compete with current ICEs. Some

commercial PEMFC systems are commercially available but the high prices of these units
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prevent their widespread distribution and restrain their use to specialised equipment. The major
downside of the use of hydrogen as a fuel, beside the price of the fuel cell system, is its storage.
While hydrogen has the highest gravimetric density of all non-nuclear fuels, its volumetric
density is one of the lowest due to its gaseous form at ambient temperature which is only
1.23 KWh/L at a pressure of 700 bar [18] which is the current maximal safe pressure of
operation of high pressure hydrogen cylinder. Also, liquefying hydrogen at temperatures of 20 K
grants it a density of 71 g/L which is about 10 % of the volumetric density of gasoline or ethanol
and provides only a power density of 2.36 kWh/L. On top of that, the theoretical energy required
for the liquefaction of hydrogen from ambient temperature is 3.23 kWh/kg but the current
liquefaction techniques require 15.2 kWh/kg [17] meaning that 46 % [13] of the contained
energy needs to be used only to store the fuel. An alternative hydrogen storage system is to
contain the fuel in hydrogen absorbing meta-based material, called metal hydrides, and release it
when it is needed. This technique reduces the energy required for storage and solves the dangers
linked to liquid/pressurized hydrogen. Metal hydrides have been shown to offer a hydrogen
volumetric density of up to 115 g/L but with a gravimetric density reaching only a mere 3 % of
the total mass [17]. The other large problem to the widespread availability of hydrogen is our
current lack of distribution system and supply infrastructure. Indeed, our current distribution
system is based on a liquid fuel which can be efficiently transported by land and by sea.
Hydrogen on the other hand would require a totally different distribution system due to its low
gravimetric density, gaseous form and explosive nature which would take time and considerable
funds to be implemented.

The use of methanol in PEMFC solves the previous issues present with hydrogen as

methanol has a relatively large volumetric density of 792 kg/m®, a volumetric energy density of
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4.82 kWh/L and is compatible with our current distribution system given a few modifications.
Methanol is the smallest alcohol molecule and the only alcohol containing a single carbon atom.
For this reason the reaction Kinetics are quite fast and its conversion is complete with a high
yield. Also, the aqueous form of the fuel removes the need of a complex humidification system
to keep the membrane hydrated [6]. However, the high toxicity of methanol for humans prevents
its widespread distribution. Therefore, various additional security systems would need to be
developed and implemented in order to prevent contact between consumers and the product
increasing the cost of the fuel and the equipment. While the use of either hydrogen or methanol
as a fuel for fuel cells would greatly reduce the global amount of CO, produced by ICE due to
their higher efficiency, both of these fuel are currently synthesized in most part from fossil fuels
by steam reforming. Consequently, this solution does not solve the issue of eventual depletion of
the fossil fuel reserves and a more sustainable solution is necessary.

Nowadays, ethanol is the fuel that attracts the most attention when it comes to fuel cells
due to its high power density (31 % higher than methanol at 6.31 kWh/L), low toxicity, low fuel
crossover (due to the larger size of the molecule) and its compatibility with the current fuel
distribution system [20]-[22]. The biggest advantage of ethanol is that it can be produced on
large scales by the fermentation of biomass with high sugar content such as corn (glucose) and
sugar cane (sucrose) [7]. However, the idea of converting such important food sources to fuel has
caused quite a commotion as the competition between the food and fuel industry will cause a
shortage of the product bringing an increase of the prices of raw products. As food has been
deemed more important than fuel, the fermentation of biomass using plant products containing
no nutritive value for humans, such as corn cobs and stalks, sugar cane waste, straw, forestry and

paper mill discards, has been developed to prevent interference with the food sector [7]. To do so
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the polysaccharides (starch and cellulose) are hydrolyzed to monosaccharides using enzymes
(and acid for the latter). From there the fermentation process is the same as for glucose/fructose.
Naturally, the complete electrooxidation of ethanol in fuel cells will produce two moles of CO,
per mole of fuel but the biomass used to produce this fuel absorb through its growth an amount
of CO; equal or higher than what is produced from the fuel by photosynthesis. This concept of a
renewable fuel leads to a theoretically null CO, output which has the potential to reduce CO,
emissions to a level lower than the carbon sinks capacities, by consequent slowing the increase
of atmospheric CO, concentration.

Bioethanol/gasoline blends with concentrations between 15 and 85 % are already used in
internal combustion engines in North America [19]. While being more renewable, this does not
affect significantly the efficiency of internal combustion engines and the lower power density of
ethanol requires more of the fuel for the same amount of energy meaning that the costs and
emissions related to the transportation of the fuel will also increase. However, by feeding 100 %
bio-ethanol to highly efficient direct ethanol fuel cell (DEFC) in order to replace ICE the amount
of fuel needed per unit of power output would be reduced and, in consequence, decreasing the
price of the fuel per amount of usable energy. While this green and efficient technology is very

attractive, there are still various problems to overcome before commercialization.

1.3 State of the technology

Since the development of the proton exchange membrane (PEM) Nafion by Dupont in
the 1960's, the benefits of having a solid electrolyte, such as a reduced thickness of the
electrolyte, no carbonate deposition [23] and a simpler design that do not need to contain a liquid
electrolyte without leaking, have revived the interest in fuel cells. Nafion is still, to date, the

PEM with the highest ionic conductivity and is commonly used in hydrogen, methanol and
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ethanol fuel cells. However, in this acidic fuel cell environment the only catalyst that is stable
enough to be of any practical use is platinum. The high price and low availability of the catalyst
increases the cost of production of the units to a point where it is not competitive with current
ICE. In the last decades, the syntheses of solid anion exchange membranes (AEM) have brought
the attention of scientists around the world to the potential of alkaline fuel cell (AFC) [24].
Various problems arising when using a PEMFC can be mitigated by operating in an alkaline
environment using an AEM. First, the range of catalysts that can be used for ethanol oxidation
becomes much larger. Indeed, Shen et al. [25], [26] have shown in their studies that Pd can have
an activity up to 50 % higher than Pt as the anode catalyst for the ethanol oxidation reaction
(EOR) when a fuel cell operates in an alkaline environment. Also, the faster kinetics of the
oxygen reduction reaction (ORR) in an alkaline environment allows the use of non-noble metal
as cathode catalysts such as Ni and Ag [24], [27]. This modification of the catalysts on both sides
of the membrane electrode assembly (MEA) reduces the costs of production by a significant
amount. The less corrosive environment of AFC also ensures a potentially greater longevity of
the different fuel cell components leading to reduced maintenance costs. The reverse ionic flow,
now from the cathode to the anode, provides an osmotic drag towards the anode reducing the
fuel crossover through the membrane which would reduce the output potential difference. There
is also no need for a complex water management system due to the fact that water is produced at
the anode which contains an aqueous solution instead of at the cathode where there is a gaseous
phase [24], [28]. While some problems are mitigated when operating in an alkaline environment
there is still an important drawback in the DEFC technology present in both media which is the
cleavage in the C-C bond in the ethanol molecule. As of now, even the state of the art catalysts

result mainly in the production of acetaldehyde and acetic acid producing 2 and 4 electrons per
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molecule of ethanol following Eq. 1.1and 1.2 [29], [30] instead of the theoretical 12 electrons
available [15], [31], [32]. Unless this problem is solved it is impossible to commercialize this
technology. For these reasons, this research will focus on the development of highly active
catalyst for the EOR in alkaline medium.

CH3CH,0H — CH3CHO + 2H" + 2e~ 1.1
CH3;CH,OH + H,0 > CH;COOH + 4H* + 4e~ 1.2

It is now known that many catalyst variables can be modified to increase their catalytic
activity towards the EOR. First, physical characteristics such as particle sizes, shapes and surface
plane orientation can be manipulated to offer optimal reaction sites for the oxidation of the
desired molecule. This effect is caused by the modification of the binding energy of the reagents,
products and/or intermediates by a change in the inter-atomic distance of the catalysts surface
atoms in small nanoparticles (< 10 nm) which was attributed to surface stress [34]-[37] or by the
difference in atomic spacing on different surface planes. The dispersion and the size of
nanoparticles on the surface of the support also have an effect on the mass activity of the
catalyst. A higher dispersion, meaning reducing the amount of agglomeration of the catalysts
particle and the portion of their surface in contact with the support, increases the amount of
catalyst surface fraction available for the reaction per unit of mass [34]. This is also true for
smaller particles which will have a larger fraction of their atoms on the surface of the clusters
increasing the amount of reaction site available per mass of metal as shown in Figure 1-2.
Properties of the catalyst, other than its morphological structure, such as the chemical
composition of a catalyst can also affect its catalytic activity. The degree of oxidation of a metal
catalyst can be varied, a metal oxide can be doped by hetero-atoms to modify its ionic/electronic
conductivity, bandgap and Fermi level, metals can be alloyed or bi-phase systems can be formed.

All of these modifications can have an effect on the activity of a catalyst for a given reaction due
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to different effects. The adsorption strength of different reagents on a catalyst will be modified
with a change in the electron density of the catalyst caused by a lower binding energy of the
electrons with the atom nucleus. The doping of a metal oxide creates a stoichiometric instability
causing a change in conductivity and creating oxygen vacancies which can act as highly active
reaction sites. In a bi-phase material two reagents can attached preferably on different material
causing an increase in activity for sites situated at the 3-phase boundary due to faster adsorption

of both reagents on the different surfaces.
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Figure 1-2: Calculated surface to bulk ratios for solid metal particles vs diameter [33]

Another modification that has an important effect on the catalyst activity is the material
used to support the catalyst particles. Generally catalyst nanoparticles are deposited on the
surface of carbon black due to its high specific surface area (as), its wide availability, its high
electronic conductivity and its low price. However, it is now known that the use of other support
for metal catalysts could improve their activity compared to carbon black. One type of support

that can increase the mass activity of the metal catalyst is graphene and other carbon monolayer
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configurations. This increase in mass activity is caused by an increase in as increasing the
dispersion of nanoparticles on the surface of the support leading to a larger utilisation. Another
type material that promoted the catalytic activity of metal catalysts is metal oxides. Generally,
the promotional effect of metal oxides is attributed to two mechanisms. First, oxygenated species
adsorbed on the metal oxide surface at the metal-support interface are known to accelerate the
oxidation of neighbouring carbonaceous species. Secondly, the electron density of the catalyst
can be modified by contact with the support causing a modification in the adsorption energy of

organic species on the metallic surface.

1.4 Layout

Chapter 2 contains an overview of the recent studies on the subject of alcohol
electrooxidation for use in fuel cells. In a first part are recent advances in catalysts development
using carbon-based supports for the EOR in alkaline media including: Pt-based catalysts, Pd-
based catalysts and alternate catalysts. The results obtained from testing those catalysts in direct
alkaline ethanol fuel cell (DAEFC) are also displayed. In a second part is a summary of research
made using metal oxides as support/co-support for metal catalysts toward the oxidation of light
alcohols and of the promoting effect observed. In a third part is discussed the promotional effect,
when used as a support, of two novel catalysts (titanium dioxide nanotubes (TiO,-nts) and
graphene) for light alcohol oxidation. This is followed by a brief discussion on recent literature
concerning the development of cathode catalysts for oxygen reduction and of highly conductive
AEM for AFCs.

In Chapter 3 Pd nanoparticles are synthesized in-situ on the surface of different metal-
oxide supports using a simple metallic ions reduction method with NaBHj, as the reducing agent.

The as synthesized nanoparticles are characterized using X-ray diffraction (XRD), transmission
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electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). Their electrochemical
active surface area (ECSA) is calculated using CO stripping and their ethanol oxidation potential
normalized by the found surface area to compare the activity of each catalytic surface and the
effect of the support on the EOR.

In Chapter 4 TiO,-nts are electrochemically grown by anodization on the surface of a
thin Ti film. Different loadings of Pd nanoparticles are grown on the surface of the TiO-nts
using an atomic layer deposition (ALD) method to obtain a large surface area and an even
distribution. The physical and electrical properties of the as grown TiO,-nts were modified by
annealing the nanotubes in order to observe their effects on the electrocatalytic behaviour of the
Pd nanoparticles for the EOR. In this study the ECSA was found using the PdO reduction region
of the cyclic voltammograms (CV) in electrolyte.

In Chapter 5 TiO,-nts are synthesized using the same method as in the previous chapter
but are modified by the addition of a thin SnO; layer deposited by ALD on the surface of both as
grown and annealed TiO,-nts. Different Pd loadings were deposited on the surface of the
synthesized supports and their morphologies are assessed by electronic and atomic force
microscopy. Their catalytic activities towards the EOR are compared using the surface area
found using PdO reduction.

Chapter 6 is a study made on the EOR potential of Pd and PdNi with different Ni
contents nanoparticles deposited on the surface of sulphonated graphene (sG) compared to that
of Pd on carbon black. The dispersion of the Pd and PdNi nanoparticles is assessed using
electron microscopy on both supports. The catalytic activities of the catalysts are compared using
the ECSA found by CO stripping measurements.

Chapter 7 is a continuation of the research made in Chapter 3 where the best catalyst of

12
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the latter is tested in a DAEFC purposefully built for this research. In this chapter is explained
the design and layout of the fabricated triode fuel cell. Pd/TiO, nanocatalyst is tested in the fuel
cell using ethanol in an alkaline media and an AEM supplied by Fumatech.

Chapter 8 restate the conclusions found in the previous result chapters concerning the
effects of the supports and of the addition of Ni on the activities of the electrocatalysts for the
EOR. It explains briefly the causes of the promotion of the catalytic activities through metal-

support interaction and the geometry of the catalytic systems.
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Chapter 2. Literature Review

2.1 Introduction

The aim of this chapter is to present the current state of the technology concerning
ethanol oxidation in alkaline solution for its use in direct ethanol fuel cells (DEFC). In a first
part, a review of the recent developments in anode catalysts for ethanol electrooxidation in
alkaline environment is made. This review is separated in subcategories such as Pt-based, Pd-
based and non-noble metal based catalysts followed by a description of the proposed oxidation
mechanism and the performance obtained from direct alkaline ethanol fuel cells (DAEFC). Also,
the effect of the type of support used for the catalyst on their activity for the ethanol oxidation
reaction (EOR) is made using various recent publications concerning the addition of metal
oxides to the support. In a second part, the development of Pt and non Pt-based catalyst for
oxygen reduction at the cathode is assessed. Lastly, a short review of the different types of anion
exchange membrane (AEM) developed in laboratory and commercially available is made along

with their performance concerning ionic transport.

2.2 Anode Catalyst

The anode catalyst is the most limiting factor in the power output of fuel cells due to the
incomplete oxidation of ethanol to acetaldehyde and acetic acid following the reactions shown in
Eg. 1.1 and 1.2, respectively, yielding only a fraction of the theoretically available 12 electrons
per molecule obtained from complete oxidation [31], [32] following EqQ. 2.1 [29]. Most modern
catalysts for ethanol electrooxidation are Pt-based which brings a few problems. First, Pt is easily

poisoned by strongly adsorbed oxidation intermediates blocking ethanol reaction sites. Secondly,
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Pt is a very expensive and scarce metal which increases the cost of potential fuel cells. For these
reasons, the scientific community focussed on the development of low Pt loading or Pt-free
catalysts for ethanol electrooxidation.

CH3CH,OH + 3H,0 - 2C0, + 12H* + 12e~ 2.1

2.2.1 Carbon Supported Catalysts for Ethanol Electrooxidation in
Alkaline Media

The ethanol electrooxidation kinetics were shown to be faster in an alkaline media than in
an acidic media. Also, the use of a basic environment opens up the possibility to use non-noble,
less expensive, metal catalysts for this process. The recent development of anion conducting

membrane with high ionic conductivity has promoted this field of research.

2.2.1.1 Carbon Supported Pt and Pd-Based Catalysts

As in acidic media, Pt is still very active for the EOR in alkaline media. In order to
reduce the amount of precious metal in the catalyst, the structure of the Pt nanoparticles can be
altered to offer optimal reaction rates with as small an amount of Pt as possible. It is in this
scope, that Stanley et al. [38] observed the electrodes behaviours for the EOR in alkaline media
of preferably oriented Pt (111), (15 15 14), (554), (553) and (110). They have shown that
increasing the amount of steps on the terraces planes going from Pt (111) to Pt (110) lowers the
onset potential of the EOR by about 200 mV showing the importance of low coordinated atoms.
They have also observed a significant increase in electrode stability with an increasing number of
steps along with a modification of the main adsorbed molecules on the catalysts' surface. For
large terraces Pt (111) the molecules adsorbed on the surface were CHy while the main poisoning
specie on the stepped surface Pt (110) was CO,qs Showing that the EOR was more complete on

stepped surfaces.
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While Pt is almost the only option in acidic media, in alkaline media it is possible to use a
much larger variety of material due to a less corrosive environment and faster ethanol oxidation
kinetics. Notably, many studies have shown that Pd had a higher activity towards the EOR in
alkaline media than commercial Pt/C [25], [26], [39]-[45]. Amongst others, Fengping et al. [25]
and Xu et al. [26] have shown that Pd-NiO/C shows an activity for the EOR between 30 and
100 % higher than Pt-NiO/C. Also, various modifications of the catalytic system such as: a
modification of the carbon support structure [26], [30], [41], [46], a modification of the bulk
structure of the catalyst nanoparticles by formation of alloys [39], [42], [44]-[49] and the surface
morphologies of the nanoparticles [16], [43] can influence significantly their catalytic activity for
the EOR.

The most common catalyst support for the EOR is carbon black which has a very high as
and a low cost. However, by modifying the structure of the carbon support it is possible to
influence the catalytic activity of the supported catalyst. In a study conducted by Xu et al. [40]
Pd and Pt nanoparticles were synthesized on the surface of both carbon black and carbon
microspheres (CMS) by metallic ion reduction using NaBH, as the reducing agent. The CMS
were synthesized using a hydrothermal method which resulted in spherical carbon particles with
diameters ranging from 1 to 2 um. It was calculated that the ECSA for both types of
nanoparticles deposited on CMS was about twice as much as their carbon black-deposited
counterparts. The current density by ECSA of the Pd catalysts was shown to be 4 to 5 times
higher than the current density for the Pt particles deposited on carbon black and CMS,
respectively. Also, the current density of the nanoparticles deposited on CMS showed a 71 and
140 % increase over those on carbon black for Pt and Pd respectively. This increase in activity is

attributed to the larger dispersion and smaller size (as measured by X-ray diffraction (XRD)) of
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the nanoparticles deposited on CMS and to the facility of the solution to diffuse to a larger three-
phase boundary where OH" groups can be supplied from the support to oxidize adsorbed ethanol
molecules.

Another study conducted by Zheng et al. [41] compares the activity of Pd nanoparticles
deposited on various carbon supports via intermittent microwave heating. The three different
carbon supports used were: multiwall carbon nanotubes (MWCNTS), activated carbon fiber
(ACF) and carbon black. This study shows an increase in catalytic activity for the nanoparticles
deposited on the carbon supports following the order: ACF < carbon black < MWCNTSs with the
stability of the catalysts following the same trend. The onset potential of the EOR was found to
be 100 mV more negative on MWCNTSs than on carbon black. They have also shown that Pd/C
had a current density around twice as high as that of commercial Pt/C. However, no explanation
as to why the catalytic properties of Pd are enhanced when deposited on MWCNTSs is offered.

Two different research groups have studied the activity of Pd and PdNi alloys deposited
on the surface of different types of carbon nanofibers (CNFs). In a first place, Maiyalagan et al.
[46] have synthesized Pd:Ni (3:1) nanoparticles on the surface of CNFs using the metallic ion
reduction method with NaBH, as the reducing agent. They observed a negative shift of 200 mV
for the onset of the EOR on the PdNi/CNFs compared to Pd/C synthesized using the same
method. An increase in current density by a factor of 4 was also observed for the nanoparticles
deposited on CNFs. Their study has also shown a significantly higher current density for
PdNi/CNFs under an applied potential of -0.5 V for 30 min. The increased catalytic activity is in
part attributed to the better dispersion of the catalyst nanoparticles on the surface of the support.
In a second part, Qin et al. [30] have deposited Pd nanoparticles using pulse electrodeposition

technique on the surface of different types of CNFs synthesized in their laboratory. The three
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different types of CNFs were platelet CNFs (p-CNFs), fish-bone CNFs (f-CNFs) and tubular
CNFs (t-CNFs) for which the graphite sheets have different orientations in relation to the fiber
axis. This difference influences the ratio of the number of edge to basal atoms on the surface of
the nanofibers. It is shown using Raman spectroscopy that the p-CNFs have a higher number of
edge atoms on the surface while t-CNFs has the lowest with f-CNFs being somewhere in the
middle. They show using TEM that the dispersion of nanoparticles on edge atoms is more
uniform while a higher amount of agglomeration appears with a higher number of basal atoms.
They have shown that the activities for the EOR of the synthesized catalysts could be enhanced
by more than 20 % by increasing the amount of edge atoms on the surface of the carbon support.
However, no effect of the structure of the carbon support on the position of the EOR onset
potential has been reported.

The morphological effect of the Pd structure can also have an important effect on the
activity of the catalyst for the EOR due to the difference in the crystal planes exposed and to an
increase in exposed surface area. Two different studies have shown an increase in catalytic
activity of Pd towards the EOR by changing its morphology. First, Carrera-Cerritos et al. [16]
have synthesized (using a modified polyol method) Pd nanoparticles of different shapes
deposited on carbon black giving then preferential plane orientation. Their study have shown that
the Pd nanobars having a larger fraction of (100) facets offer the higher activity towards the EOR
with Pd nanoparticles having a higher amount of (111) facets lead to the lowest activity. This
higher activity for Pd nanobars is explained by a stronger ethanol-Pd bond on (100) planes
bringing down the energy barrier for dissociation. In a second study conducted by Wang et al.
[43] unsupported, highly ordered, nanowire arrays were synthesized using an anodised alumina

template and tested for the EOR. The synthesized nanowires have an approximate length of
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800 nm with an average wire diameter of 80 nm. The activity of this catalyst is compared to the
activity of a Pd film and to commercial PtRu/C catalyst (E-TEK). They have calculated that the
ECSA per amount of Pd was 14 times higher on Pd nanowires than on the Pd film due to its
extensive 3D structure. They found that the current density of Pd nanowires was 7 times higher
than on Pd film and more than 1.5 times higher than commercial PtRu/C. The study reported a
negative shift of 170 mV for the EOR onset potential for Pd nanowires compared to Pd film and
a good stability of Pd nanowires in the operating media. This increase in current density is
explained by an easy diffusion of the ethanol in the catalyst layer and of products out of the
catalyst layer increasing the reagent concentration at the liquid-catalyst interface by reducing the
liquid sealing effect.

Many studies have observed the effect of the addition of another metal either as the
formation of an alloy, of a biphase material or as a co-support on the activity of Pd on the EOR.
Various metals such as: Ni [46], [47], [49], Au [39], [45], [48], Ru [42], [44], Sn [44], [45] have
been considered, studied and their results published.

Different studies have shown [46], [47], [49] that the addition of Ni to Pd during its
synthesis could improve the nanoparticles catalytic properties for the EOR. In general, these
studies have attributed the promotional effect of Ni to the formation of NiOOH species at the
metal-support interface where the hydroxyl group could be supplied to neighbouring adsorbed
organic species on Pd surfaces to facilitate its oxidation and reduce catalyst poisoning. These
studies propose that the optimal Ni loading for the activity of the catalysts towards the EOR
would be between 25 and 60 metallic wt%. Ni has also shown to have a promotional effect on

the electrooxidation of methanol and ethanol on Pt based nanocatalysts [50]-[53].
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Zhang et al. [47] synthesized Pd-Ni/C catalysts using a modified solution phase-based
nanocapsule method with various Pd:Ni ratios and one sample of PdNi/C Pd:Ni (1:1) using the
metallic ion reduction method using NaBH, as a reducing agent. The synthesized samples were
also compared to Pd/C synthesized using the first method. XRD analysis revealed that the PdNi
nanoparticles had a higher degree of alloying when synthesized by the use of NaBH4 which was
characterized by a shift in the Pd (111) peak. They have shown an increase in Pd mass activity
with increasing Ni content up to a Pd:Ni ratio of 1:1 after which a sharp decrease in activity was
observed. The onset potential for the EOR was shifted by about 100 mV towards lower potential
for samples containing the optimal Ni content. While PdNi/C synthesized using NaBH, has a
higher mass activity than Pd/C it was observed that the other synthesis methods yield much
higher activity per ECSA. They propose that the nanocapsule synthesis method facilitates the
formation of better contacts between Ni and Pd promoting the oxidation of adsorbed species on
the Pd surface with neighbouring NiOOH sites.

In another study conducted by Maiyalagan et al. [46], for which the carbon support effect
was discussed previously, PANiI/CNFs were synthesized using a Pd:Ni ratio of 3:1 for ethanol
electrooxidation. They have shown that PANi/CNFs have an activity higher than Pd/C by a factor
of 4 and a significantly higher current density after prolonged operation. The decrease of the
onset potential by 200 mV for the sample containing Ni is also attributed to the presence of
NiOOH sites on the surface of the catalyst which promotes the oxidation of ethanol and adsorbed
intermediates on the surface of Pd.

Shen et al. [49] have tested the catalytic activity of co-deposited PdNi catalysts on carbon
synthesized by ionic reduction using NaBH, towards the EOR. The Ni content of the catalyst

was varied between 0 and 72 atomic % on a metal basis. They have shown by cyclic
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voltammetry that the catalyst with a Ni content of 60 atomic % showed the highest current
density and the best steady-state current at almost twice the value obtained from Pd/C. By X-ray
photoelectron spectroscopy (XPS) and XRD they have confirmed the presence Ni in various
chemical states including Niy, NiO, NiIOOH and Ni(OH),. It is proposed that these Ni phases
would promote the EOR by supplying the hydroxyl group needed for the oxidation of adsorbed
organic species on Pd surfaces.

Ru has shown to improve the catalytic activity of Pt in acidic media by increasing its
resistance towards the poisoning of the catalyst surface by strongly adsorbed carbonaceous
species. A study conducted by Yougui et al. [42] have synthesized PdRu/C nanoparticles using
an aqueous impregnation method with a theoretical Pd:Ru ratio varying between 1:0 and 1:2.
They have shown that the activity for the EOR of PdRu/C 1:1 was 4 times higher than that of
PtRu/C 1:1 for potential between 0.3 and 0.4 V vs mercury/mercury sulphate electrode (MSE)
while the current density for Pd/C in this range is still zero. Following this observation, it was
observed that the onset potential of the EOR was shifted by about 250 mV towards lower
potential on PdRu/C compared to Pd/C. This increase in catalytic activity is explained by a
mechanism similar to that observed on PtRu catalysts where the Pt atoms catalyse the
dissociative adsorption of ethanol while the Ru promotes this reaction by catalysing the
dissociative adsorption of water molecules providing hydroxyl groups at a lower potential.

Other metals such as Sn and Au have been studied as an addition to Pd in order to
increase its catalytic activity for the ethanol electrooxidation. A study made by Modibedi et al.
[44] study the catalytic activity towards the EOR of the binary and tertiary systems PdSn and
PdRuSn deposited on carbon black. The nanocatalysts were synthesized using a chemical

reduction reaction using NaBH, as a reducing agent in a mixed aqueous/organic (ethylene
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glycol) solution. The PdRuSn/C was also prepared using a two step reduction method with only
Pd being reduced on the surface of RuSn nanoparticles, prepared in a first reduction, in the
second step. It is shown that the co-reduction of the 3 metals shows a much smaller activity for
the EOR than the two steps reduction. Both binary and tertiary systems show and increased in
catalytic activity compared to Pd/C and to commercial PtRu/C 1:1. While the tertiary system
shows a significantly lower onset potential, the high poisoning of CO, the lower current density
at more positive potential and a lower stability shows that PdSn/C 2.5:1 is the best catalyst for
the EOR.

He et al. [54] made a comparative study between the activity of a commercial Pt/C
catalyst, of PdsAu,/C and Pd,5sSn/C for the EOR in alkaline media. The nanocatalysts were
synthesized via the metallic ion reduction method using NaBH, in aqueous solution. In this
study, the onset potential of commercial Pt/C was seen to be almost 200 mV lower than for the
other catalysts for which the current densities were higher at more anodic potentials. However,
chronoamperometry experiments have shown that for long term application the decay of the
activity of commercial Pt/C was higher than that of the other Pd based samples which were
conserving higher current densities after prolonged periods showing an increased tolerance
towards CO poisoning. It is shown that PdsAu;/C has a very similar activity for the EOR than
Pd,sSn;/C with a slightly lower onset potential and a higher current density during long term
operation. On their side, Zhu et al. [48] have tested a different configuration of PdAu/C by
depositing between a sub-monolayer of Pd and a few layers by epitaxial growth on the surface
of Au nanoparticles synthesized using the metallic ion reduction method with NaBH,4. The PdAu
nanoparticles were deposited on carbon black with a nominal loading of 20 metal wt%. Different

Pd loadings were synthesized in order to obtain Au coverage between 0 and 100 %¢+. It can be
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observed that the highest activity was showed for the Pd/Au particles with a ratio of 1:4 for
which the coverage was calculated to be slightly less than a full monolayer. This higher activity
is explained by a catalytic promotion effect reducing the poisoning effect of CO on the surface of
the catalyst. At higher coverage, the low amount of surface Au atoms limits this promoting effect
to the low amount of Pd-Au interfaces while at lower loadings the small Pd islands are to small
and sparse to form the continuous Pd plane necessary for ethanol oxidation.

Ag is another metal that was tested for its activity for the EOR when combined with Pd.
Indeed, Nguyen et al. [39] have alloyed Pd with Ag to form nanoparticles using a co-reduction
method in aqueous solution using NaBH,. The Pd:Ag ratio was varied between (2:1) and (1:2.5)
while the Pd loading on carbon was kept steady at 10 wt%. The formation of an alloy between
Pd and Ag was confirmed by an augmentation of the lattice parameter compared to pure Pd
calculated by the XRD peak position. This study shows that Pd;Ag:/C has the highest activity of
all the catalysts (3.5 times higher than both Pd/C and Pt/C) with further increase in Ag loading
bringing a decrease in catalytic activity while all the samples containing Ag are still more active
than both Pd/C and Pt/C synthesized using the same method. They also showed that the onset
potential of the EOR was lowered by 200 mV on PdiAg:/C compared to Pd/C and Pt/C with
different Ag loadings having a lessened effect. This higher activity is explained by a higher
coverage of the catalyst surface by OH" at lower potential promoting the EOR and to the supply
of the hydroxyl species to neighbouring Pd sites at higher potential.

In summary, Pd has shown to be a promising catalyst to replace Pt as the conventional
catalyst in alkaline fuel cell due to its high catalytic activity and wider availability. We have seen
that many modifications of the catalytic system can promote the catalytic properties of Pd

nanoparticles. The type of carbon support (CNF and CMS instead of carbon black) used for Pd
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nanoparticles has shown to promote its catalytic activity. The surface configuration of the Pd
nanoparticles also has an effect on the oxidation rate of ethanol on its surface due to a
modification of the adsorption strength of the molecules with the (100) facet having the best
surface reaction rate. The creation of alloys and bi-phase materials also shown to cause an
increase in catalytic activity of Pd nanoparticles due to a supply of OH" species at lower potential

for the oxidation of ethanol molecules.

2.2.1.2 Alternate Metal Catalysts

Numerous attempts at the development highly active catalytic systems Pt and Pd-free for
the EOR in alkaline media were made [42], [55]-[57]. In general the proposed catalyst had a
non-negligible activity for the EOR without reaching the catalytic potential of Pt and Pd. In a
study discussed earlier, Yougui et al. [42] have tested the activity of Au/C and AuRuU/C (an
atomic ratio of Ag:Ru of 1:1), synthesized using the method discussed above, for the EOR. For
these catalysts, the onset potential was about 0.6 V vs RHE which is 200 mV higher than for
their sample of Pd/C. After the onset potential the current density stays very low until 0.9 V vs
RHE is reached. The addition of Ru to Au does not influence the onset potential but increases
significantly the activity of the catalyst at higher potential suggesting that the EOR is limited by
the slow dissociative adsorption of ethanol on the Au surface. In order to create a good Pt/Pd-less
catalyst for the EOR they suggest the use of a metal having low hydrogen oxidation
overpotential along with a material providing oxygenated species such as Ru.

Following this suggestion, a few research groups have synthesized Ni-based materials
that were tested for the EOR in alkaline media. Amongst others, Tarasevich et al. [55] have
synthesized RuUNi/C 15 wt% nanoparticles containing between 37 and 100 % of Ru on a metal

basis using ultrasonication of metallic ions in an aqueous/alcohol solution. The onset potentials,
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observed for the EOR were found to be comparable to those of Pt and Pd with the current density
at higher potential being significantly lower. The lowest onset potential was found for the sample
containing a Ru:Ni ratio of 77:23. The fact that such a low onset potential was obtained for a
material completely free of Pt and Pd suggests that further development of Ni and Ru based
catalysts could lead to competing commercial catalysts.

Kim et al. [56], [57] have conducted two independent study concerning the EOR on
unsupported Ni-based electrode with the addition of different materials. In a first study [57], they
have modified Ni and Ti wires by thermal decomposition of RuCl; to obtain RuO, modified
electrodes. While the activities of the Ti based catalysts were almost zero, the RuO; coated Ni
electrode has a much higher activity than the bare Ni wire. The stability of the catalyst in highly
alkaline concentration was low, a problem that was attributed to the degradation of the RuO,
layer at high OH" concentrations. The increase in activity caused by the addition of the RuO;
layer was proposed to be caused by the ability of the Ru oxide layer to change its oxidation state
releasing electrons creating various Ni oxide species (Ni(OH)/NiOOH) increasing the catalyst
activity for the EOR. The other study [56] was made by the co-electrodeposition of various Ni-
based ionic mixture. The theoretical samples produced in this study were NiggNa;, NiggCo10Nay,
NiggRu;Na; and NiggCojoRu;Na;. They show that the NiCoRuNa electrode is potentially the best
electrode for the EOR as the addition of Co can be seen to increase the current density due to its
transformation to higher valence state oxide than 4+ while the addition of Ru also shows an
increase in current density and reduces the onset. The enhanced properties of the electrode are
attributed by increased Co and Ru oxidation state caused by the electro-generated nickel oxides.

In summary, Ni-based catalysts have shown to be the best contenders to Pt and Pd-based

catalyst for ethanol oxidation in alkaline media. The addition of a reducible material to the Ni
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catalyst has shown to promote the formation of NiOOH species facilitating the oxidation of
adsorbed carbonaceous molecules. However, while it is a promising material, the currently high

overpotential does not make it competitive to Pt and Pd-based catalysts.

2.2.1.3 Proposed Mechanisms

Very few studies have addressed the mechanism of ethanol complete electrooxidation
due to its complexity and generally incomplete oxidation. However, the oxidation mechanism to
acetaldehyde and acetic acid is better known and generally accepted. A study of the composition
of the products and intermediates of an ethanol fuel cell was made by Paik et al. [20] showing a
wide variety of products ranging from CO, and simple C; molecules such as formic acid and
methanol to complex molecules such as C, radicals and ethers showing the oxidation of ethanol
follows a very complex mechanism formed of various reaction paths. It is generally accepted that
the oxidation of ethanol in alkaline media starts with the formation of either a CH3CHO,q4s Specie
on the path to acetaldehyde or a strongly adsorbed ethoxy molecules on the surface of the Pd
after the adsorption of ethanol following Eq. 2.2 and 2.3 and Eqg. 2.2 and 2.4 [58], [59]
respectively. The oxidation of this ethoxy molecule following Eq. 2.5 and 2.6 is thought to be
the rate limiting step of ethanol electrooxidation rather than the dissociative adsorption of
ethanol [24]. The oxidation of the ethoxy molecule is followed by the desorption of the adsorbed

molecule in a non-rate limiting step represented by Eq. 2.7 [59].

Pd + CH;CH,0H — Pd — CH3CH,0H 44 2.2
Pd — CH;CH,0H 45 + 20H™ > Pd + CH;CHO + 2H,0 + 2e~ 2.3
Pd — CH;CH,0H g5 + 30H™ - Pd — CH3CO0 445 + 3H,0 + 3e~ 2.4

Pd+ OH — Pd — OH s + €~ 25
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Pd — CH3CO0 45 + Pd — OH 44, > Pd — CH;COOH 44, 2.6

Pd — CH3COO0H 4, + OH™ - Pd + CH;C00™ + H,0 2.7

2.2.1.4 Tests in Fuel Cells

Various research groups have studied the behaviour of various Pt and Pd-based
commercial and synthesized catalysts using different AEM in DAEFCs. These results are often
compared to results of the same or similar catalyst operating in a comparable acidic environment
with an appropriate cation exchange membrane (CEM) and their power output are found to be
comparable, if not superior. Even though Pd has been shown to be more active, more stable and
less prone to poisoning, Pt is still widely used in the development of highly efficient DAEFC.

A study conducted by Santasalo-Aarnio et al. [60] shows the results obtained by a direct
alkaline alcohol fuel cell (DAAFC) operating using methanol, ethanol and iso-propanol using a
commercial Fumasep FAA-2 from Fumatech Company and the results are compared to the same
fuel cell operating in acidic media with a Nafion 115 membrane. The anode catalyst for this
experiment was a commercial PtRu/C catalyst while the cathode catalyst was Pt/C operating
under a pure oxygen environment both with a metal loading of 1 mgcm™. By varying the fuel
concentration at the anode it was found that a molar ratio of 1:1 would provide the highest
current density in both media. They found that the operation of the fuel cell under atmospheric
conditions would yield a power density of 0.45 mWecm™ in alkaline media while a higher power
density of 3.8 mWcm™ was obtained in an acidic environment. These results shows that such a
membrane in alkaline media does not allow to obtain a current competing those obtained using

Nafion membranes.
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Another study made by Fujiwara et al. [61] have tested commercial unsupported PtRu
black and Pt black nanoparticles in a ADEFC using a research grade AEM from Tokuyama
Corporation with a metal loading of 3 mgecm™ for each electrode. The power densities observed
were compared to the same setup using a Nafion 117 CEM in acidic media. The overpotentials
of the reactions on both sides of the membrane were reduced when operating in an alkaline
environment showing that both reactions were favored. A high current density of 58 m\Wcm™
was observed under ambient conditions, humidified oxygen and a fuel concentration of 0.5M
KOH + 1M ethanol for the setup operating in alkaline media while a much smaller power density
of 6 mWcm™ is observed under acidic operation with the same operating conditions. The exhaust
products were analysed and it was shown that the main product of fuel cell operation in alkaline
media was acetic acid while a ratio of about 1:1 was found for acetaldehyde and acetic acid in
the fuel cell using a CEM showing that the 4 electrons pathway is favored in an alkaline media.

There are other options than using commercial AEM for DAEFC tests as it was shown by
this group [62] who used a synthesized KOH doped polybenzimidazole (PBI) membrane. The
synthesized membrane was found to have an ionic conductivity of 0.2 times that of Nafion with
low ethanol permeability. This membrane was tested using a PtRu/C 45 wt % with a Pt:Ru ratio
of 2:1 as the anode catalyst and Pt/C 20 wt% as the cathode catalyst. The power densities
obtained in this study were 49 and 61 mWcm™ for the fuel cell operating at temperatures of 75
and 90°C respectively with a fuel concentration of 2 M KOH + 2 M ethanol while pure O, at 2
bars was fed at the cathode.

A few other research groups such as [63] have tested Pd catalysts in DAEFC instead of
the highly popular Pt. In this study, Pd nanoparticles were deposited on MWCNTSs which were

used as the anode catalyst for the electrooxidation of methanol, ethanol and glycerol. The
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membrane used for these test was supplied by Tokuyama Corporation while the cathode catalyst
was a Fe-Co HYPERMEC™ catalyst. They show that the synthesized catalyst is more active for
ethanol oxidation with a lower onset potential than for the other fuels. They observed a power
density output of 72 mWcm™ for the DAEFC at a temperature of 80°C with a fuel concentration
of 2 M KOH and 10 wt% ethanol. They also observed, as in a study discussed earlier [61], that
the main product of ethanol oxidation was acetic acid providing a higher power density than the
oxidation to acetaldehyde. Another Pd based catalyst was synthesized and tested by Shen et al.
[49] using the same membrane and cathode catalyst. On their side, they have synthesized Pd/C
and PdNi/C nanoparticle with ratios of Pd:Ni varying between 1:1 and 2:5 which they used as
anode catalysts. All cathodes loading were calculated to have a constant 1 mgegcm™. They have
shown that all the samples had a higher catalytic activity and lower overpotential for the EOR.
They have found that the sample containing Pd:Ni with a ratio of 2:3 offered the highest current
density reaching 90 mWcm™ at a temperature of 60°C and a fuel concentration of 3 M ethanol +
5M KOH compared to 67 mWcm™ obtained with Pd/C. This fuel concentration is thought to be
optimal by providing a large coverage of the catalyst surface by hydroxyl groups facilitating the
oxidation of adsorbed ethoxy molecules which is accepted as the rate limiting step of the
oxidation of ethanol to acetic acid [24], [64].

Another research groups has shown innovation by finding a way to operate a DEFC using
a CEM in alkaline media. An et al. [65] have theorized that by using a base with a small cation at
the anode it would be possible to use a CEM to allow this cation to reach the cathode. At the
anode, the fuel would get oxidized by the hydroxyl molecule present in the solution on the
surface of the catalyst which would send electrons through an external circuit. Meanwhile, the

cation migrates through the membrane to the cathode where two reactions occur: 1) oxygen and
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water react to produce adsorbed hydroxyl molecules, 2) the adsorbed hydroxyl molecules would
react with an electron exiting the external circuit and with the transferred cation to form a based
(e.g. NaOH). In their publication they have tested their theory by testing an AEM from
Tokuyama Corporation and a Nafion 117 membrane in the same fuel cell under the same
conditions. A PdNi/C catalyst was used at the anode and a Fe-Co HYPERMEC™ catalyst was
used at the anode both with a metallic loading of 1 mgycm™. By testing both systems with a fuel
concentration of 3 M ethanol + 5 M KOH they have shown that operating using a CEM in
alkaline media could provide a higher current density than while using an AEM. Indeed, they
have shown that a power density of 100 mWcm™ could be obtained compared to 90 mWem™
when operating with a CEM. However, at higher temperature the performances are inversed with
the CEM operating at 135 mWcm™ which is 17% higher than the AEM operating at 115
mWem2. This change is explained by an increase in NaOH permeability of the CEM at higher
temperature reducing the operating potential of the DEFC.

In summary, various DAEFCs have been tested using ethanol in KOH as a fuel with a Pt
or Pd-based anode catalyst. These fuel cells have shown to be able to compete with similar fuel
cells operating in acidic environment with some of them even showing higher power densities
with a maximum of 115 mWcm™? achieved. The AEM currently competing with Nafion is

supplied by Tokuyama Corporation achieving comparable ionic conductivity.

2.2.2 Catalysts for Alcohol Electrooxidation Containing Metal Oxides

Amongst other materials, metal oxides have been intensively studied as co-support/co-
catalyst for the electrooxidation of alcohols in alkaline media when combined with Pt and Pd
based catalysts. These tests have shown that such modifications of the catalytic systems could

improve significantly the activity of the catalysts, reduce the overpotential of the EOR and
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reduce the poisoning rate of the catalyst surfaces. This section, separated in four sub-sections,
will resume previously published research concerning the addition of the three metal oxides
concerned in this research to Pd and Pt based catalytic systems along with a fourth section

concerning ethanol oxidation in the presence of various other popular metal oxides.

2.2.2.1 Catalysts Containing CeO;

Many studies have turned their attention on the effect of the addition of CeO, to Pt and
Pd based catalytic systems for ethanol electrooxidation [26], [66]-[69]. All these studies have
reported similar results including: lower onset potential than the same catalyst without the metal
oxide, a higher current density over the whole potential range and a higher stability. In all these
articles the higher onset potential and faster oxidation rate on the metal surface has been
attributed to the ability of the CeO, phase to adsorb OH" species (OH,qgs) at lower potential than
on Pd and Pt which is thought to be the rate limiting step for ethanol oxidation at low potential.
These OHqgs Would either react with neighbouring catalytic sites or spilled directly on the metal
surface providing these needed molecules to strongly adsorbed CO-like species liberating new
reaction sites. Some of these studies [26], [68], [69], have varied the composition ratio of
Pd:CeO; and Pt:CeO; in the catalysts and have found that the composition that was the most
active for the EOR was 2:1 in both cases. This volcano behaviour is explained for the first part
by an increase in OH,qs species on or near the surface of the metal catalyst caused by the
presence of the metal oxide improving the reaction rate of ethanol oxidation. At a certain
composition the loss in Pd or Pt surface due to an increasing amount of CeO, overtake the
promoting effect of the OH,qs molecules causing the apparent activity of the catalyst to diminish
due to a decreasing amount of reaction sites.

In three complimentary studies, Xu et al. [26], [68], [69] have shown the promoting effect
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of CeO, on the activity of both Pd/C and Pt/C nanocatalysts. In their works, the CeO, was
deposited on carbon via a solid-state reaction under microwave irradiation while the Pd and Pt
were synthesized on the surface of the support by the reduction of their dissolved salts in
aqueous solution. In these experiments, they have observed an EOR onset potential negative shift
of 50 to 100 mV on both Pd and Pt with the presence of CeO, compared to bare Pd/C and Pt/C
nanocatalysts. In the first two studies [68], [69] they have varied the composition of the Pt:CeO,
catalysts ranging from 100 % Pt to 50 % Pt and 50 % CeO, and they have observed that the
optimal ratio was around 2:1 (Pt:CeO;) where they obtained a current density around 2.4 times
higher than for Pt/C. In a third study [26], they have shown that the activity of the Pd based
catalysts was about twice as high as their Pt-based counterparts resulting for an increase in the
current density by a factor of four between Pt/C and Pd-CeO,/C.

More recently Uhm et al. [66] have synthesized Pd-CeO, nanobundles via anodic
co-electrodeposition of CeO, nanoparticles and Pd ions on an alumina template resulting in a
highly ordered array with a depth of 3000 nm and a rod diameter of 200-300 nm. They have
reported a shift in the EOR onset potential similar to that reported by Xu et al. [26], [68], [69]
with an increase in current density of 75 % compared to pure Pd nanobundles. They have also
observed an increase in stability of the electrode. The promotion mechanism was attributed to the
same effect as discussed earlier in this section.

In another study conducted by Bambagioni et al. [67] Pd-CeO,/C nanocatalysts were
synthesized by a two step method and were then tested in an DAEFC using an AEM provided by
Tokuyama Corporation and a Co-Fe/C cathode. The first step in the nanoparticle synthesis was
the ionic reduction of a Ce(IV) salt in aqueous solution followed by a reflux of a Pd salt in the

presence of the previously formed support in a mixed aqueous/alcohol solution. This group has
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also observed a negative shift in the EOR onset potential of the CeO, containing catalysts
corresponding to what was reported earlier. For the fuel cell test they have obtained a power
density of 65 mWcm™ at room temperature with pure oxygen at the cathode which was three
times as high as what was obtained with Pd/C. A power density of up to 140 mWcm™ was

obtained for a higher temperature of 80°C.

2.2.2.2 Catalysts Containing SnO;

A few groups worked on the development of Sn and SnO, containing Pd and Pt based
catalysts for electrooxidation in alkaline and acidic media [70]-[73]. It was reported that the
attempt at the formation of a PtSn or a PdSn alloy would result in a large part of the Sn atoms to
forming a SnOy phase which was confirmed by XRD where the lack of crystallinity of Sn and
the absence of an alloy could be observed [70], [73]. Some of them [71], [73] have found that a
relatively high Sn atomic ratio was the most favorable composition for the EOR on the Pt and Pd
catalysts with results varying between 30 and 50 atom%. All studies agreed that this increase in
catalytic activity observed for SnO, containing catalysts is attributed to a synergistic effect where
the adsorption of OH™ species on the surface of SnO, promotes the oxidation of strongly
adsorbed carbonaceous molecules on the surface of the catalyst which is needed for ethanol
adsorption.

In two independent studies, Mao et al. [70] and da Silva et al. [73] have deposited
obtained PdSnO,/C nanoparticles by trying to synthesize PdSn/C nanoparticles which were
tested for the EOR in alkaline media. In the first study, the SnO, nanoparticles were formed
using a modified polyol method while in a second step the Pd nanoparticles were obtained by ion
reduction using NaBH,. They have observed an increase in current density by a factor of 2.4 and

a significantly higher steady state current density after prolonged operation. In the second study,
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the PdSnO,/C nanoparticles were synthesized by the co-reduction of Sn and Pd ions using
NaBH,. They have synthesized catalysts with atomic ratios of Pd:Sn varying between 1:0 and
1:1. It was observed that the sample with a Pd:Sn ratio of 1:1 had the highest activity during
electrochemical characterizations with a current density around 4 times higher than that of Pd/C
and a much higher stability. However, tests in fuel cell have shown that the catalyst having the
composition Pd:Sn 9:1 showed the highest power density, a behaviour that was attributed to the
lower total loading of catalysts due to a constant geometric density of Pd and to a constant Pd
loading (20 wt%) which decreased the dispersion of the particles and the conductivity of the
catalyst with increasing Sn constant.

Two other studies using Pt-based nanoparticles in acidic media (one for methanol
oxidation and one for ethanol oxidation) have shown the promotional effect of SnO, as a co-
support. A study by Ren et al. [72], synthesized, using a microwave-assisted polyol reduction
method, Pd/C, PdSnO,/C and PdSnO,/MWCNTs for methanol oxidation. They observed a
negative shift of 20 and 30 mV in the onset potential respectively while going from Pd/C to
PdSnO,/C and PdSnO,/MWCNTSs respectively along with an increase in stability following the
same trend. The current densities observed were found to be 40 % and 90 % higher for
PdSnO,/C and PASnO,/MWCNTSs respectively when compared to Pd/C. The increase caused by
the modification of the support is attributed to the structural and electrical properties of the
MWCNTSs. On their side, Jiang et al. [71] have prepared Pd/SnO./C nanoparticles with Pt:Sn
atomic ratios ranging between 8:2 and 5:5 using a modified polyol method. They have found that
the oxidation of ethanol on Pt and on their synthesized catalyst results mainly in acetaldehyde
(about 80 %). The yield of acetic acid was at its maximum on the catalysts with the composition

7:3 which was also characterized by a higher current density than the other catalysts. It is also
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this composition that showed the highest power density (60 mWcm™) in an acidic fuel cell at
90°C with a fuel concentration of 1 M and an operating pressure of 2 bar at the cathode using

humidified oxygen.

2.2.2.3 Catalysts Containing TiO

Another metal oxide material that has been of large interest as a co-support for ethanol or
alcohol electrooxidation in alkaline media is TiO, either in the nanotube [74], [75] form or
nanoparticles [76], [77]. All of these studies have observed an increase in catalytic activity per
ECSA for TiO, containing catalysts compared to Pd/C. This increase in catalytic activity
following the addition of TiO, to the catalytic systems was attributed to a few different
phenomena. First, TiO, is known be able to have a large surface density of hydroxyl groups
ranging from 1.5 to 6.2*10* molecules per cm? of surface area [78], [79] depending on its
crystal structure. This property of the metal oxide is proposed to supply hydroxyl groups to the
Pd catalyst in order to help in the removal of adsorbed molecules at a faster rate and without
monopolizing prime ethanol reaction sites. It was also proposed that there was an electronical
effect between Pd nanoparticles and the TiO, modifying the binding energy of the d band
electrons of Pd resulting in a modification of the adsorption strength of carbonaceous
intermediates facilitating their oxidation [76], [77]. A downside that was found during these
studies is that the ECSAs were found to decrease with increasing TiO, content due to a lower
porosity of the support [75]-[77].

A study conducted by Hu et al. [75] tested the electrochemical activity of Pd deposited on
carbonised TiO,-nts (TiO,C) for the EOR and compared it to the activity of Pd/C. The nanotubes
were synthesizes by a mild hydrothermal method while their carbonisations were made by

annealing the obtained nanotubes in an Ar atmosphere at 600°C in the presence of polyethylene
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glycol. The nanoparticles were subsequently formed directly on the surface of the nanotubes by
ion reduction using NaBH.. They varied the Pd loading on the surface of the nanotubes and have
found that a mass ratio of Pd:TiO,C of 1:1 yields the best performance showing a threefold
increase in power density obtained by Pd/C for ethanol electrooxidation. The decrease in
catalytic activity at higher Pd loading is explained by a lost in porosity of the system by the
formation of a complete layer of Pd on the surface of the nanotubes.

Another work published by Silva et al. [77] concerning the activity of Pd nanoparticles
deposited using NaBH, on a physical mixture of C + TiO, nanoparticles with C:TiO, ratios
varying between 1:0 and 0:1. Using linear sweep voltammetry (LSV), they have found that a
support with a ratio of C:TiO, of 40:60 proved to have the highest Pd mass activity for the EOR.
This optimal point is explained by an increasing catalytic activity of the Pd surface caused by the
supply of hydroxyl group coming from the TiO, surface with increasing TiO, content and the
modification of the binding energy of the electrons in the Pd d-band which are counteracted by
the decrease in as caused by the substitution of porous carbon support by more dense TiO,
particles. They have obtained an increase of 25 % in the Pd mass current density when compared
to Pd/C without TiO; at 0.0 V vs Ag/AgCI.

There is also a recent work conducted by Qin et al. [76] which explores the performance
of a catalytic system composed of Pd nanoparticles deposited on the surface of a C-doped TiO,
layer surrounding a carbon black core using a modified polyol method. In this study, they have
shown that the poisoning of the electrode decreases with the addition of C-doped TiO, layer over
the carbon black nanoparticles and that an increase in current density of the EOR on the Pd
nanoparticles was increased by 50 %. On top of the two effects discussed previously, they

suggest that the adsorption of ethanol on the surface of TiO, caused by an interaction with the
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partially empty d-orbitals, due to the presence of carbon atoms replacing oxygen ions, would
facilitate the transportation of ethanol molecules to Pd reactive sites and would also play a role in

the increased activity of the Pd nanoparticles.

2.2.2.4 Catalysts Containing Other Metal Oxides

Various other metal oxides have been studied as to observe their effect as a co-support
along with carbon to Pt and Pd-based catalysts on the EOR. It was shown that a wide variety of
metal oxides could have a beneficial effect on the EOR. This increase in activity was almost
always attributed to the effect discussed previously where the metal oxide surface would supply
adsorbed hydroxyl species at lower potential than on the metal surface facilitating the oxidation
of the adsorbed molecules.

A series of studies conducted by Xu et al. [26], [80], [81] have tested the effect of the
addition of various metal oxides (NiO, Co304, Mn3O,4 and MgQO) as co-supports to carbon on the
catalytic activity of Pt and Pd nanostructured catalysts. In all of their studies the metal oxide
modified carbon support was synthesized using an intermittent microwave heating method in
aqueous solution. They have found that the addition of NiO with a mass ratio of 1:6 in relation to
Pd and to Pt had the highest effect on the metal activity for the EOR with an increase in current
density of 3.5 and 5 times that of the NiO free Pt and Pd catalysts respectively. They have also
shown that Pd/C and Pd-NiO/C had a catalytic activity twice as high as their corresponding Pt
based homologues. Similar results concerning the NiO containing catalysts were observed by Hu
et al. [25] which were explained by a higher poisoning rate by CO-like species on the surface of
Pt than on Pd. Xu et al. [26], [80], [81] have also shown that an addition of Mn3O,4 and Co30,4 to

Pd/C with mass ratios of Pd to metal oxide of 4:1 for both systems would lead to an increase in
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current densities of 50 and 250 % respectively [26], [80] and that an addition of MgO to Pt/C
with a mass ratio of Pt:MgO of 4:1 would lead in an increase in current density of 400 % [81].
There is also a study published by Bai et al. [82] which shows that the addition of Zr ions
during the physical deposition of Pt ions on the surface of carbon black in aqueous solution
would result in a Pt-ZrO,/C system. They tested these catalyst for the EOR and have found that
the addition of ZrO, to the catalyst with a molar ratio of Pt:ZrO, of 1:4 shows the best
performance with an increase in current density of 60 % and a lower maximum ethanol peak

potential.

2.2.2.5 Summary

In summary, various metal oxides have been shown to promote the catalytic activity of Pt
and Pd-based nanocatalysts for ethanol oxidation in alkaline media when used as support/co-
supports. Current density increases as high as 400 % were been observed. This promotional
effect is usually attributed to two different phenomena. Firstly, a larger supply of OH" species
and that at lower potential than on carbon black promote the oxidation of carbonaceous species
near the metal-metal oxide interface. Secondly, the oxidation of adsorbed species on the surface
of the catalysts is facilitated by a modification of the adsorption strength due to an electronic

effect modifying the Pd electron density.

2.3 TiOz-nanotubes as Electrocatalyst Support for the
Oxidation Reaction of Organic Molecules

The use of TiO,-nts formed via various methods for use as supports for oxidation
reactions is increasing in popularity and various research groups have studied their promotional
effect for various organic molecules [83]-[90]. This interest comes from the fact that TiO, has

shown to give a promotional effect to different supported metal nanoparticles for various
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reactions. That is why it is expected to obtain high catalytic activity both by ECSA and by
geometric area following the deposition of metal nanoparticles on the surface of highly ordered
TiO,-nts arrays exposing an extensive three dimensional structure with high surface area to
geometrical surface area ratio. Also, various parameters can be modified in order to obtain a
relatively high level of control on the morphology of the obtained nanotubes.

Two groups have tested the electrooxidation of ethanol on TiO,-nts containing catalysts.
A first study, lead by Song et al. [88], studied the difference in catalytic activity of three different
catalysts: Pt/C, TiO,/Pt/C and TiO,-nts/Pt/C. The TiO, nanoparticles and nanotubes were mixed
with the Pt/C catalyst with a TiO, to Pt weight ratio of 1:1. They observed an increase in current
density of 100 % when going from Pt/C to TiO,-nts/Pt/C during the EOR in acidic media with
the activity of TiO,/Pt/C situated approximately in the middle. A negative shift in the potential at
which the CO stripping peak was observed on TiO,-nts/Pt/C compared to the other samples
which suggests that the oxidation of strongly adsorbed intermediates is easier on this catalyst
than on TiO,/Pt/C and Pt/C. A second study by Qin et al. [90] produced anodically grown TiO,-
nts of different length (325 to 425 nm) on which they deposited Pd nanoparticles
electrochemically. They have found that the synthesized catalysts had good activities towards the
EOR which was ascribed to a good dispersion of the Pd nanoparticles on the TiO,-nts surface
and to a reduced poisoning of the Pd surface. They also reported an increase in as with increasing
TiO,-nts length but a lower mass current density. This phenomenon was explained by larger
transport resistance of the reagents and products with increasing tube length and to a higher
conductivity of shorter nanotubes.

The use of TiO,-nts as supports for different noble-metals used for the oxidation of

various other organic molecules has been reported. Indeed, a series of studies conducted by
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Hosseini et al. [85]-[87] have shown the potential of anodically grown TiO,-nts as supports for
the oxidation of a wide variety of organic molecules: galactose, glycerol, glucose, dopamine and
ascorbic acid. In a first study [86] Au nanoparticles were deposited on TiO,-nts and the activity
of the resulting electrocatalyst towards the oxidation of galactose was compared to pure Au
electrodes. A good activity towards this reaction was obtained and the Arrhenius plot suggested
that the activation energy of the oxidation of galactose on Au nanoparticle was lower than that of
Au films. Another publication [87], describes the catalytic activity of Pt/TiO,-nts towards the
oxidation of glycerol. They have shown an increase in catalytic activity compared to pure Pt and
to Pt/Ti which is attributed to a slower deactivation process caused by the increase roughness of
the electrode surface. A last study [85] investigated the activity of Au nanoparticles deposited on
TiO,-nts for the oxidation of glucose, dopamine and ascorbic acid. It was demonstrated that the
catalysts had much higher activities for glucose oxidation than pure Au foil. Also, whereas pure
Au foil does not have any catalytic activity towards ascorbic acid and dopamine oxidation
Au/TiO,-nts showed distinguished peaks for those reactions. Ag/TiO,-nts have also been
synthesized in this study and it has shown a good activity towards the oxidation of hydrazine.

A few other groups have reported the oxidation of small organic molecules on the surface
of Pt-based nanoparticles deposited on the surface of TiO,-nts. One of them is Chen et al. [83]
who synthesized Pt/TiO, and PtAu/TiO, catalysts with Pt:Au atomic ratios of 2:1 and 1:1 and
tested their activity towards formic acid oxidation. Both Au containing catalysts have shown a
similar activity for formic acid oxidation which was higher than that of the Pt/TiO, catalyst.
They also reported a negative shift in the onset potential of the oxidation reaction for Au
containing catalysts. Another study made by Macak et al. [84] tested Pt/Ru nanoparticles

deposited on TiO,-nts and conventional nonporous TiO, supports for the oxidation of methanol.
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They have also observed the effect of annealing the support to form an anatase phase before the
deposition of the nanoparticles. They have found that Pt/Ru deposited on TiO,-nts had a higher
catalytic activity and that crystallisation of the nanotubes further promote the methanol oxidation
reaction.

In summary, TiO,-nts have shown to be promising catalyst support for alcohol oxidation
due to its high real surface area per geometrical surface area. The mass current density has been
shown to reach values up to 100% higher on metal catalysts nanoparticles deposited on TiOz-nts
compared to those deposited on carbon black. Also, modification of this support, such as
annealing, has shown to further improve the catalytic activity of the deposited catalyst due to the

enhanced electronic conductivity caused by the more crystalline structure.

2.4 Graphene as Electrocatalyst Support for the Oxidation
Reaction of Small Alcohol Molecules

Graphene is a large two dimensional monolayer of hexagonally arranged sp, carbon
atoms which offers an as reaching up to 2600 m?g™ [54], [91], [92]. This very high as offer the
possibility to obtain a higher dispersion and utilisation of the deposited nanoparticles. For this
reason many groups have studied this material as a support for Pt group-based nanoparticles used
in the electrooxidation of small alcohol molecules and compared their result to nanoparticles
supported on other carbon based materials [15], [49], [87]-[96]. All of these studies have
observed highly homogeneously dispersed nanoparticles on the surface of the graphene sheets
which is generally used to explained increase mass current density due to a higher metal surface
utilisation.

The following studies [15], [91]-[94], [97]-[99] have looked into the promotional effect

of reduced graphene and graphene oxide as supports for Pt-based and Pd-based catalysts for
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small alcohol molecules compared to those deposited on carbon black or other carbon supports.
In general, it was observed that going from another carbon support to a graphene support causes
an increase in mass current density, real surface area current density, a decrease in the onset
potential and a higher resistance to poisoning.

Three studies have looked into the catalytic activity of Pt nanocluster on graphene
towards methanol oxidation [91], [92] and ethylene glycol oxidation [99]. Both studies on
methanol have found the mass activity of Pt doubles when it is deposited on graphene instead of
carbon black with possible loadings as high as 80 wt% having a high utilisation due to a very
good dispersion on the support surface caused by the large as. The study on ethylene glycol
oxidation revealed that the ECSA of the catalyst deposited on graphene was slightly higher than
that of PUMWCNTS. It also expressed a lower poisoning rate showed by a lower If/lb ratio and
an increase of 30 % in the current density per ECSA. The following study [15] tested the
catalytic performances of Pt-Ru nanocatalysts for methanol and ethanol electrooxidation when
deposited on carbon black and on graphene. An increase of 20 % in ethanol oxidation current
density and of 100 % methanol was observed on the Pt-Ru nanoparticles on graphene.

Other studies [93], [94], [97], [98] have investigated the catalytic activity of Pd and Pd-M
alloys deposited on graphene as nanocatalysts for the oxidation of ethanol. In two of the studies
[97], [98], pure Pd nanoparticles were deposited on graphene and tested for the EOR. Singh et al.
[98] have observed an increase in current density for the EOR of 30 and 50 % when going from
carbon black and MWCNTSs to graphene respectively. On their side, Wu et al. [97] showed that
thermal treating of graphene sheets under inert atmosphere at temperatures of 400 to 600°C
before Pd deposition could further increase the activity of the catalyst for the EOR. They have

shown that the activity of the catalyst could increase by 75 % compared to non-treated graphene
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supports. Two studies, one by Huang et al. [94] and the other by Liu et al. [93], have investigated
the activity of PdAu and PdAg nanocatalyst deposited on graphene respectively. In the first one
the PdAu nanoparticles deposited on graphene has shown an ECSA 2.7 and 7 times larger than
those obtained with PdAu nanoparticles on MWCNTSs and carbon black respectively. Also, mass
current densities of the catalyst on graphene were found to be 1.7 higher than on MWCNTSs and
3.25 times higher than on carbon black. In the second study PdAg nanoparticles deposited on
graphene had a higher catalytic activity than similar nanoparticles deposited on carbon black and
on MWCNTSs. They have also observed that the catalyst composed of PdAg with a mass ratio of
1:1 had the highest catalytic activity for the EOR.

Different surface modifications can be made to graphene in order to influence various
parameters such as the promotion of the catalytic activity of supported nanoparticles, the
dispersion of nanoparticles on its surface and its hydrophobicity. It was shown that the
modification of graphene surfaces using sulphonated groups would increase the resistance to
poisoning by adsorbed carbon species of supported catalyst compared to non-modified graphene
[101]. Sulphonation of graphene has also shown to increase the dispersion of metallic
nanoparticles on its surface during deposition [101]. Also, the higher hydrophobicity of
sulphonated graphene has shown to increase its dispersion in water favoring a more even
dispersion of nanoparticles when deposition is obtained in aqueous media [102], [103]. A study
made by Wen et al. [54] have also shown that Pd deposited on SnO,-modified graphene
expressed a higher catalytic activity than non-modified graphene sheets towards ethanol
electrooxidation. This increase in activity is attributed to the supply of OH from SnO; sites to

neighbouring Pd nanoparticles.
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In summary, graphene was shown to promote the mass activity of Pt and Pd-based
catalysts for alcohol oxidation compared to other carbon-based supports such as carbon black,
CNTs and MWCNTSs. This larger mass activity is attributed to the high as of the material
allowing a better dispersion of nanoparticles and an increased metal-support interface where OH"
ions can be supplied to oxidised adsorbed species. It is also shown that modifications of
graphene sheets such as thermal treating or the addition of functional groups can further promote

the activity of the deposited metal catalysts.

2.5 Cathode Catalyst (Oxygen Reduction)
2.5.1 Pt and Pt-Based Catalysts

On the cathode side of a DAFC, whether it is fed air or pure oxygen, the oxygen
reduction reaction (ORR) (represented by Eqg. 2.8 to 2.11) takes place [104], [105]. In this
reaction an oxygen molecule is adsorbed on the surface of a metal atom in a bridge
configuration. Neighbouring hydroxyl groups react with one of the oxygen atom to form a HO,

group on the surface of a metal atom. This molecule is further oxidized to two water molecules.

0, + Pt - Pt — 0, 2.8
Pt—0,+H*+e - Pt—HO, 2.9

Pt —HO, + Pt > Pt—OH+Pt—-0 2.10
Pt—OH+Pt— 0+ H* +3e” - 2H,0 + 2Pt 211

Once again Pt is known to be the best catalyst for this reaction. It is however possible to
increase the activity of Pt for the ORR by alloying the metal with other metal atoms (including
but not limited to Cr, Mn, Fe, Co, Ni, Sn and V) or by the deposition of a thin Pt layer on the
surface of other nanoparticles as it was shown in various independent studies [105]-[109]. These

increases in activity were attributed to different phenomena occurring simultaneously. In a first
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part, by alloying Pt with various metal atoms it is known that the lattice parameter of the crystal
structure will vary with the degree of alloying and the size of the ad-atom. This modification in
Pt-Pt or Pt-M distance could influence the ORR rate by favoring the adsorption of oxygen on the
surface of the catalyst. Also, by adding ad-atoms with an incomplete d-band it is possible to
modify the electron density of the Pt 5d orbital due to a Volta potential modifying the Fermi
level of the catalyst favoring the reduction of attached molecules. Finally, it was proposed that a
presence of a more complete oxide layer on the surface of the catalyst could be achieved with an
alloy which would provide hydroxyl groups for the ORR [110].

A study conducted by Mukerjee et al. [109] has tested various Pt alloys with an atomic
Pt to Cr, Mn, Fe, Co or Ni ratio of 1:1 de posited on carbon for the ORR. They have shown that
the presence of any of these metals had a beneficial effect on the catalytic activity of the catalyst
for the ORR. They have observed an increase in current density by ECSA up to a factor of 3 for
PtCr alloy and a decrease in current density following: PtCr/C > PtFe/C > PtMn/C > PtCo/C >
PtNi/C > Pt/C. A trend with a volcano shape in the current density was observable when the
maximum current density was plotted against both the inter-atomic distance of the catalyst and
the d-orbital vacancy. This optimal point is explained by reaching the smallest variation in Gibbs
energy for the adsorption of hydroxyl groups on the surface of the catalyst.

Another study published by Toda et al. [105] reuse a few of the alloys presented in the
previous study and vary the Pt to metal atomic ratio from pure Pt to low Pt content. The metals
used in this study are Ni, Co and Fe. They observed that it was possible to obtain a current
density for the ORR up to 20 times higher with a PtM alloy than on Pt alone. The optimal Pt to
metal ratio was found to be different for each type of metal ad-atom with a ratio of 3:7 for Ni,

2:3 for Co and 1:1 for Fe. This increase is caused by a modification of the electron density of the
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Pt 5d orbital facilitating the acceptance of the 2p electrons of O, increasing the adsorption speed
and decreasing the bond strength.

In two other studies, one made by Jeyabharathi et al. [106] and the other by Antolini et al.
[108], the performances of two other Pt based alloys for the ORR is explored. In the first study, a
PtSn alloy with a Pt to Sn ratio of 7:3 is synthesized using a modified polyol method obtaining
two structures: an fcc configuration with a composition of Pt;sSnys and an hexagonal
configuration containing a PtspSnso composition. They found that while the synthesized catalyst
was only marginally better than pure Pt/C it was more resistant to fuel crossover increasing its
life expectancy. In the second study Pt is alloyed to V with a nominal ratio of 1:1 and tested for
the ORR. They found that the as synthesized catalyst showed lower performance for the ORR
than Pt/C at atmospheric pressure. However, an increase in pressure over 2 atm gives the
vanadium containing catalyst a higher catalytic activity which increases to 20 % higher than that
of Pt/C under the same conditions at 5 atm. It is also shown that annealing the catalyst at 850°C
under a reducing atmosphere increases the activity of the PtV/C catalyst at lower pressure higher
than that of Pt/C while sacrificing activity at higher pressure. This effect of annealing is
suggested to be caused by a change in the catalyst structure which passes from the fcc structure
with a Pt;VV composition to another fcc structure with the PtV composition.

A last study used another approach where instead of alloying a metal with Pt they
deposited a sub-monolayer of Pt on the surface of carbon supported metallic nanoparticles.
Indeed, Sasaki et al. [107] have deposited partial layers of Pt on the surface of Au and Ru
nanoparticles using a spontaneous deposition method. They observed that the activity of a sub-
monolayer of Pt on Au could offer the same current density for the ORR than a Pt/C catalyst

containing several times the Pt loading.
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In summary, Pt is a very active catalyst when used for the ORR. However, alloying Pt
with another metal, such as Cr, Mn, Fe, Co, Ni, Sn, V, etc. could further increase the reaction
rate of oxygen molecules at the surface of the catalyst. This promotional effect is caused by two
phenomena. Firstly, a modification of the lattice parameter of Pt influences the oxygen
adsorption rate on its surface modifying the ORR reaction rate. Secondly, the addition of ad-
atoms with an incomplete valence band it is possible to modify the electron density of the Pt 5d

orbital favoring the reduction of adsorbed molecules.

2.5.2 Non Pt-Based Catalysts

As for the anode catalysts, scientists around the world have explored the possibility of
using other materials than Pt as cathode catalyst in order to decrease its production costs. As of
now, a few materials have shown promising results out of which MnOx based nanocatalyst
deposited on carbon based supports have taken the lead as potential substitute to Pt catalysts
[111]-[115]. While the activity of Pt for the ORR has yet to be surpassed, Pt-less catalysts have
shown comparable activities with significantly higher stability during operation [116]. Other
materials such as metallic alternatives [117], [118] or nitrogen doped carbon materials [116],
[119] have also been proposed as catalyst after demonstrating reasonable activity.

As mentioned, MnOy and MnOy-based catalysts show good activities towards the ORR.
Many modifications were made to the catalysts in order to further promote the surface reaction.
Amongst other, Roche et al. [113] made some modification to MnOx nanoparticles on carbon by
doping the nanoparticles with Ni and Mg ions. This modification provided a specific and mass
activity for the ORR comparable to commercial Pt/C catalysts. Another group [114] published a
study where they show the effect of the deposition of MnOx nanoparticles on the surface of

Nafion-modified Au electrodes. They found that the addition of MnOy nanoparticles to the
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electrode had a beneficial effect on the ORR when compared to the bare Nafion-modified Au
electrode. A study by Zhang et al. [111] tested the activity of a dual catalytic system composed
of MnO, modified with cobalt octacyanophthalocyanine deposited on a glassy carbon electrode
towards the ORR. They observed an activity similar to that obtained on Pt nanoparticles. In all
the works dedicated to the ORR on MnOx materials the high in activity is explained by the
promotion of the 4 electron reduction pathway which has faster kinetics and less hydrogen
peroxide by products due to the reduction of Mn from Mn (IV) to Mn (Ill) in the form of
MnOOH [111]-[115].

Other groups have tested metals less expensive than Pt for the ORR with interesting
results. Xiao et al. [117] have compared two Pd nanostructured materials with different geometry
showing preferential plane orientation and have compared the results with Pt. They have shown
that Pd with the (110) preferential orientation (Pd nanorods) had an activity higher by an order of
magnitude compared to standard Pd nanoparticles. The activity of the Pd nanorods for the ORR
was comparable to that of Pt. The proposition made for such a difference in activity is the weak
bond of oxygen on the Pd (110) surface accelerating the reaction rate when compared to other
surface configurations. There is also a study by Hacker et al. [118] have tested Ag as a catalyst
for the ORR. They have found that depositing Ag nanoparticles on the surface of CNFs could
give catalyst with an activity comparable to that of Pt at low loading with a low overpotential.
They have also shown that an increase in loading would not result in higher activity but would
rather be express by a higher overpotential.

A few works are also dedicated to the ORR on nitrogen doped carbon nanosheets
(graphene or carbon nanotubes). Indeed, in a work published by Nagaiah et al. [119] bare carbon

nanotubes (CNTs) doped with nitrogen are used for the ORR and the effect of annealing the
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catalysts in an inert environment on their activity for the reaction is assessed. They have found
that the formation of different nitrogen components on the surface of the CNTs at higher
temperature as shown by peaks apparition at higher binding energy (XPS) would promote the
ORR reaching activities higher than that of commercial Pt nanocatalysts. Also, a study made by
Liang et al. [116] shows the effect of the nitrogen doping of the graphene support of CozO4 on
the ORR. They have shown that while Co3O4/graphene had a reasonable activity for the ORR,
the doping of the support with nitrogen has boosted the activity just under that of commercial Pt
catalysts with a very high stability for long periods of time in harsh alkaline environments.

These studies show that there are many potential alternatives to the costly Pt as cathode
catalyst and that a lot of them are more stable with comparable current density. These results

bring us one step closer to commercial DAFCs.

2.6 Anion Exchange Membrane

As discussed previously, while the utilisation of an AEM in DEFC brings various
benefits when compared to CEM such as lower fuel crossover, cheaper catalysts and easier water
management, there is still the problem of obtaining a high anionic conductivity (>0.01 Scm™ to
be competitive with Nafion) [24]. The solid polymer electrolyte membranes used in alkaline
media are usually categorised in two distinct main groups, polyelectrolytes and ion solvating
polymers (ISPs) [24]. The former is based upon the grafting of positively charged groups
(usually quaternary ammonium groups [120], [121] (sulphur and carbon based groups have also
been reported [24]) on polymer chains that interacts with the anion of the ionic salt (usually
NaOH or KOH in fuel cells) to transfer an anion from high to low OH" concentrations (Nafion is
a polyelectrolyte for H"). On the other hand, ISPs are polymers with integrated electronegative

heteroatoms (oxygen, nitrogen, sulphur and phosphorus [24], [120]) soluble in water. These
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membranes are composed of the polymer, a hydroxide salt and a plasticizer (to maintain the solid
form) [120]. The cation from the hydroxide salt (usually potassium) is attracted to the
electronegative atoms through a donor-acceptor link causing apparent positively charged sites on
the surface of the polymer which allows the transport of anions. Table 2-1 gives a list of some
experimental ISPs and polyelectrolyte and commercial AEM expressing high conductivity.

Membranes based on polyelectrolyte with quaternary ammonium groups have been
shown to express conductivities in the range of 0.01 to 0.065 Scm™ with membrane thickness
being less than 100 um. A series of studies by Slade and Varcoe [27], [122]-[125] have shown
that  Poly(hexafluoropropylene-co-tetrafluoroethylene)  (FEP) and  Poly(Ethylene-co-
Tetrafluoroethylene) (ETFE) based membrane grafted with quaternary ammonium groups with
and without modifications to the polymer chain could express ionic conductivities in the range of
0.02 to 0.035 Scm™ at moderate temperatures (30 — 60°C). More recently, other groups [126]-
[128] have shown high conductivity of an AEM based on other quaternary ammonium grafted
polymers such as poly(arylene ether sulphone), poly(phenylene oxide) and poly(aryl ether
ketone)s out of which the former expressed the highest conductivity with values up to
0.065 Scm™ at 70°C [126].

AEMs based on ISPs usually show slightly lower anionic conductivities with typical
values below 0.02 Scm™ with a few exceptions. One of these exceptions has been discussed in a
work by Xing et al. [133] where a PBI film doped with KOH demonstrated a conductivity of up
to 0.09 Scm™ which is comparable to that of Nafion at room temperature. Also, a work by Yang
et al. [130] obtained conductivities of up to 0.047 Scm™ at room temperature from a polyvinyl
alcohol (PVA) membrane doped with KOH. Various other groups have obtained good results by

modifying PVA polymer chains before KOH doping (refer to Table 2-1 for more details).

50



Chapter 2: Literature Review

Table 2-1: List of recent experimental and commercial membrane with thickness and ionic

conductivity

Thickness

Temperature

Conductivity

Membrane / pm 1°C / Serm Ref
Experimental
Polyelectrolyte
. [122],
FEP quaternary ammonium 50 60 0.02 [123]
ETFE quaternary 51 30 0.03 [124]
ammonium
FEP-g-I?VBC guaternary 50 50 0023 [27]
ammonium
ETFE-b_ased quaternary 78 50 0.034 [125]
ammonium
Poly(arylene ether s_ulphone) __________ 20 0.025 - 0.065 [126]
guaternary ammonium
Poly(phenylene 0xuje) __________ 70 0.0083 [127]
guaternary ammonium
Poly(aryl ether keto_ne)s __________ 80 0.0307 [128]
guaternary ammonium
lon Solvating Polymers
PEOIKOH | - 25 0.001 [129]
PVA/KOH 300 — 600 25 0.047 [130]
PVA/PECH 400 - 600 25 0.02 [[113;12]]’
PVA/ITEAC 400 — 600 25 0.0231 [131]
PBI/KOH 40 25 0.09 [133]
PVAPVPIKOH | - 25 0.002 [134]
PVA/PEGDE/KOH | ---------- 25 0.0015 [134]
PVA/KOH 60 — 100 25 0.000977 [135]
PVA/[Bmim]OH 120 25 0.0196 [136]
Commercial
Tokuyama / 201A 28 25 0.029 [[11%2]]
Solvay / Morgane ADP 150 25 0.051 [138]
Fumatech FAA-3-PK-130 130 25 0.0076 [139]
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2.7 Objective of Work

In this work, three interconnected studies have been made. In all of them, Pd
nanoparticles were synthesized and tested for the EOR in an attempt to increase the catalytic
activity of the catalyst towards ethanol electrooxidation in alkaline media. The main objective of
this research was to develop highly active and stable Pd-based nanocatalyst deposited on various
supports for the EOR in alkaline media, to study their physicochemical properties, to evaluate
their electrocatalytic activity in 1M KOH by means of electrochemical techniques and to
evaluate the resulting catalyst in an alkaline ethanol fuel cell.

In order to do so, Pd nanoparticles are deposited on various supports (using two different
techniques: metallic ion reduction and atomic layer deposition) having shown promising
potential for the EOR such as: SnO,, CeO,, TiO,, TiO,-nts, SnO,/TiO,-nts and graphene. The
nanocatalysts were characterized using different physicochemical characterizations such as:
X-ray diffraction, X-ray photoelectron spectroscopy, scanning and transmission electron
microscopy and atomic force microscopy in order to understand their compositions, oxidation
states and morphologies. Electrochemical techniques such as: cyclic voltammetry,
chronoamperometry, CO stripping and PdO reduction were used in order to observe the effect of
the support on reaction rate of ethanol at the catalyst surface. Also, the effect addition of
different Ni content to Pd nanoparticles deposited on graphene will be tested in an attempt to
promote the EOR. The ultimate goal was to test the best performing catalyst in an alkaline
ethanol fuel cell that was designed and built for this purpose using a commercially available

AEM from Fumatech.
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Chapter 3: The Role of Metal Oxide Support on
Catalytic Activity of Pd Nanoparticles for
Ethanol Electrooxidation in Alkaline
Media

3.1 Introduction

The development of highly efficient catalysts for ethanol oxidation in alkaline media can
be achieved by different means which does not necessarily include changing the composition of
the metal catalyst. As discussed before, the nature of a catalyst's support can have an immense
effect on its catalytic behaviour. In this chapter, nanostructured catalytic systems were
synthesized by the in-situ deposition of Pd nanoparticles on different metal-oxide particle
supports using a simple one-step deposition technique and compared to Pd/C synthesized using
the same technique. Catalysts with a high metallic loading of 50 wt%, in order to increase the
catalytic system's conductivity, were produced by the reduction of Pd** ions in an aqueous
medium using NaBH,; as a reducing agent obtaining Pd nanoparticles with a narrow size
distribution and of similar shape on all supports as assessed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The X-ray photoelectron spectroscopy (XPS) spectra
of Pd3d peaks for all supports have shown that the Pd electron density increases with an
increasing reducibility of the support modifying the catalytic activity of the nanocatalysts. The
best performing electrocatalyst was found using different electrochemical techniques in alkaline
media and was then tested in a direct alkaline ethanol fuel cell (DAEFC) using a commercially

available anion exchange membrane (AEM). Results are presented in Chapter 7.
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3.2 Experimental Section
3.2.1 Nanoparticles Synthesis

The palladium-support nanocatalytic systems were synthesized by in-situ reduction of Pd
ions on the nanostructured supports using PdClI, (Fisher Scientific 99.99 %) as precursor salt and
NaBH, (Acros Organics 98 +%) as a reducing agent. First the Pd precursor salt was dissolved in
5 mL of deionized water (Millipore Milli-Q 18 Qcm) and 100 uL of HCI (Fisher Scientific 36.5-
38%), since PdCI; is soluble in water only at low pH, to obtain a complete dissolution. After
complete dissolution, the volume of the solution was increased to 50 mL with deionized water
and one of the following supports was added: carbon black > 99 % (Cabot Vulcan XC72), tin
oxide (Sn0O,) 99.5 % (NanoArc), titanium oxide (TiOy) > 96.5 % (Kronos 2073) and cerium
oxide (Ce0,) 99.5 % (Alfa Aesar) in order to obtain of nominal loading of Pd of 50 wt% on the
support (assuming that all the Pd is deposited on the support). The aqueous mixture of Pd salt
and support powder was stirred until a homogeneous suspension was obtained. A 2 wt% agueous
solution of NaBH, with a stoichiometric excess of 100 % was prepared shortly before the
synthesis (in order to prevent hydrogen evolution) which was then added dropwise while the
solution was stirred. The addition of NaBH, to the suspension produced a black colour which
was caused by the reduction of Pd*" ions to metallic Pd following Eqg. 3.1. The resulting
suspension was then stirred for 15 min to ensure complete reduction of the Pd®* ions. The
catalysts obtained were then washed twice with deionized water and twice with ethanol (Fisher
Scientific 99%) the mixture was centrifuged after each washing cycle and the supernatant was
removed. After the last wash cycle the particles were dried in a freeze dryer.

2NaBH, + Pd** + 2 Cl” - 2 NaCl + Pdy, + B;Hg + H, 3.1
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3.2.2 Physicochemical Characterizations
3.2.2.1 X-ray Diffraction

XRD patterns of deposited Pd nanoparticles were obtained on a RigakuUltima IV
diffractometer using a CuKa X-ray source (40 kV, 40 mA). The measurements were made at a
scan speed of 0.075 26/min and a scan step of 0.02 26 between 30 and 75 26 in order to cover
the range including the (111), (220) and (200) peaks of crystalline Pd. The average crystallite
size of the Pd nanoparticles was calculated using Scherrer equation based on the (111) peak of

Pd and the full width at half maximum (FWHM) of the peak.

3.2.2.2 Transmission Electron Microscopy

TEM measurements were performed on a JEOL JEM-1230 instrument with an
acceleration voltage of 100 kV. The catalysts powders were dispersed in alcohol and water
through ultrasonication. The catalyst powder solution was dropped onto the copper grid coated
with a carbon layer and air-dried for TEM measurements. The average particle size was

estimated using ImageJ software by counting at least 300 particles per catalyst.

3.2.2.3 X-ray Photoelectron Spectroscopy

XPS was carried out on a Kratos Axis Ultra DLD instrument equipped with a
monochromatic Al Ko source. An appropriate amount of catalyst powder dispersed in ethanol
was deposited on a piece of Si substrate and then dried for the XPS analysis. In all cases no Si2p
peaks were observed showing that the substrate was covered with a relatively thick layer of
catalyst. The Pd3d XPS core level spectrum was deconvoluted using XPS PEAK 4.1 software
and a fitting routine that decomposes each spectrum into individual mixed Gaussian-Lorentzian

peaks using a Shirley background subtraction over the energy range of the fit. Their
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deconvolution was performed using doublets with spin orbit splitting 5.3 eV and intensity ratio
Pd3ds/,:Pd3ds, = 3:2 while a peak asymmetry was used in the case of the Pd3d peak attributed to
the metallic state based on the work of Hufner er al. [140], [141]. The peak asymmetry of the
metallic state was defined by using a sample of pure Pd after reduction under H,. The binding
energy was calibrated using the Cls peak at 284.6 eV as a reference. The accuracy of
measurement of the binding energy is +£0.1 eV while that of full width at half maximum

(FWHM) is £0.05 eV.

3.2.3 Electrochemical Characterizations

All electrochemical characterizations were made using a Bio-Logic potentiostat with the
EC lab software package. Those measurements were made in a three electrode electrochemical
cell (represented in Figure 3-1) where the working electrode was a glassy carbon electrode with
a surface area of 0.196 cm?, the counter electrode was a high surface area platinized platinum
mesh and the reference electrode was a mercury/mercury oxide (Hg/HgO) electrode connected to
the principal compartment using a Luggin capillary to prevent any disturbance in the electrode
vicinity. The electrochemical cell was made of an opaque Teflon cylinder having a diameter of
8.6 cm and a height of 9.4 cm which was emptied out providing a working volume of 550 mL.
The electrochemical cell was covered by an opaque Teflon lid in order to control the
composition of the atmosphere in the working volume and to prevent any UV radiation from
entering the chamber which could influence the catalytic activity of the semi-conductor oxide
supports (especially TiO, which has been known to oxidize organic species when irradiated with
UVA) [142], [143]. All electrochemical experiments were made under inert atmosphere by

bubbling nitrogen in the electrolyte prior to characterization to prevent reactions between the
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electrode and dissolved oxygen. Figure 3-1 shows the dimensions and the configuration of the

electrochemical cell previously described.

7.0cm

10.5cm

9.4cm

I 8.6cm

Gas Inlet

Counter Electrode \Working Electrode

Reference Electrode

Gas Outlet

Figure 3-1: Electrochemical cell dimensions and configuration.
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For the electrochemical characterizations, a catalyst ink was prepared to deposit nanoparticles
on the working electrode for electrochemical measurements. The ink consisted of 6mg of the
desired catalyst, 0.6 mL of deionized water (18 MQ-cm), 60 pL of iso-propanol 99.5 % and
30 uL. of 5 wt% Nafion solution (Sigma Aldrich). The ink was sonicated for 10 min to ensure
high dispersion and homogeneity, 2.5 uL of the ink was then deposited on the surface of the

glassy carbon electrode and air dried for 15 min.

3.2.3.1 Cyclic Voltammetry

Cyclic voltammograms (CV) were made in a solution of 1M KOH between -0.7 and
0.2 V vs. Hg/HgO reference electrode at a scan rate of 25 mVs™, a potential range that includes
hydrogen adsorption/absorption on Pd surface and PdO formation. CVs were also made in a
solution of 1 M KOH + 1 M ethanol under the same potential range to observe the catalysts
activities for the ethanol oxidation reaction (EOR). In order to compare the activities, the
currents observed were normalized by the electrochemical active surface area (ECSA) found

using CO stripping. Ten CV cycles were performed for all samples and the last cycle is reported.

3.2.3.2 CO Stripping

The CO stripping experiments made in order to find the electrochemical active surface
areas (ECSA) were carried out in a solution of 1 M KOH at a scan rate of 25 mVs™. First
nitrogen was bubbled through the solution for 30 min in order to remove any dissolved oxygen.
Then ten cyclic voltammogram (CV) cycles were done in order to obtain a stable and
reproducible CV. The potential was then held at -0.55 V vs. Hg/HgO for 30 min while N, was
bubbled through the solution to have a template of the effect of negative potential hold on the
CV scan. Five more CV cycles were then made starting from the holding potential and the first

cycle shows the effect of the potential hold in the scan. The potential was then once more held at
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-0.55 V for 30 min while bubbling CO for the first 20 min in order to saturate the surface of the
Pd nanoparticles with the molecule. Nitrogen was bubbled through the solution for the remaining
10 min to remove any dissolved CO. The potential was then cycled between -0.7 and 0.2 V at a
scan rate of 25 mVs™ starting from the holding potential. The CO oxidation peak, found around

-0.1 V vs. Hg/HgO on the anodic scan, can then be integrated to find the ECSA of the electrode.

3.2.3.3 Chronoamperometry

Chronoamperometry (CA) measurements were conducted in a solution of 1 M KOH +
1 M ethanol. The potential was first cycled between the same potentials as for the previous
electrochemical measurements until a stable CV was obtained. The potential was then held the
low current region at -0.6 V on the forward scan for 5 min. The applied potential was then
stepped directly to -0.2 V, where a high current density could be observed for all samples, for 1 h

in order to study the behaviour and stability of the catalysts during continuous operation.

3.3 Physical Properties of the Synthesized Nanocatalysts

The synthesized catalysts were characterized using various physicochemical techniques
in order to determine their physical properties and chemical compositions. This was done in
order to explain the difference in catalytic activities between the Pd nanoparticles deposited on
the different supports. The characterizations found in this section allow the calculation and
observation of the average diameter of the nanoparticles, the crystallinity of the catalysts, their

surface chemical compositions and relative electronic densities.

3.3.1 X-ray Diffraction

XRD is a bulk technique that can supply information concerning the structure and

composition of the material studied. The position of the observed peaks can be related to the
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inter-planar distance of the different crystalline planes, using Eq. 3.2 [16], [144], which will
move accordingly in the presence of an alloy or significant quantum effect.

nA = 2dsinéo 3.2

Where n is an integer usually equal to 1, d is the spacing between the crystalline planes in
A, \ is the wavelength corresponding to the X-ray used which are usually Cu Ka with a
wavelength of 1.54 A and @ is the incident angle of the rays on the surface of the crystal for n to
become an integer.

XRD measurements were taken in order to find the average particle diameter of the Pd
nanoparticles which are presented in Figure 3-2. It can be observed that the nanostructured Pd
particles have a fcc structure due to the presence of the main (111) peak of Pd detected at
40.08 26 for all the samples which is typical of bulk fcc Pd metal [145]. Two other characteristic
Pd peaks can be observed at 46.5 and 68.2 20 corresponding to (200) and (220) fcc planes,
respectively. The positions of the peaks being those of pure Pd crystals shows that the Pd
nanoparticles are composed of pure Pd and not PdO or an alloy. All the other, narrower, peaks
observed for the spectra of Pd/TiO,, Pd/CeO, and Pd/SnO; [73], [146]-[154] can be attributed to
the different crystalline planes present in the different oxide supports particles while carbon does
not show any peak due to its amorphous nature [155]. The broadening of the XRD peaks of
nanoparticles can be attributed to various effects. However, the broadening for nanoparticles
larger than 5 nm is mainly caused by the size of the nanoparticles while the other effects can be
neglected [156]. The average crystallite diameter can be found using the FWHM of the (111)
XRD peak in the Scherrer equation (Eq. 3.3) which yields the volume weighted average particle
size due to the fact that being a bulk technique the effect of particles containing more matter will

be larger than that of particles containing less matter [157]. The crystallite sizes of the particles
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found from the XRD diffractograms using the Scherrer equation are 7.5, 9.5, 10.8 and 15.2 nm

for Pd NPs supported on SnO,, CeO,, carbon and TiO,, respectively.

KA
t= Bcos 6

3.3

Where t is the average crystallite size of the nanoparticles in A, K is a dimensionless shape factor
varying with the shape of the particles and is equal to 0.94 for spherical particles, A is the
wavelength corresponding to the X-ray used which are usually Cu Ko with have a wavelength of
1.54 A, B is the FWHM of the broadened peak in radians and 0 is the Bragg's angle position of
the peak without taking in account the instrument broadening which will give a slightly smaller

particle size than it should.
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Figure 3-2: XRD patterns of Pd nanoparticles supported on various supports as indicated.
Symbol (¢) correspond to Pd face-centred cubic (fcc) reflections.
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3.3.2 Transmission Electron Microscopy

The magnification of a material using optic microscopy is limited by the wavelength of
the photon source used which is typically between 400 and 700 nm (visible light). This
magnification can be calculated using Eq. 3.4.

A

= _ 3.4
2nsin @

Where d is the resolution that can be obtained in nm, A is the wavelength of the photons
hitting the sample, n is the refraction index of the lenses and 6 is the angle made by a line going
perpendicularly through the center of the lens and the sample and a line going from the sample to
the extremity of the lens.

By increasing the energy of the photons, hence decreasing their wavelength, beyond
those of visible light it is possible to obtain a much higher magnification. By using a focused
beam of X-rays with energies of up to 300 KeV it is now possible to obtain magnifications in the
sub-nanometre range using TEM.

In Figure 3-3 we can observe the TEM micrographs for each synthesized nanocatalyst
along with the size distribution of the nanoparticles. It can be observed that CeO,, carbon and
SnO; are composed of smaller particles which confers them a large as while TiO, is composed of
larger particles decreasing the surface available for the deposition of the nanoparticles. The
synthesized Pd nanoparticles are of spherical shape and well dispersed on all the samples. By
using a large amount of Pd nanoparticles (over 300) for each catalyst it was possible to calculate
the weighted average diameter of the nanoparticles using Eq. 3.5.

The small size of the support particles in Figure 3-3 a), b) and ¢) can block reaction
sites on the Pd catalyst by surrounding them reducing the amount of surface available per mass

of catalyst in the system causing the mass activity of the catalysts to be lower. This surrounding
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of the catalyst particles by the support can also cause a diffusion issue preventing the evacuation
of products from the vicinity of reaction sites resulting in a lower concentration of reagents near
the surface of the catalyst. However, in Figure 3-3 d) the nanoparticles are deposited on the
surface of the support's particles offering a larger portion of their surface area to the reagents

while reducing the resistance to diffusion near their surface.

3 n 3
i=17; 35

dywa =

A comparison between the Pd crystalline sizes found using the XRD spectra using the
FWHM of the peaks and the volume weighted average diameters of the Pd nanoparticles on the
different support is shown in Table 3-1. It can be seen that the size of the nanoparticles,
calculated from TEM data, on carbon, CeO, and SnO; are slightly higher than those calculated
using the Scherrer equation while the calculated size of the Pd nanoparticles deposited on TiO; is
just under the XRD value. Since the particle sizes calculated using XRD and TEM are similar for
all the samples, which is too small for the particles to contain more than one crystal, it can be
concluded that most of the nanoparticles are mono-crystals confirming the absence of grain
boundaries.

Table 3-1: Particle characterizations obtained from XRD and TEM data

Catalyst Crystalline FWHM Particle Standard Percentage of
size (nm)? (degree) size (nm)® | Deviation (hm) | Deviation (%)°
Pd/C 10.3 0.82 12.6 3.38 18.3
Pd/SnO, 7.5 1.18 10.4 2.97 27.9
Pd/CeO, 9.6 0.93 12.3 3.09 22.0
Pd/TiO, 15.7 0.58 14.2 5.32 -10.6

a. Found using Scherrer equation and the FWHM of the (111) peak.
b. Calculated using TEM micrographs.

C. Based on value found from TEM.
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Figure 3-3: TEM images and particle size distribution of the Pd nanoparticles deposited on
various supports.

3.3.3 X-ray Photoelectron Spectroscopy
By bombarding a sample with photons having a single, known, wavelength it is possible

to eject valence electrons from the surface of the sample. Collecting those valence electrons and
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calculating their kinetic energy makes it possible to find the amount of energy with which they

were bonded to the atom using Eqg. 3.6.

hv = Eyinetic + Ebinding +¢ 3.6

Where the binding energy (Epinging) IS calculated by
subtracting the kinetic energy (Exineiic) from the energy
of the bombarding photons (hv) and ¢ is the work
function of the spectrometer's detector material which
is found and taken into account by instrumental
calibration.

Figure 3-4 shows the high resolution Pd3d orbital
XPS peak for all four samples. The deconvolution of
the Pd3d peaks reveals that the surface layers of the Pd
nanoparticles are composed mostly of Pd in the
metallic state. However, in the case of Pd/C and
Pd/CeO,, Pd atoms in higher oxidation states and
chemical environment are also detected. Table 3-2
gives a summary of the peaks positions, the FWHM of
the deconvoluted peaks, the atomic percentage of atoms
in each chemical state and the component to which
each peak is assigned.

In the case of Pd/C and Pd/CeO,, the deconvolution
suggests the existence of four distinct peaks situated at

335.4, 336.4, 337.5 and 338.4 eV. The existence of

XPS Intensity / a.u

XPS Intensity / a.u

XPS Intensity / a.u

XPS Intensity / a.u

332 334 336 338 340 342 344 346
Binding Energy / eV

Figure 3-4: Pd3d XPS peak of Pd
supported on the different supports.
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these peaks is supported by their position at the characteristic binding energy of metallic Pd,
PdO, PdO, and PdCly, respectively [158]-[161]. The validity of the affirmation of the presence
of the four peaks is also supported by the gradual increase in the FWHM of the peaks with
increasing oxidation state. The assignment of the Pd-Cl peak positioned at 338.4 eV is supported
by the presence of a Pd chloride peak (as shown in Figure 3-5) at a binding energy of 199 eV for
Pd/C and Pd/CeO, while it is absent for Pd/TiO, and Pd/SnO,.The presence of PdCly species on
the surface of Pd prepared using chlorinated precursors has been reported in literature [162]—-
[165] and it seems that their presence can be affected by the nature of the support. The removal
of chlorine can take place by a reduction pretreatment but still a small amount of chlorine may
remain associated [163]. A detailed XPS study of Pd deposited on Fe;O4 showed that even after
vacuum annealing, chlorine is still attached to the Pd particles [165].

Table 3-2: XPS Pd3d peak data of Pd nanoparticles on various supports

Sample Pd3d (eV) FWHM (eV) Relative content (%) Assignment
335.4 1.10 71.0 Metallic Pd
336.4 1.25 135 PdO
Pd/C
337.5 1.35 9.0 PdO,
338.4 1.40 6.5 PdCl,
Pd/SnO, 335.2 1.15 100 Metallic Pd
Pd/TiO; 334.8 1.2 100 Metallic Pd
334.6 1.10 64.7 Metallic Pd
336.1 1.20 9.1 PdO
Pd/CGOz
337.4 1.25 14.3 PdO,
338.4 1.35 9.2 PdCl,

A negative shift of the binding energy of metallic Pd compared to Pd/C can be observed
when the nanoparticles are deposited on the surfaced of the metal oxides. More specifically, the

metallic Pd peak for Pd/C can be observed at 335.4 eV while it is found at 335.2, 334.8 and
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334.6 eV for SnO,, TiO, and CeO, respectively. Similar shifts of the Pd3d peak have been
reported for Pd deposited on the surface of these oxides [166]. As noted earlier, the analysis of
the Pd3d peaks shows that in the case of SnO, and TiO, supported catalysts the Pd atoms are
only present in the metallic state while for the carbon and the CeO, supported catalysts, Pd atoms
in oxygenated environment (PdO and PdO,) and in PdCIx are also detected. These findings
suggest that the nature of the oxide affects the surface composition of the as prepared Pd
nanoparticles. However, more studies would be necessary to confirm that the nature of the

support plays a role in the chemical composition of the synthesized nanoparticles.

1 1 1 1 1 1
192 194 196 198 200 202 204

Binding Energy / eV

Figure 3-5: CI2p peak of Pd/C
The XPS spectra of Ce3d, Ti2p and Sn3d are shown in Figure 3-6 in order to assess their

oxidation states. First, in Figure 3-6 a), the Ce3d peak can be observed which gives a rather
complex XPS spectrum due to the electron correlation phenomenon. Ce** has six characteristic
peaks (dotted lines) which are known to be situated at binding energies of 882.0, 888.7 and
897.8 eV for the Ce3ds;, peak while the characteristic peaks of Ce3ds/, are separated from their
Ce3ds/, counterpart by 18.7 eV towards higher binding energy and are situated at 900.7, 906.9

and 916.1 eV. Ce** has four different peaks (dashed lines) situated at 880.3 and 885.8 eV for
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Ce3ds;; and 18.7 eV higher at 899.1 and 903.5 eV for their Ce3ds, homologues. The presence of
the peaks for Ce®* reveals the presence of cerium atom under the Ce,O3 form [167]. The two
characteristic Ti2p peaks of Ti are detected at 458.4 and 464.2 eV for Ti2ps, and Ti3pisp
respectively with a peak separation of 5.8 eV [168] and their positions at higher binding energy
than on metallic Ti shows that the oxidation states of the Ti atoms are mostly Ti*". Finally the
characteristic peaks of Sn3d are found at binding energies of 483.8 and 492.4 eV for Sn3ds/, and
Sn3ds, respectively with a peak separation of 8.6 eV. The position of the Sn3d peaks suggests
the presence of the Sn atoms primarily in the Sn*" oxidation state [169]. The unusually large
FWHM of both Ti2p and Sn3d peaks (>1.4 eV) suggest a shift of the stoichiometry towards

lower oxidation states (from MO, to MO,.x with X being 0 < X < 1).
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Figure 3-6: XPS peak of: a) Ce3d; b) Ti2p; c) Sn3d.
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The most plausible explanation of the observed downward shift in the binding energy of
the Pd3d peak is the presence of a metal-support interaction between the support and the Pd
nanoparticles where electrons are transferred from the support to the catalyst due to support
reduction [170], [171]. Upon contact of two solids with different work functions electrons will be
transferred from the solid with a lower work function to the solid with the higher one until the
Fermi energy levels of electrons at the interface are equilibrated [172]. Bulk Pd exhibits a work
function that is usually found to be between 5.2 and 5.4 eV [173], [174], while it is expected to
increase significantly in the case of nanostructured Pd particles as it was shown for Pt in a study
presented by Roduner [175]. The work function of SnO; has been reported to be around 4.75 eV
[176]-[178]. For TiO,, the work function has been reported to be between 4 and 4.2 eV
depending on its crystalline structure and more specifically 4.2 eV for the (110) surfaces of rutile
TiO; [179]. Finally, the work function of CeO, has been reported to be 4.69 eV [180]. The
negative shifts of the Pd3d peaks can be explained by an increase of the electron density around
Pd nanoparticles due to an electron transfer from the metal oxides with the a lower work function
to Pd nanoparticles that happens in order to equilibrate both Fermi levels. The lower the work
function of the oxide, the larger would be the Volta potential forcing more electrons to migrate to
the Pd inducing a negative charge lowering the binding energy of the electrons of the Pd3d band
to the atom's nucleus. Moreover, it is known that in CeO, and also in TiO, and SnO,, to a lower
extent, the metal sites with oxidation states of 4+ can be reversibly converted to 3+, thus
facilitating the release of oxygen vacancy that can interact with Pd nanoparticles increasing their
electron density. This change in electron density around Pd nanoparticles will cause a downward

shift of the Pd3d peaks on XPS spectra. Both phenomena are suggested to be in part responsible
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for the shifts of the Pd3d peaks to lower binding energies it is however impossible to assess

which of these is dominant with the information obtained.

3.4 Electrochemical Behaviour of the Nanocatalysts
3.4.1 Electrochemical Behaviour in 1M KOH

Cyclic voltammetry in the electrolyte is used to observe at which potential different
phenomena will happen on the surface of the electrode containing the studied catalyst. The
current obtained from the reaction at the catalyst's surface, positive or negative for oxidation and
reduction reactions respectively, are recorded through a potentiostat and plotted as a function of
potential difference between the working electrode and the reference electrode. This technique
can be useful to detect the formation of an alloy or of a biphase structure by observing peaks
shifts, elongation or doublets. It has also been shown [181] that the surface planes or the reaction
site coordination also has an effect on the potential at which the different reactions will occur on
the surface of metallic electrocatalysts.

Figure 3-7 shows the CVs of the four catalysts in 1 M KOH which correspond to reported
CV of Pd in alkaline media with similar electrolyte concentration [26], [59], [66]. Pd
nanoparticles are known to have the ability to absorb hydrogen atoms in its bulk structure at low
potential [39], [67], [182]-[184], that is why the anodic peak (peak I) situated from the lowest
potential boundary up to -0.4 V is attributed to the oxidation of adsorbed and absorbed hydrogen
on the surface of Pd nanoparticles. The next peak on the forward scan (peak IlI), observed
between -0.35 V and -0.25 V, is generally attributed to the adsorption of hydroxyl groups on the
surface of Pd [16], [39]. Peak Il which starts shortly after OH" adsorption around -0.25 V
corresponds to the transformation of the adsorbed species to higher valence oxides (PdOy)

following the reaction pathway shown by Eq. 3.7 — 3.9 [59]. Due to the fact that the formation of
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the Pd oxide is a function of both time and potential and that the potential difference is increased
continuously over time providing a constant oxidation current peak 11l is more of a plateau than
an actual peak until it later increases at a faster rate due to oxygen evolution. This last region was

however avoided in order to limit the crystallographic changes of the Pd nanoparticles [181].
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Figure 3-7: CVs of Pd catalysts deposited on the different supports in 1 M KOH. Scan rate
25 mVs™t

The main cathodic peak (peak) 1V which has its maximum situated at -0.15 V is caused by
the reduction of the PdOy layer formed on the surface of the metallic Pd nanoparticles during the
anodic scan. The shoulders seen on the peak IV can be attributed to the reduction of different
oxidation states of Pd atoms on various Pd crystalline planes and on sites with different
coordinations. The potential at which the formation/reduction of a metal catalyst oxide was

formed/reduced was shown to be affected by the contact of the catalyst with SnO, [185].
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Accordingly, as it can be observed in Figure 3-7, the reduction peak of PdO deposited on SnO,
particles is shifted to lower potential and is broader than the other samples. When the applied
potential becomes lower than -0.45 V the cathodic current increases due to a combination of
three overlapping phenomena. First, hydrogen is adsorbed on the surface of Pd as a monolayer,
then at lower potential Pd diffuses in the lattices of Pd allowing other hydrogen atoms to be
adsorbed on the metal surface, finally at even lower potential hydrogen evolution takes place on
the surface of the catalyst causing a sharp increase in the observed current. This last effect was
mitigated by stopping the cathodic scan at a potential of -0.7 V vs Hg/HgO. Hydrogen
absorption into Pd lattice prevents the determination of the ECSA using hydrogen desorption as
commonly used for the ECSA determination of Pt electrodes, therefore CO stripping

measurements were carried out to evaluate the ECSA of Pd nanoparticles.

3.4.2 Electrochemical Active Surface Area Determination Using CO
Stripping

The catalytic activity of a catalyst is calculated in katal (usually abbreviated to kat) which
is defined as the number of molecules reacted per reaction site per unit of time. By using the
ECSA in order to compare the activity of different electrocatalysts it is possible to observe the
rate of the reaction in relation with another catalyst without actual activity values. However,
other methods such as normalization per mass of geometrical surface allow only the observation
of the catalytic properties of the catalyst as a whole and not of individual reaction sites. These
latter methods give information as to which catalyst would give the best performance for the
lowest cost or amount of material by taking account of the size of the particles, the amount of
surface available and how well the reagents/products can diffuse from/to the catalyst from the

bulk solution. On the other hand, the normalization of the observed activity of the reaction by
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ECSA offers the chance to observe the effect that the catalyst's support has on the actual catalytic
activity. Further modification of the catalyst geometry and particle size would then be made to
optimize the mass activity of the catalyst while keeping their increased catalytic activity.

There are various methods to calculate the ECSA of a metal catalyst. The most common
ones are hydrogen oxidation, carbon monoxide oxidation, metal oxide reduction and double layer
capacitance. The more commonly used method is the oxidation of a hydrogen layer formed on
the surface of the catalyst, however, the capacity of Pd to absorb hydrogen in its lattice at
potentials overlapping the adsorption of hydrogen prevents the use of such a technique. The
calculation of the ECSA using the double layer capacitance of a catalyst is possible when using
colloids or pure metal but for deposited nanoparticles the addition of the double layer
capacitance of the support makes this calculation more complicated. The use of the reduction of
a monolayer of metal oxide is possible in these conditions but it is less precise, takes more time
and the data analysis is more complicated. For these reasons, the oxidation of a monolayer of
carbon monoxide (CO stripping) was used to determine the ECSA of the different samples.

First, the potential applied to the sample is cycled between the same potential as for CV
in 1 M KOH until a stable CV is obtained. The potential applied is then kept to a point where
hydrogen will be oxidized and CO molecules will poison the catalyst when it is in the electrolyte
solution. By increasing the potential of the electrode saturated with CO the molecules will be
oxidized and removed from the surface of the catalyst. By integrating the oxidation peak
observed using Eq. 3.10 and knowing that the charge required for the electrooxidation of a full
monolayer of CO on the surface of a Pd surface is 420 pCcm™ [54], [186] it is possible to find
the ECSA (using Eq. 3.11) of the electrode which corresponds to the real Pd surface area that is

available for catalytic reaction. Holding the potential does not only cause the adsorption of CO
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but also a charging of the double capacitance layer of the catalyst. In order to find which part is
caused by the oxidation of CO the potential was held for the same amount of time than for CO
stripping in the presence of N, in order to charge the double capacitance layer and observe the
CV response. Figure 3-8 shows the CO stripping data obtained for Pd/CeO,. The full grey line
represents the stable CV cycle obtained before the CO stripping experiments. The dashed grey
line shows the CV cycle after the potential was held in N, atmosphere depicting the effect of the
charging of the double capacitance layer on the current recorded by the potentiostat. The full
black line is the first cycle after the potential was held in the presence of CO and the difference
between this cycle and the cycle after the potential held in a N, atmosphere is caused by the CO
oxidation. The dashed black line is the second cycle after CO oxidation which shows, by its
similarity to the stable cycle, that all the carbon monoxide was completely removed during the

first forward scan.
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Figure 3-8: CO Stripping of Pd/CeO, where are shown the first and second cycle, the
double layer capacitance effect and a stable CV.
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Where Q is the charge calculated from the CV in pC, Ico swipping IS the current of the scan
corresponding to the CO stripping region in mA, Ip.c is the current caused by the double
capacitance layer in mA, E is the potential difference in VV and v is the scan rate in mVem™.

Figure 3-9 shows the first and second CV cycles of CO oxidation in 1 M KOH on the
surface of the four Pd nanocatalysts. The CO oxidation peak can be observed between — 0.2 V
and 0 V on all samples. The charges observed under the CO stripping curves (highlighted area in
Figure 3-9) for CeO,, TiO,, carbon and SnO; calculated using Eq. 3.10 ranged from 0.15 mC to
0.39 mC. The calculated charge and ECSA of the catalysts and the as of the support are
summarized in Table 3-3 for each sample. It can be observed that the ECSA is not affected by
the a5 of the support on which it is deposited. The currents observed for ethanol electrooxidation
were normalized per the ECSA found using this technique.

Table 3-3: ECSA of the 4 different catalysts and physical properties of the supports.

Support particle

Catalyst %ﬁ asrg;??:]rg ECSA/cm? size / Tim as/ migt
Pd/C 0.101 0.24 50 237
Pd/SnO; 0.063 0.15 22 -43 20-40
Pd/TiO, 0.104 0.24 >200 <b
Pd/CeO, 0.164 0.39 15-30 35-50
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Figure 3-9: The first and the second cycle (forward scan) of CO stripping voltammograms
for the different Pd catalysts. The peak area used for ECSA calculation is highlighted.

3.4.3 Electrooxidation of Ethanol on the Surface or the Nanocatalysts

Cyclic voltammetry in the presence of a fuel in an electrolyte makes it possible to
observe how the fuel reacts on the surface of an anode catalyst. When the ethanol oxidation
current is normalized by ECSA the catalysts can be compared in terms of the reaction rate per
units of Pd surface. An increase in this activity for nanoparticles synthesized using the same
technique would suggest a promoting effect caused by the catalyst support.

Figure 3-10 shows a stable cycle (10™) of CVs recorded in 1 M KOH + 1 M ethanol
normalized by the ECSAs calculated in Section 3.2.3.2 which are presented in Table 3-3 for
each nanocatalyst. It is possible to observe that Pd/C has a lower maximal current density on the

forward scan while Pd/CeO, and Pd/TiO, have much larger current densities with Pd/SnO,
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situated at an intermediate level. Goodenough et al. [187] suggested that the peak observed on
the reverse scan is caused by the removal of partially oxidized intermediates formed on the
surface of the catalyst. Therefore, the ratio of the intensity of the ethanol oxidation peak on the
forward scan to the intensity of the backward scan (l+/l) gives a gross approximation of the
amplitude of the surface coverage of the catalyst by carbonaceous species after the anodic scan
[188]. A low I¢l, would indicate that the catalyst shows an accumulation of adsorbed
intermediates on its surface leading to a lower stability during constant operation due to
poisoning of reaction sites by strongly adsorbed carbonaceous species. On the other hand, a
higher I¢/1, would indicate that the electrode is less prone to be poisoned by strongly adsorbed
intermediates probably due to lower adsorption strength. It can be observed in Table 3-4, along
with other characteristics of the CVs in 1 M KOH + 1 M ethanol, that while Pd/CeO, has a I/l
comparable to that of Pd/C, Pd/TiO; and Pd/SnO, have a much higher I¢l, than Pd/C showing
that both of these catalysts are less prone to being poisoned leading to a lower amount of
poisoning and a theoretically higher stability during long term operation. This higher ratio may
be due to a metal support interaction effect, which weakens the adsorption strength of ethanol
and intermediate species on the Pd surface [48], which can provide oxygenated species for the
oxidation of adsorbed molecules.

Table 3-4: Summary of electrochemical parameters from CVsin 1 M C;HsOH + 1 M KOH
solution

Onset potential / Current density | Maximum peak
Catalyst 11, V Vs IFiI /HaO at-0.2v/ position / V vs
919 mAcm™ Hg/HgO
Pd/C 0.73 -0.512 8.1 -0.111
Pd/SnO, 0.97 -0.607 17.3 -0.083
Pd/TiO, 1.03 -0.613 21.3 -0.102
Pd/CeO, 0.68 -0.596 18.1 -0.025
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Figure 3-10: CVs of Pd catalysts in 1 M KOH + 1 M ethanol at a scan rate of 25 mV s™: a)
Pd/C; b) Pd/CeO,; c) Pd/SnO,; d) Pd/TiO,. Current densities are given per ECSA.

Figure 3-11 shows the LSV of the four catalysts in the potential region of -0.65 V and
-0.15 V which is the potential of interest for fuel cells where the potential difference between the
electrodes is still significant enough to have high power density. Pd/C has the lowest current
density per ECSA between all the samples in the whole potential range showing that the reaction
rate of ethanol oxidation on its surface is the lowest of all the synthesized catalysts. The current
density of Pd/TiO, and Pd/CeO, catalysts is the same up to -0.43 V. However, Pd/TiO; has the
highest current densities than all other catalysts at higher anodic potentials. The EOR onset
potential of Pd/C is found around -0.512 V while it is significantly more negative at -0.596,

-0.607 and -0.613 V for Pd/CeO,, Pd/SnO, and Pd/TiO,, respectively. This decrease in onset
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potential indicates that the overpotential of oxidation of ethanol on the surface of the catalysts is
much lower than that of carbon. This lower potential is probably caused by the lower adsorption
strength of ethanol, a higher coverage of the catalyst surface by hydroxyl groups and from the

oxidation of adsorbed molecules using oxygenated groups supplied by the support at the 3-phase

boundary.
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Figure 3-11: Linear sweep voltammetry of the different catalystsin1 M KOH + 1 M
ethanol at a scan rate of 25 mVs™.

It is known that in alkaline media adsorbed carbonaceous species such as ethanol and its
oxidation intermediates reacts with neighbouring hydroxyl species adsorbed on the surface of the
catalyst. This effect has been shown in a few studies where the adsorption strength of ethanol on
metal surfaces was shown to be weakened by a neighbouring hydroxyl group. Indeed, Chibani et

al. [189] have shown that the adsorption energy of ethanol was lowered from -0.34 eV to
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-0.89 eV on Pt sites neighbouring an adsorbed hydroxyl group. This drop in adsorption energy is
attributed to a hydrogen bond formed between the adsorbed hydroxyl group and the hydroxyl
group present on the ethanol molecule reducing the electron density of the adsorbed ethanol
molecule hence modifying its attraction with the metal catalyst. A similar phenomenon has been
simulated by Kavanagh et al. [31] who obtained a value of -0.95 eV for the adsorption of the
combined molecule on the surface of Pt (111). The similarity between Pt and Pd (being a
transition metal of the same family) suggests that a similar effect would be observed on a Pd
surface.

The increase in current density observed for the EOR on the catalysts deposited on the
metal oxides supports can be in part attributed to a higher coverage of their surface by hydroxyl
species. This higher coverage by hydroxyl groups can be either on the Pd nanoparticles due to a
lower Pd electron density caused by the metal support interaction (as discussed in Section 3.3.3)
leading to a faster adsorption of hydroxyl groups or it can be caused by an increase in hydroxyl
groups on the surface of the support near the metal-support interface which could react with an
ethanol molecule on a neighbouring active catalyst reaction site. As a matter of fact, rutile TiO,
has been shown to offer a very high density of hydroxyl groups on its surface in alkaline media
being able to reach up to 6.2*10"* atom cm™[78]. This also suggests that rutile TiO, would have
a more beneficial effect on the catalytic system than anatase TiO; as it can have a hydroxyl
group surface density of more than 4 times higher [78], [79]. The hydroxyl group surface
densities of SnO, and CeO, were experimentally found to be 3.4 and 4.3*10* atom cm™
respectively [190]. It is observed that the activity of the catalyst increases with a higher

concentration of hydroxyl groups on the surface of its support.
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3.4.4 Chronoamperometry

Chronoamperommetry is used in electrochemistry to obtain information on the behaviour of a
catalyst under constant potential in the operating media and the reaction rate on its surface. A
constant potential in the region of interest is applied and the current obtained is recorded and
plotted over time. This technique can give different information on the behaviour of the catalysts
in the solution under this potential. For example, a higher current density per ECSA for a catalyst
signifies that the molecules attached to the surface are oxidized and replaced at a faster rate than
on samples showing a lower current density. Also, the amplitude of the derivative of the curve of
current density versus time (di/dt) is a good indication of the stability of the catalyst as a higher
absolute value could indicate a catalyst that could be either unstable in the operating media at the
potential applied or slowly becoming covered by strongly adsorbed carbonaceous intermediates
reducing the amount of reaction sites available (poisoning).

The chronoamperograms of the four synthesized catalysts in a solution of 1M KOH and
1M ethanol under an applied potential of -0.2 V vs Hg/HgO for 1 h are presented in Figure 3-12
while their current densities and di/dt after 1h can be found in Table 3-5. The current density
observed for Pd/C is significantly lower than all the other metal-oxide deposited Pd catalyst for
the whole hour of operation. It is also possible to observe that the current density recorded is not
stable after an hour and still decreases at a constant rate. This behaviour is expected for Pd
deposited on carbon black as it was shown that carbon black was not very stable in an alkaline
[191] environment meaning that the catalyst will be degrading over time slowly losing its
catalytic activity. Poisoning of the catalyst surface may also play an effect in this constant
decrease in current density as it was shown previously that the I/l ratio was low compared to

Pd/TiO, and Pd/SnO, suggesting a higher level of poisoning. Pd/SnO, shows a relatively low
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current density compared to the other metal oxide containing catalysts but its stability is reached
fast (about 1000 s) after which no decrease in current density can be observed. The high stability
of the catalyst makes it a good candidate for potential long term application. The current density
of Pd/CeO; is higher than the previous two catalysts. However, its current density continues to
decrease at a constant rate after the first hour and will most likely drop below that of Pd/SnO;
after a few hours showing a limited stability for ethanol oxidation. In this case the constant
decrease in activity after the first hour is most likely due to gradual poisoning of the surface of
the catalyst by carbonaceous intermediate as it was suggested by the low I¢/l, since CeO; is
known to have a high stability in alkaline media [192], [193]. Finally, Pd/TiO, has the highest
current density of all the samples during the full hour of operation and shows a good stability
towards the end of the test period. This high current density and stability makes Pd/TiO; the best
candidate for fuel cell applications. It can be observe that the current density of the different
catalysts containing metal-oxides after prolonged operation increases following the surface
density of hydroxyl groups on the support.

Table 3-5: Properties of the chronoamperograms for all catalysts

core | it | SER?
1 h/mAcm
Pd/C 2.16 3.9
Pd/TiO, 0.72 10.8
Pd/CeO, 1.80 8.8
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Figure 3-12: Chronoamperograms of Pd catalysts at -0.2 V vs Hg/HgO in 1 M KOH + 1 M
ethanol.

3.5 Conclusions

The results presented in this study show that the metal oxide supports have a promoting
effect on the electrocatalytic activity of Pd for the EOR. A simple synthesis method was used to
prepare Pd nanoparticles, which were deposited in-situ on the surface of different reducible metal
oxides (CeO,, TiO; and SnO;) and on a conventional carbon support. XRD showed that the
synthesized Pd nanoparticles have an fcc structure similar to bulk Pd. TEM micrographs helped
to confirm the crystalline size found using XRD which ranged between 7 and 15 nm. The XPS
spectra of the supported Pd demonstrated a shift to lower binding energy of the Pd3d peak for Pd
NPs deposited on oxides and this shift increases as the reducibility of the oxide support increases

as Sn0; < TiO; < CeO,, due to a charge transfer from the oxide supports to Pd nanoparticles

83



Chapter 3: The Role of Metal Oxide Support on Catalytic Activity of Pd Nanoparticles for
Ethanol Electrooxidation in Alkaline Media

resulting in a higher electron density in the Pd nanoparticles. It was found that the current density
of ethanol electrooxidation on Pd deposited on these oxide supports was up to twice as large as
for Pd/C. The oxide-supported Pd nanoparticles also show a higher stability during constant
potential operation indicating increased EOR kinetics. These increases in activity are proposed to
be caused by a joint effect. First, the EOR would be promoted by an increase in the surface
density of hydroxyl groups either on the surface of the Pd nanoparticles or at the metal-support
interface and by oxygen ions provided by the reducible oxides. Secondly, the modification of the
Fermi level of Pd caused by a larger Volta potential between Pd nanoparticles and their oxide
supports than between Pd and carbon resulting in a higher electron density of the Pd
nanoparticles would modify the adsorption strength of the ethanol molecules and the oxidation
intermediates resulting in a change of reaction rate on the surface of the catalyst. Overall, it was
found that TiO, offered the highest catalytic activity with a high stability making it a good

candidate for alkaline ethanol fuel cells.
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Chapter 4. Atomic Layer Deposition of Pd
Nanoparticles on TiO, Nanotubes for
Ethanol Electrooxidation in Alkaline
Media

4.1 Introduction

In the present chapter Pd nanoparticles were grown on the surface of titanium dioxide
nanotubes (TiO,-nts) using atomic layer deposition (ALD) and the obtained samples were tested
for their activity towards the electrooxidation of ethanol in alkaline media. In the previous
chapter it was shown that TiO,, used as a support, could increase the activity of Pd nanoparticles
for the EOR due to an increase in electron density of Pd caused by a relatively large Volta
potential. Ti can be oxidized electrochemically in a controlled manner in order to form a highly
uniform three dimensional array of nanotubes. This structure offers a theoretically very high
surface area available for metal catalyst deposition due to its morphology. It is expected that,
using ALD, a thin, uniform, layer of metallic Pd could be deposited on all the surfaces of the
TiO,-nts offering a high electrochemical active surface area (ECSA) possessing a high
electrochemical activity towards the ethanol oxidation reaction (EOR) due to a metal-support
interaction mechanism. By varying the Pd loading on the synthesized electrodes an optimal Pd
loading can be obtained. Also, in order to improve the catalytic activity, the structure of the
supports can be modified by annealing the obtained nanotubes in air in order to increase its
crystallinity. The physical properties of the synthesized catalysts were studied using various
physicochemical techniques such as scanning electron microscope (SEM), transmission electron

microscope (TEM), atomic force microscope (AFM) and X-ray diffraction (XRD). The activities
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of the catalysts toward the EOR were studied using cyclic voltammetry and chronoamperometry
in an alkaline media containing a constant concentration of ethanol and were normalized by
ECSA and geometrical surface area (GEO) in order to assess the activity of individual sites and

of a fixed geometrical surface which is more of a practical approach.

4.2 Experimental Section

4.2.1 Nanocatalysts Synthesis
4.2.1.1 TiO, Nanotubes Formation

The TiO,-nts catalyst supports were electrochemically grown from a titanium foil
(Advent, 95.6 % purity) in the presence of fluoride ions in an aqueous electrolyte. The TiO,-nts
were grown in a Teflon electrochemical cell using a 3-electrode configuration with a
potential/galvanostat (Modulab Solartron Analytical). A Pt mesh was used as the counter
electrode while a mercury/mercury sulphate reference electrode (Hg/HgSO,) and a Ti foil of
2cm X 2cm X 0.1cm were used as reference and working electrode respectively. The
electrolyte in which the TiO,-nts were grown was composed of a buffer solution that was made
as a solution containing 1 M of NaOH and 1 M of H3PO,. The intake of fluoride ions was made
by the addition of 0.5 wt% of HF to the buffer solution. The TiO,-nts were grown at room
temperature under an applied potential difference of 20 V between the counter and the working
electrodes. The period of anodization was 1 h in order to grow nanotubes with lengths of about
1 pm.

The TiO,-nts as formed were amorphous. An annealing post-treatment carried out at
450°C in air for a period of 2 h forced them to transfer to the anatase configuration making them

polycrystalline and giving them a higher electronic conductivity. Both as grown (amorphous)
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and polycrystalline TiO,-nts were studied as catalysts support for ethanol electrooxidation on Pd

nanoparticles in alkaline media.

4.2.1.2 Atomic Layer Deposition of Pd nanoparticles

The catalysts were synthesized by ALD in a Fiji 200 reactor from Ultratech/Cambridge
Nanotech. Pd clusters were deposited from palladium hexafluoroacetylacetone (Pd(hfac),)
(STREM Chemicals, 99 % in purity) and formalin (formaldehyde 37 wt% in methanol, Sigma
Aldrich). The Pd external canister was maintained at 90°C and it was connected to an Ar booster
in order to improve the vapour content of Pd(hfac), while the formalin canister was kept at
ambient temperature due to its high vapour pressure. The pulsing of Ar directly into the Pd
canister allows a better vapourization of the precursor and a better transport of the species toward
the reaction chamber. The tube leading from the canister to the reaction chamber was maintained
at 150°C while the chamber temperature was kept at 200°C. The gas vector for the purge of the
reaction chamber was Ar (Linde, 5.6 in purity).

The ALD sequence, in exposure mode, was 0.25 s pulse Ar with booster in the Pd(hfac),
canister to increase the airborne concentration of Pd(hfac), which was followed by 1 s of pulsing
Pd in the reaction chamber where it was exposed to the substrates for 30 s and any unreacted
material was pumped out of the reaction chamber for 15 s. Formalin was then pulsed for 3 s in
the reaction chamber and let react for 15 s before being evacuated from the reaction chamber for
15 s. The overall process takes about 80 s per cycle. The supports were exposed to reagents for a
total of 100 to 1000 cycles. The deposition of Pd nanoparticles has been performed on both

TiO,-nts and flat Si (100) substrates in order to facilitate some characterizations.
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4.2.2 Physicochemical Characterizations
4.2.2.1 Scanning Electron Microscopy

The morphology and shape of Pd nanoparticles were characterized by scanning electron
microscopy (SEM) using a JEOL 6320F microscope. The Pd/TiO,-nts samples were inserted as

is in the SEM instrument after being thoroughly washed using a pure ethanol solution.

4.2.2.2 Transmission Electron Microscopy

TEM and high resolution transmission electron microscopy (HRTEM) measurements
were performed on a JEOL 6320-F instrument. A few drops of ethanol were deposited on the
surface of the Pd/TiO,-nts which was subsequently scratched in order to separate the nanotubes
from the surface of the Ti plate. A drop of the ethanol solution containing the broken nanotubes
was pipetted from the Ti plate and deposited on a copper grid coated with a carbon layer and air

dried.

4.2.3 Electrochemical Characterizations

The electrochemical characterizations were performed wusing a BiolLogic
potentiostat/galvanostat with the EC lab software package. The characterizations were performed
in 1 M KOH to observe the behaviour of the catalysts in the electrolyte and in 1 M KOH + 1 M
ethanol to assess their catalytic activities towards the EOR. The current density obtained from
CV and CAin 1 M KOH + 1 M ethanol were normalized by the ECSA and by the geometrical
surface area exposed to the solution for comparison. The characterizations were made in a small
cylindrical Teflon electrochemical cell of an internal height of 2.2 cm and diameter of 2.6 cm for
a total capacity of 11.7 mL whose layout can be seen Figure 4-1. The working electrode was
exposed to the solution at the bottom of the cell and the connection was made from underneath
by an Ag wire. The reference electrode used was a mercury/mercury oxide (MMO) electrode
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(20 Mol %) (Koslow) while the counter electrode was a large surface area platinized Pt mesh.
All electrochemical experiments were made under inert atmosphere by bubbling N, in the
electrolyte prior to characterization in order to prevent reactions between the electrode and
dissolved oxygen. The scan rate used for cyclic voltammetry was 25 mVs™ unless otherwise
stated. Chronoamperometry measurements were made by holding the potential at -0.6 V vs.
MMO for 5 min before jumping directly to -0.2 V for 1 h. The ECSA was determined by the
integration of the reduction peak of a monolayer of PdO from the surface of the catalysts in

H,S0,40.5 M using a mercury/mercury sulphide (MSE) reference electrode.

4.2.3.1 Cyclic Voltammetry

CVs were made in a solution of 1 M KOH between -0.7 and 0.4 V vs. Hg/HgO, a
potential range that includes hydrogen adsorption/absorption on Pd surface and PdO formation.
CVs were also made in a solution of 1 M KOH + 1 M ethanol under the same potential range to
observe the catalysts activities for the EOR. In order to compare the activities, the currents
observed were normalized by the ECSA found using PdO reduction and by the geometrical
surface area exposed. Ten CV cycles were performed for all samples using a scan rate of

25 mVs™ and the last cycle is reported.

4.2.3.2 PdO Monolayer Reduction

The PdO reduction took place in a solution of 1 M H,SO, due to the fact that the potential
at which PdO reduction and hydrogen adsorption take place overlap on the surface of Pd in an
alkaline medium while they happen at distinct potential in acidic media [194]. To obtain the plot
of the charge of the reduction peak vs the maximum potential the maximal potential applied was
varied between 0.8 and 1.6 V vs MSE. For all the potential range the lower bound was kept at

0.0 V. First, the potential was cycled 5 times between 0 and 0.8 V were the potential was then
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held for 120 s after which it was cycled back to 0 V. The potential was then held at 0.1 V higher
for 120 s and cycled back. This method was repeated until a maximum potential of 1.6 V vs

MSE was reached.

Reference

/ electrode

Platinised Pt mesh

=

N, bubbler

Pd/TiO, sample

Annular Teflon seal >

Screws —— 2

Ag contact wire

Figure 4-1: Electrochemical cell layout.
4.3 Physical Properties of Nanocatalysts

4.3.1 Atomic Layer Deposition of Pd Nanoparticles

ALD is a thin film deposition technique that can be used to cover a substrate uniformly

and with very high control. It is a self limiting technique in the sense that two separate steps are
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necessary for the growth of a monolayer of the desired deposit. The substrate is exposed to a first
precursor which will saturate the surface of the substrate with a single layer. This precursor is
then ejected from the chamber which is purged with an inert gas (usually argon) to remove any
remaining precursor. A second precursor is inserted in the reaction chamber which will react
with the adsorbed monolayer and adsorb onto the surface creating new reaction sites for the first
precursor. The chamber is then evacuated and purged once more. This cycle is repeated over and
over and by varying the number of cycles it is possible to control with high precision the amount
of material deposited on the substrate.

Figure 4-2 a) shows the mass gain of the initial growth phase of Pd deposited by ALD
using a quartz crystal microbalance (QCM). At a low number of cycles, a non-linear low growth
can be observed which progressively increases until it reach a constant growth rate at a higher
number of cycles. This low mass gain at low cycles has been attributed to the long nucleation
phase of Pd and the poisoning of the substrate surface by the precursor ligands [195], [196].
Figure 4-2 b) shows a close-up of one complete cycle of ALD which can be separated in four

distinct steps.
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Figure 4-2: In-situ QCM measurements of the initial growth phase of Pd mass gain during
the ALD process a) a general evolution and b) a single ALD cycle [195].

The mass gains and losses observed during a single ALD cycle of Pd deposition can be
attributed to the reactions in the four steps represented in Figure 4-3. For the first deposition
cycle Pd(hfac), will react with an hydroxyl group on the surface of the oxide (to increase these
number of reactive sites a pretreatment with hydrogen peroxide is often used) where the Pd atom
is attached to the oxygen of the hydroxyl group while the hydrogen leaves as a H-hfac specie
resulting in the molecule observed in step 2. The surface is then exposed to a second precursor
(formaldehyde) in step 3 by which Pd(hfac) is reduced. In step 4 H,, CO and H-hfac are released

leaving a —Pd—H termination where Pd(hfac), can react again in subsequent cycles.
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Figure 4-3: Representation of the 4 steps of ALD deposition of Pd using Pd(hfac), and
formaldehyde [195].

4.3.2 TiO, Growth and Geometry

Highly organized and well defined TiO;, nanotubes can be synthesized in liquid media in
the presence of fluorine ions by applying a potential difference between a counter electrode and a
Ti foil. The morphology of the TiO,-nt can be affected by various factors such as the current
applied which will affect the thickness of the oxide layer, the viscosity of the electrolyte which
will affect the shape and length of the nanotubes and the time of anodization which will also
affect the length of the nanotubes until steady state is reached. By manipulating these variables,
it is possible to control the growth and geometry of the nanotubes [197].

Figure 4-4 represents the evolution of TiO, from the metallic Ti foil to fully grown
TiO,-nts supported on Ti foil. The formation of TiO,-nts is represented by three characteristic
regions in the chronoamperogram of the Ti foil anodization as shown in Figure 4-5. In the first
region at the very beginning of the anodization a layer of TiO; following Eq. 4.1 [198], [199] is
formed at the surface of the Ti foil and the sharp decrease in current observed is caused by an
increasing resistivity of the thickening oxide layer. The thickness of the layer formed at an

applied potential of 20 V is around 50 nm [200]. After the formation of this initial oxide layer,
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the ions in the solution will migrate through this oxide layer to react at the oxide-metal interface.

The Ti*" ions migrate from the oxide-metal interface to the electrolyte where they are dissolved.
TiO,
Ti 3 ) b )

RN INN A\ \\e
‘\\\\‘\\\ \\\\\\“ \\\\\\‘
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Figure 4-4: Evolution of the TiO, layer on the surface of the Ti foil during anodization
[198].

It is at this point that the fluorine ions come into play to induce the tubular shape
observed in TiO,-nts. Those ions will start etching the surface of the oxide layer in the
electrolyte and those sites will act as the starting points for the formation of the nanotubes. This
etching of the TiO, surface by fluorine ions can be represented by the reaction showed by Eq.
4.2 [198], [199]. The distance between the metal surface and the electrolyte will be lower where
the etching of the oxide surface has started to take place reducing the resistance to the current
between the electrolyte and the metal. It is at this stage that the phase Il of Figure 4-5 takes
place. The increase in current is caused by the increase in ion transfer through the oxide layer
due to this decrease in resistance. By increasing the rate of ion transfer near those points of
etching they become a preferential point for future reaction with the electrolyte creating holes in
the oxide surface as shown in Figure 4-4 c). The oxide layer under the points of etching will
then start to go deeper in the Ti film creating vertical tunnels in the Ti film coated with a layer of

TiO;as shown in Figure 4-4 d).
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Ti+ 2H,0 - TiO, + 4e” + 4H* 4.1
TiO, + 6F~ + 4H* > TiF%~ + 2H,0 4.2
When the pores have reached the depth of the oxide layer we enter the phase Il of
Figure 4-5 where the current decreases slowly and will eventually reach a steady state. When the
depth of the nanotubes is small the rate of etching by fluorine ion is faster than the rate of Ti*"
leaving the metal-oxide interface allowing the progression of the phenomenon deeper in the
metal foil. When the TiO,-nts reach a certain depth an equilibrium is reached between the rate of
Ti*" leaving the metal-oxide interface and the rate of etching at the surface of the oxide layer due
to diffusion restriction [198], [199]. At this point a longer anodization time will not lead to
longer nanotubes but only to a constant dissolution of the nanotubes surface with an increasing

nanotubes depth.

Current / a.u.

time /a.u.

Figure 4-5: Representation of the current obtained during anodization of the Ti foil to
produce TiO,-nts using arbitrary units with the 3 characteristic regions identified.
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4.3.3 Microscopy
4.3.3.1 Bare TiOz-nanotubes

Bare TiO,-nts were grown by anodization of a Ti foil in aqueous solution and were
analysed using SEM and TEM microscopes. These images are shown in Figure 4-6 and allow
us to observe the morphology of the grown nanotubes both from the surface and from their

profile.

Figure 4-6: (top left) Top view of as grown TiO,-nts using SEM, (top right) Close-up of top
view of as grown TiO,-nts using SEM, (bottom left) Side view of the as grown TiO,-nts
using SEM and (bottom right) Side view of the bottom part of a broken section of as grown
TiO,-nts using TEM.
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Figure 4-6 a) and b) show the configuration of the nanotube array from a top view at
two different magnifications. In these images it is possible to observe that the nanotubes opening
are well defined with an average internal diameter estimated to be about 70 nm with an average
wall thickness of around 15 nm giving them an external diameter of roughly 100 nm which is
characteristic of the electrolyte used and applied potential [200]. A large amount of interstitial
space can also be observed providing a very high theoretically available surface for catalyst
deposition. Figure 4-6 ¢) shows the nanotubes arrays from a side view still attached to the Ti
surface. A well defined tubular shape can be observed for each individual nanotube with ripples
on their surface connecting them together. The length of the nanotubes has been measured to be
approximately 1um which is not observed on this image due to the camera angle. Figure 4-6 d)
shows a TEM image form the side of the bottom part of a single layer of nanotube connected in a
chain by small interstitial bridges. The round bottom of the nanotubes is characteristic of the
oxide-metal interface while the lighter portion in the middle of the nanotubes shows that the
interiors of the nanotubes are well defined all the way to their bottom.

Figure 4-7 compares the geometry of the TiO,-nts before and after annealing in air at
450°C for 1 h. There is no significant difference in the geometry of the nanotubes caused by
annealing as predicted by previous research [201]-[203]. However, while the geometry of the
nanotubes is not affect various studies have shown the apparition of a crystalline phase (anatase)
at temperatures exceeding 300°C from an amorphous configuration [199], [201]-[203]. The
anatase phase of TiO; is known to offer larger electronic conductivity than an amorphous phase
[199] by increasing the electron transport and possibly the reaction rate at the surface of the

catalyst. Annealing at temperatures higher than 600°C shows the formation of a rutile phase but
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the TiO,-nts were shown to collapse at such temperatures [199], [201]-[203] due to a sintering

process [199].
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Figure 4-7: Bare TiO,-nts grown for 1 h under a potential of 20 V as grown (left) and
annealed (right)

4.3.3.2 Pd/TiO,-nanotubes

After the synthesis of the TiO, nanotubes Pd nanoparticles were grown using ALD with
loading varying between 100 and 900 ALD cycles of Pd on both as grown and annealed TiO..
Figure 4-8 a) to f) shows SEM pictures of the deposition of Pd nanoparticles with an increasing
amount of ALD cycle corresponding to 100, 400, 500, 700, 800 and 900 cycles respectively. It is
possible to observe that the size of the nanoparticles is very small for a low number of cycles and
seem to grow from nucleation sites rather than by the formation of a complete surface layer. An
increase in the number of ALD cycles results, as expected, in an increase in Pd particle size. Up
to 700 cycles the particles are still spherical and distinct from one another. At loading starting at
800 cycles the nanoparticles loses their general shape due to contact and agglomeration with
neighbouring particles which causes growth restrictions. The growth of the nanoparticles past

700 ALD cycles and the particle agglomeration seems to cause a blockage of the interstitial
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space between the nanotubes and of a part of the Pd nanoparticles surfaces reducing significantly

the surface area for catalytic reaction.

Figure 4-8: SEM of the deoitio of Pd on the surace of TiOz-nts with different number
of Pd ALD cycle: a) 100 cycles, b) 400 cycles, c) 500 cycles, d) 700 cycles, €) 800 cycles and f)
900 cycles

'S

Figure 4-9 shows a side view of a bundle of TiO, nanotubes on which high loading of Pd
was deposited. A very uniform and complete coverage of the TiO, surface by Pd nanoparticles
can be observe on all the length of the exterior walls of the TiO,-nts. This complete coverage

supplies a surface area available for catalytic reaction orders of magnitude higher than the
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geometry available from the top of the nanotubes. However, a very high Pd loading will
eventually block the interstitial and inter-particle spaces causing a decrease of ECSA as

predicted from the observation of Figure 4-8.

Figure 4-9: SEM picture of Pd/TiO, 900 Pd ALD cycles deposited on the exterior of a
bundle of TiO,.nts.

As it was observed in Figure 4-7 the annealing of the TiO,-nts has no effect on their
geometry. In Figure 4-10 are compared a sample of TiO,-nts as grown and a sample of TiO,-nts
annealed both with an identical deposition of 500 Pd ALD cycles. No difference can be observed
on the morphology of the Pd nanoparticles deposited on their surface. The homogeneity,
coverage extent and particle size of the deposited particles seem to be identical on both supports
with a large coverage that continues deeper in the TiO,-nts matrix. The expected effect of the
annealing of the TiO,-nts on the EOR over the Pd nanoparticle is an increase in catalytic activity
of Pd due to an increase in electrical conductivity of the oxide caused by its crystalline structure.
The higher conductivity of the support is expected to allow an easier transport of electrons

through the circuit accelerating the reaction at the cathode which uses these electrons.
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Figure 4-10: Comparison between Pd/TiO,-nts 500 cycles on as grown TiO,-nts (left) and
on annealed TiO,-nts (right).

By using TEM it is possible to observe the density of the samples which allows the
differentiation between the oxide material (light) and the more dense metallic particles (dark).
Figure 4-11 a) shows a TEM image of a detached Pd layer from the top of TiO,-nts. The well
defined edges of the Pd nanoparticles shows that the Pd layer is composed of a single layer of
interconnecting nanoparticles that follow the geometry of the TiO,-nts on which they are grown.
Figure 4-11 b) shows the very bottom of the TiO,-nts where they used to be attached to the Ti
substrate. This picture shows that the deposition of the nanoparticles is made all the way to the
bottom of the nanotube hence covering the entire available surface of the oxide structure. A TEM
image of the side view of a single TiO, nanotube is represented in Figure 4-11 ¢) where a high
homogeneity of the nucleation sites can be observed throughout the exterior surface of the
nanotubes while the position (inside or outside) of the particles is not discernible. Figure 4-11 d)
shows a HRTEM of a Pd nanoparticle deposited on TiO,. It is possible to observe the (111)

crystalline plane of the Pd crystal.
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Flgu 4-11: TEM ictres of Pd depdﬂo ts. A) dahed Iar from the top of
the nanotubes, b) see-through of the bottom of the nanotubes, c) close-up of a single
nanotube and d) HRTEM of a single Pd nanoparticle

From the SEM pictures it is possible to approximate the diameter of the Pd nanoparticles.
Figure 4-12 shows the size distribution of the nanoparticles for loadings of 400 to 900 Pd ALD
cycles. The average size of the nanoparticles increases with an increase in Pd loading as expected
caused by further deposition of Pd atoms during each ALD cycle. The mean particle diameter

and the standard deviation for each sample are shown in Table 4-1.

102



Chapter 4: Atomic Layer Deposition of Pd Nanoparticles on TiO, Nanotubes for Ethanol
Electrooxidation in Alkaline Media

Particle diameter / nm

400 ALD cycles 500 ALD cycles
30 30
X X
- -
320 320
= s
[ [0}
3 =
o o
o 10 0 10
w [T
o4 4
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18
Particle diameter./ nm Particle diameter / nm
600 ALD cycles 407700 ALD cycles
30 30
X X
S 20 3 20
[ = [ =
[} @
= =]
o o
2 10 2 1o
w L
0 04
0 3 6 9 12 15 18 21 24 0 6 12 18 24 30
Particle diameter / nm Particle diameter / nm
800 ALD cycles 900 ALD cycles
30 30
X X
< -
3 20 3 204
= c
[} [}
=5 =
o o
2 10 @ 10
I w
0 04
4 9 14 19 24 29 34 [ 9 18 27 36 45

Particle diameter / nm

Figure 4-12: Size distribution of Pd nanoparticles for samples with 400 to 900 ALD cycles.

Table 4-1: Pd particle average diameter and standard deviation for loadings between 400
and 900 Pd ALD cycles calculated from the TEM micrographs

ALD cycles 400 500 600 700 800 900
dave / nm 7.9 8.5 8.7 12.2 19.2 26.6
Standard 2.4 2.6 45 7.4 7.3 9.5

deviation / nm

4.4 Electrochemical Behaviour of the Nanocatalysts

By using electrochemical techniques it was possible to further characterize the

synthesized catalysts and observe how certain reactions happen at their surfaces. The potential of

formation of PdO layers and their reduction along with the same phenomenon for hydrogen was

studied and compared between samples deposited on as grown and annealed supports. The
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ECSA was also determined for a fixed geometrical surface area using the charge observed for the
reduction of PdO in acidic media in order to compare the catalytic activity of the different
samples. It is also possible to observe if the EOR is facilitated by the structure, morphology and

composition of the TiO, support by observing the overpotential needed for its oxidation.

4.4.1 Pd Behaviour in 1M KOH

Cyclic voltammetry in an electrolyte without the presence of the fuel can give diverse
information on the properties of a catalyst. In Figure 4-13 is represented the CVsin 1 M KOH of
similar loadings of Pd deposited on the different TiO,-nts supports. The CVs of the samples on
the two supports have a similar general shape where different oxidation/reduction peaks can be
observed at similar potentials.

By going from left to right on the anodic scan and then back to the original point on the
cathodic scan it is possible to observe between -0.7 and -0.5 V the desorption of adsorbed and
absorbed hydrogen on the surface of Pd (at this potential most of the desorption peak is caused
by adsorbed hydrogen but lower potential would result in a larger absorption of hydrogen).
Further on, centered between -0.4 and -0.3 V, are small peaks caused by surface oxidation of Pd
caused by the adsorption of OH" species from the electrolyte and further oxidation to PdO
following Eq. 3.7 to 3.9. It can be observed that peak Pd/TiO,-nts Ann does not have a well
defined PdO onset potential and the oxidation of Pd on this sample seems to be more gradual but
still as present as on the other which is confirmed by the presence of a reduction peak on the
anodic scan. Further increase of current after the initial PdO formation peak is due to the
formation of the PdO layer which is a function of time and potential as explained in

Section 4.2.3.2.
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Figure 4-13: Behaviour of Pd 500 cycles in 1M KOH during cyclic voltametry.
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When the scan is reversed the potential decreases rapidly due to a fast decay of the
formation of the PdO layer and a change of charge in the double capacitance layer. At lower
potential (between -0.2 and -0.3 V) the reduction peak of the PdO layer formed on the forward
scan is observed. In theory it is possible to use this peak when a full monolayer of PdO is formed
in order to obtain the ECSA of a catalyst. However it is difficult to do so in alkaline environment
as explained in Section 4.2.3.2. The distance on the x-axis between the position of the Pd
oxidation and Pd reduction peaks shows the reversibility of the reaction which is lower for a
smaller distance. While the oxidation peak on the Pd/TiO,-nts sample is not well defined an
inflection point situated at -0.3 V marks the onset of the Pd oxidation process. It can therefore be

observed that the Pd oxidation process is more reversible on the annealed sample, a phenomenon
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that is probably caused by an increased electrical conductivity of the support providing and
removing electrons at an accelerated rate with less resistance. At potentials lower than -0.5 V,

hydrogen gets adsorbed on the surface of the catalyst before migrating in the particle lattices.

4.4.2 Electrochemical surface area of Pd/TiO, nanotubes catalyst

CO stripping proved ineffective to find the ECSA of the different Pd/TiO, samples due to
either a geometrical effect of the electrochemical cell preventing the contact between the CO in
solution and the surface of the working electrode at the bottom or to an electronic effect
preventing the adsorption of CO on the Pd surface. Consequently, another method had to be
used. While a few other methods are available to find the ECSA of Pd surfaces, the reduction of
a PdO monolayer is the one that is the most documented. To obtain this monolayer one has to
increase to a potential high enough in the oxidation region before reverting back to negative
potentials. While it is possible to operate in alkaline media, a deconvolution of the PdO reduction
and hydrogen adsorption peak is necessary due to the overlap of these phenomena resulting in a
loss of precision. This problem can be mitigated when operating in acidic media. The problem
with this technique is that at low potential only a partial monolayer is obtained while high
potential there is the possibility of the formation of the higher valence oxides (PdOx x>1). Rand
et al. [204], [205] have shown that the formation of a monolayer of PdO on a Pd surface is a
function of time and potential [206]. This means that by holding the potential at a at increasing
maximum value for a set amount of time before scanning back to the PdO reduction region it is
possible to observe a trend in the charge of the PdO reduction peak. Figure 4-14 [205]shows that
the trend observed will form a plateau, positioned at different potential ranges for different

holding time, corresponding to the formation of a complete monolayer of PdO. The range of

106



Chapter 4: Atomic Layer Deposition of Pd Nanoparticles on TiO, Nanotubes for Ethanol
Electrooxidation in Alkaline Media

potential where this plateau is observed corresponds to that stated for the formation of a full

oxide monolayer on Pd by various sources [204], [205], [207]-[210].
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Figure 4-14: Charge of PdO reduction vs the maximum anodic potential at different
holding times [205].

After varying the maximum potential of the CV scans for the same sample after holding
the potential at this point for 120 s the PdO reduction peak charge was calculated for each max
potential using Eq. 3.10. Knowing that the charge necessary to remove a full monolayer of PdO
is 424p Cem® [205]-[209], [211], [212] the surface area corresponding to a theoretical PdO
monolayer could be calculated using Eq. 3.11 and the corresponding charge density. A graph as
seen in Figure 4-15 was then produced where a plateau corresponding to the ECSA could be

observed.
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Figure 4-15: Example of a graph of PdO reduction charge vs the potential hold (Sample
Pd/TiO, Ann 500 Pd ALD cycles)

The ECSAs obtained this way for all the active samples are displayed according to their
support in Table 4-2. It can be seen that the ECSA calculated of the Pd/TiO,-nts as grown and
annealed samples are very similar which is in accord with the observation made from Figure
4-10 that there is no visible difference between the morphologies of the Pd deposition on both
supports. No response from the Pd particles was observed for any samples having a lower Pd
loading than 500 ALD cycles for both support suggesting that the annealing of the samples does
not have an effect on the activity threshold loading of Pd of the catalysts. The fast decrease in the
calculated ECSA at high loading for all samples is caused by the blockage of large amounts of
interstitial spaces caused by the increasing size of the Pd nanoparticles as it was observed in

Figure 4-8.
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Table 4-2: ECSA (cm?py) off all working samples found using PdO reduction in 1 M H,SO,
for a geometrical surface area of 0.126 cm?

Z‘:IQ:S TiO, TiO; Ann
500 23.5 23.8
700 26.5 27.4
900 7.2 6.7

4.4.3 Catalysts Activities for the Ethanol Oxidation Reaction

The activities of the synthesized catalysts with different Pd loadings on the four different
TiO,-nts supports towards the EOR were studied in an aqueous solution of 1 M KOH + 1 M
ethanol. Their activities are compared after being normalized using two conventional ways.
Firstly, they are normalized using their ECSA in order to compare the change in catalytic activity
of the Pd nanoparticles caused by the support modifications. Secondly, they were normalized by
their 2D geometric surface area as this is the principal limitation in practical applications.

Figure 4-16 shows the current density observed normalized by GEO (top) and ECSA
(bottom) of 500 to 900 cycles of Pd deposited on the bare nanotubes as grown (left) and annealed
(right). For Pd deposited on the as grown nanotubes, normalisation by GEO shows that an
increase in Pd loading increase the activity of the samples for the EOR until a maximum is
reached causing the currents observed to drop suddenly to low values. This sudden drop is
attributed to the diminished Pd surface area available when the Pd nanoparticles become large
enough to block the interstitial spaces and even the mouths of the nanotubes leaving only a two
dimensional reaction surface, which can be confirmed by the data observed in Table 4-2. While
the differences between the intensities are not as large, the same trend can be observed when the
current recorded are normalized by ECSA. This can potentially be caused by a higher

conductivity of the sample with increasing Pd loading. At higher Pd loading, the coverage of the
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TiO,-nts is so high that it forms a full layer on the top of the nanoparticles reducing the amount

of metal-support interface and with it the catalytic activity of the Pd surface due to a reduction in

OH’ supply from the support.
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Figure 4-16: CV in 1 M ethanol + 1 M KOH of Pd/TiO,-nts 500 to 900 Pd ALD cycled AG
(left) and Annealed (right) normalized by GEO and by ECSA

For the samples deposited on the surface of annealed nanotubes it can be observed that

the activity by GEO is identical for samples containing lower loadings of Pd. Once again, the

activity by GEO decreases sharply at higher Pd loading caused by pore blockage. Since the

samples with 500 cycles have a lower ECSA than the samples with 700 cycles as seen in Table

4-2 it can be supposed that there is an electronic effect promoting ethanol oxidation on the Pd

surface which is not present on the as grown samples. When the currents are normalized by

ECSA a constant decrease in current per unit of Pd surface with an increasing Pd loading can be
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observed further supporting the presence of an electronic effect cause by the contact between the
Pd nanoparticles and the annealed TiO,-nts caused by the difference in work functions as
proposed in Chapter 3. This effect would be more pronounced on annealed sample due to their
higher electronic conductivity. The amplitude of this effect would decrease with increasing
particle size caused by a lower influence in the Pd electron density for the same amount of
charge transferred in larger nanoparticles. Overall, it can be seen that the crystallization of the
TiO,-nts has an important beneficial effect on the activity of the Pd/TiO,-nts samples for all the

range of Pd loadings studied.

4.5 Conclusions

Pd nanoparticles were grown using ALD, a highly controlled and precise deposition
technique, on the surface of as grown and modified TiO,-nts grown by anodization of a Ti foil in
an aqueous environment. The TiO,-nts were modified by annealing the nanotubes in air to
increase their crystallinity and electronic conductivity. The annealing of the samples was shown
to cause a sharp increase in the activities of the catalysts for the EOR which is attributed to an
increased electron density in the Pd (due to the Volta potential difference) caused by an
enhanced electronic conductivity of the supports. It was found that a minimal loading of 500
ALD cycles of Pd was necessary to obtain an electrocatalytic response. With careful adjustments
of the electrode configuration it would be possible to maximize the activity by adjusting the
nanotubes length and optimizing the Pd nanoparticles sizes. Overall, Pd/TiO2-nts Ann is shown

to be a promising catalytic system for ethanol oxidation in alkaline media.
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Chapter 5: Atomic Layer Deposition of Pd/SnO,
Nanostructures on TiO, Nanotubes for
Ethanol Electrooxidation in Alkaline
Media

5.1 Introduction

SnO; has been showed to have a beneficial effect on the catalytic activity of supported Pd
as discussed in Section 2.2.2.2 and in Chapter 3. Therefore, it was theorized that the deposition
of a thin and even SnO, layer on the surface of titanium dioxide nanotubes (TiO,-nts) before the
deposition of Pd nanoparticles could improve the catalytic activity of the latter due to a metal-
support interaction effect. It is with this goal in mind that a thin SnO, layer was deposited using
atomic layer deposition (ALD) on both as grown (AG) and annealed (Ann) TiO,-nts prior to the
deposition of Pd with loadings ranging between 100 and 1000 ALD cycles. These new
nanocatalysts were characterized using physicochemical and electrochemical techniques in order
to test their catalytic activities towards the ethanol oxidation reaction (EOR) by geometrical and

real surface area.

5.2 Experimental Section
5.2.1 Nanocatalysts Synthesis
The TiO,-nts catalyst supports were grown and annealed using the techniques described

in Section 4.2.1.1.

5.2.1.1 Atomic Layer Deposition of SnO, Layer

The catalysts were synthesized by ALD in a Fiji 200 reactor from Ultratech/Cambridge

Nanotech. The nanolayer of SnO, was deposited on the surface of the TiO, nanotubes using
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tetrakisdimethylamido tin (TDMASnN) (Strem Chemicals Inc.) and hydrogen peroxide. The
TDMASNK canister was maintained at a temperature of 110°C and an Ar booster was used to
increase the airborne concentration of TDMASH in the canister allowing a better transport of the
reagent to the canister. The H,O, canister was kept at ambient temperature during deposition.
The tube leading from the canister to the reaction chamber was maintained at 150°C while the
chamber temperature was kept at 200°C. The gas vector for the purge of the reaction chamber
was Ar.

The ALD sequence was 0.25 s pulse Ar with booster in the TDMASn canister to increase
the airborne concentration of TDMASn which was followed by 1 s of pulsing TDMASn in the
reaction chamber where it was exposed to the substrates for 10 s and any unreacted material was
pumped out of the reaction chamber for 15 s. HyO, was then pulsed for 1 s in the reaction
chamber and let react for 10 s before being evacuated from the reaction chamber for 15 s. The
time necessary for each cycle was about 1 min. The TiO,-nts were exposed to reagents for a total
of 75 cycles for the samples on which Pd was subsequently deposited. Other samples were
exposed to 50 to 150 ALD cycles and studied using an atomic force microscope (AFM) but were
not used for Pd deposition. The deposition of SnO; has been performed on both TiO, nanotubes

and flat Si (100) substrates in order to observe them using AFM.

5.2.2 Atomic Layer Deposition of Pd Layer
The Pd layer was deposited after the deposition of the SnO, layer using the procedure

described in Section 874.2.1.2.

5.2.3 Microscopy
The morphology and shape of Pd nanoparticles were characterized using the instrument

and method described in Section 4.2.2.1.
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In parallel with the deposition of SnO, on the TiO,-nts the oxide layer was also deposited
on an adjacent silicon substrate (100). The deposition of SnO, on the silicon substrate was
analysed using a non-contact AFM using a XE 100 instrument from Park Systems. This was

done to observe the surface configuration of the SnO, nanolayer.

5.2.4 Electrochemical Characterizations

The electrochemical characterizations not described in this section were performed using
the equipment, methods and parameters described in Section 4.2.3.

Chronoamperometry (CA) measurements were conducted in a solution of 1M KOH +
1 M ethanol. The potential was first cycled between -0.7 and 0.2 V vs Hg/HgO until a stable
cyclic voltammogram (CV) was obtained. The potential was then held in the low current region
at -0.55 V on the forward scan for 5 min. The applied potential was then stepped to -0.2 V,
where a high current density could be observed for all samples, for 1 h in order to study the

behaviour and stability of the catalysts during continuous operation

5.3 Physical Properties of Nanocatalysts
5.3.1 Atomic Layer Deposition of a thin SnO, Layer

The process for the deposition of SnO, from ALD using TDMASn and H,O; is similar
the deposition of Pd (described in Section 4.3.1) and can also be described using 4 steps as
shown in Figure 5-1. During the first deposition cycle TDMASN will react with a hydroxyl
group on the surface of the oxide where the Sn atom will attach to the oxygen of the hydroxyl
group while the hydrogen leaves as an H-TDMA species resulting in the attached molecule
observed in step 2. The surface is then exposed to a second precursor (hydrogen peroxide) in
step 3 by which TDMASN is reduced which releases 3 more H-TDMA molecules (step 4) and

leaves the Sn atom bonded to 3 oxygen atoms on the surface and a free hydroxyl group which is
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the reaction site for the next ALD cycle. (A more thorough description of the ALD process is

described in Section 4.2.1.2).

Figure 5-1: Representation of the 4 steps of ALD deposition of SnO, using TDMASnh and
hydrogen peroxide [213].

5.3.2 Microscopy

5.3.2.1 SEM Measurements of SnO,/TiO,-nanotubes

A thin layer of SnO, was deposited using the previously described method on the surface
of both the as grown and annealed TiO,-nts before the deposition of Pd nanoparticles by ALD.
This modification was made in the hope of increasing the electrochemical activity of the Pd
nanoparticles for the EOR. Indeed, the addition of Sn or SnO, to a Pd catalyst has shown an
increase in catalytic activity due to an electronic effect caused by a metal-support interaction
[70], [72], [73].

In Figure 5-2 we can observe the evolution of the deposition of SnO, on the surface of
the TiO,-nts from bare nanotubes to nanotubes covered with 100 ALD cycles of SnO. It can be
observed that the growth of SnO; on the nanotubes is much faster than that of Pd and that the
coverage resembles more a uniform film than the growth of nanoparticles from nucleation points
as observed for the deposition of Pd. It can also be seen that a high number of deposition cycles
rapidly form a thick layer of SnO; blocking interstitial spaces and even entire nanotubes causing

a reduction in the available surface area available for subsequent Pd deposition.
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Figure 5-2: Bare TiO, nanotubes (top left) and 50, 75 and 100 cycles of SnO, deposited on
TiO,-nts (top right, bottom left and bottom right respectively).

5.3.2.2 AFM Measurements of SnO,/TiO,-nanotubes

The SnO, layer deposited on the TiO,-nts was simultaneously deposited on the surface of
a smooth Si (100) surface in order to observe its morphology. By using AFM it is possible to
assess the morphology of a surface by scanning it with a probe and observing the force of atomic
repulsion between the probe and the surface. This technique permits to assess the morphology of
a theoretically flat surface. Figure 5-3 represents the data obtained from an AFM instrument by
scanning a region with dimensions of 3 um X 3 um. It can be observed that the Si substrate on

which the SnO, was deposited has a very smooth surface while the roughness of the surface
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seems to increase with increasing SnO; loading. The roughness of the surface, corresponding to
the standard deviation, of the deposited layer with an increasing thickness was obtained using the
Gwyddion software and is depicted in Figure 5-4 where it can be observed that the bare Si
substrate has a very low roughness which is about 1 A. A constant increase in roughness can be
observed with an increasing deposited layer between 0 and 150 ALD cycles as can be observed
by the high R? value obtained from a linear fitting of the data points which is equal to 0.976.
Even though it increases, the magnitude of the roughness remains low compared to the size of
the TiO, nanotubes meaning that the morphology of the SnO, surface will follow that of TiO,-

nts.

Figure 5-3: AFM images of SnO; deposited on the surface of a smooth Si surface. 0, 50, 75,
100 and 150 ALD cycles of SnO, deposition from left to right, top to bottom.
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Figure 5-4: Average roughness of different loadings of SnO, deposited on the surface of a
Si flat surface using ALD

5.4 Electrochemical Behaviour of the Nanocatalysts

By using electrochemical techniques the behaviour of the synthesized samples in solution
with and without fuel was assessed. The samples containing SnO, both as grown and annealed
TiO,-nts were compared to that of Pd deposited on bare TiO,-nts. The electrochemical active
surface area (ECSA) was found using the charge observed for the reduction of a full monolayer
of PdO and was used to normalize current in order to observe the effect of the support on the
catalytic activity of the Pd nanoparticles. CA was used to observe the stability of the synthesized

samples under fuel operating conditions which was compared to samples without SnO..

5.4.1 Pd Behaviour in 1M KOH

In Figure 5-5 the behaviour of one of the samples for each different support type
containing the same Pd loading in 1 M KOH are compared. In Section 4.4.1 the phenomena

causing the different peaks obtained on the CVs were discussed. Henceforth, in this section only
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the difference between the behaviours observed and their proposed reason will be discussed. It
can be observed that for both samples containing SnO, the capacitance layer (which can be
found around -0.4 V is thicker. Also, it can be seen that (as it was the case for annealed samples
without SnO,) that the potential difference between the PdO formation and reduction potentials
is smaller than the as grown samples, an effect that is attributed to a higher conductivity of the

TiO, support.

5.4.2 Electrochemical surface area of Pd/SnO,/TiO, nanotubes
catalyst

The ECSAs obtained by the reduction of a monolayer of PdO from the surface of the
catalyst were calculated using the technique presented in Section 4.4.2. All the ECSAs obtained

this way are displayed according to their support and Pd loading in

Table 5-1. While the minimum Pd loading necessary in order to observe an
electrochemical response for Pd/TiOz-nts without SnO, was 500 ALD cycles, activities for
loadings as low as 300 and 100 cycles were observed for Pd/SnO,/TiO,-nts as grown and
Pd/SnO,/TiO,-nts annealed respectively. The fast decrease in the calculated ECSA at high
loading for all samples is once again caused by the blockage of large amounts of interstitial
spaces caused by the increasing size of the Pd nanoparticles. The ECSA calculated for the
samples with Pd supported on SnO,/TiO,-nts is very similar to those measured in the absence of
SnO,. However, when the Pd is deposited on the surface of SnO,/TiO,-nts annealed the ECSA
calculated is significantly lower (45 % lower) than when Pd is deposited on the surface of the

other supports. This observation suggests that there is a difference in the deposition process of a
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thin layer of SnO, using ALD when using an annealed support versus an as grown support. This
could be explained by a faster growth of the SnO; layer on annealed samples resulting in a larger

amount of interstitial space blocked for similar SnO; loadings.

Pd/TiO,

' | : | ! | ' | ' |
-0.75 -0.50 -0.25 0.00 0.25 0.50

E/V vs Hg/HgO
Figure 5-5: Cyclic voltammetry of Pd 500 ALD cycles in 1 M KOH , 25 mVs™
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Table 5-1: ECSA (cm?s) off all working samples found using PdO reduction in 1 M H,SO,
for a geometrical surface area of 0.126 cm?

Pd ALD | Pd/SnO,/TiO,- | PA/SnO,/TiO,-
cycles nts AG nts Ann

100 | - 2.4

200 | - 14.0

300 17.2 14.8

500 25.1 135

600 24.8 14.3

800 7.1 14.6

1000 5.9 0.9

5.4.3 Ethanol electrooxidation on Pd/SnO,/TiO, nanotubes catalysts

Figure 5-6 compares the activity towards the EOR of samples containing 300 to 1000
ALD cycles of Pd deposited on TiO,-nts + 75 cycles of SnO, as grown (left) and annealed
(right). The current is normalized by geometric surface area (GEO) and ECSA. By normalising
by the geometrical area of the exposed electrode the activities of the Pd deposited on the
annealed samples are larger than on as grown samples for loadings below 800 cycles. The
maximum current density is observed for the sample having a loading of 500 cycles of Pd for the
annealed samples while it is situated at a higher loading of 600 Pd cycles for the as grown
samples. It can be seen that there is a sharp decrease in activity of both types of catalysts when
reaching a loading somewhere in between 600 and 800 Pd cycles. This drop in current density
happens a little earlier than on the samples without SnO, which is expected since the amount of
Pd needed to cover the pores of the nanotubes is lower due to the increase in thickness of the
walls caused by the deposition of the SnO, layer. As on the samples without SnO; an increase in
current density is observed on the annealed samples attributed, to an increased electronical

conductivity of the TiO,-nts.

122



Chapter 5. Atomic Layer Deposition of Pd/SnO, Nanostructures on TiO, Nanotubes for Ethanol
Electrooxidation in Alkaline Media

O . Pee | AR
IFF - 600 cycles |
800 cycles ] °
= 1204 1000 cycles .
]
wEo
(&) 80 1
<
E
= 40 i
01 2 '
. 2_— As Grown )
£ 1.0 ‘_
[2]
N O 1 _
'E”" 0.8 l
£ | ]
< 0.64 l
E 04l /\ ‘_
= //1 / )l
0.0 - cmmpmammpene=" L—"ﬂ,ﬁ:—*'r**f : '

075 -050 -025 000 025 -0.75 -050 -025 0.00 025 050
E/V vs Hg/HgO

Figure 5-6: CV in 1 M ethanol + 1 M KOH of Pd/TiO;-nts + 75 ALD cycles of SnO; 300 to
1000 Pd ALD cycles AG (left) and Annealed (right) normalized by GEO and by ECSA

When the currents are normalized by ECSA it can be observed that for the as grown
sample the activity of the catalysts stays similar until a loading over 600 cycles is reached. After
this point the activity starts to decrease sharply probably due to a reduction in amount of metal-
support interface. When the Pd/SnO,/TiO,-nts annealed samples are normalized by ECSA their
activity is significantly higher than their as grown counterparts. This is attributed to an increase
in electron density caused by the larger conductivity of the support. The point at which the
activity starts to decrease seems to be in between 500 and 600 Pd ALD cycles which could be

caused by reduced porosity caused by thicker SnO; layer.
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Figure 5-7 compares all the samples with the same loading of Pd (500 cycles) (including
those of Chapter 4) deposited on the as grown and modified TiO,-nts in 1 M KOH + 1 M
ethanol. The current is normalized by GEO and ECSA with a close-up on the increasing section
of the forward scan which is the potential region of interest when operating in a fuel cell
environment. It can be observed that no matter how the samples are normalized, Pd deposited on
as grown TiO, nanotubes have a much lower onset potential for the EOR. The addition of SnO,
to as grown nanotubes shows a significant increase on the activity of the Pd towards the EOR
while the onset potential of the reaction does not seem to be significantly affected. This effect is
probably caused by an increased number of oxygenated species provided by the support to the

catalyst particles at the metal-support interface compared to bare nanotubes.
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Figure 5-7: Cyclic voltammetry in 1 M ethanol + 1 M KOH of Pd/TiO,-nts 500 cycles
deposited on the different TiO,-nts normalized by ECSA and GEO. Full cycle (left) and
linear sweep valtammetry (LSV) of the increasing section of the anodic scan (rigth).
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The annealing of the TiO,-nts has shown to cause a further increase in catalytic activity.
Also, the lower onset potential caused by annealing the samples is attributed to an electronic
effect causing an increase in the Pd electron density due to a higher electronic conductivity of the
supports. Normalising the samples on both annealed supports by ECSA shows that the rate of
reaction on the surface of the sample containing SnO; is higher while they have a similar activity
by GEO due to a lower ECSA.

In Figure 5-8 is shown the maximal current density of all samples (including those of
Chapter 4) tested normalized by ECSA. For the Pd/TiO,-nts as grown and annealed samples it
can be observed that the activity threshold loading is in between 400 and 500 Pd ALD. The
addition of the SnO; layer on the TiO,-nts shows a decrease in the Pd loading corresponding to
the activity threshold which is found to be 300 ALD cycles for the as grown samples while it is
even lower for the annealed samples at a mere 100 cycles. For the as grown samples the
maximum current density is found just above the activity threshold while it is situated around
200 cycles for the annealed samples. The decrease in activity for loadings lower than 200 cycles
for the Pd/SnO,/TiO,-nts samples is explained by the decrease in the activity of the catalysts for
the EOR on smaller nanoparticles caused by the high amount of OH" groups attached to the

nanoparticle surface blocking adsorption sites for ethanol molecules [22].
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Figure 5-8: Maximum current normalized by ECSA of all different support (AG,
Annealed, 75 SnO; cycles and 75 SnO; cycles + Annealed) versus number of Pd cycles.

5.4.4 Pd/TiO, Nanotubes Stability

The stability of the samples with all Pd loadings on the different supports in an ethanol
containing solution was tested by chronoamperometry and the results are presented in Figure 5-9
normalized by GEO and ECSA (data for Pd/TiO,-nts as grown is not available). It can be
observed that at high Pd loadings the stable current density for all supports is low due to a
smaller ECSA per geometrical surface area and to a lower electronic effect with increasing
particle size. Samples having lower Pd loadings had a higher stability than those with higher
loadings for all types of supports. This characteristic was shown by a lower di/dt after the hour of

operation.
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Figure 5-9: Current densities observed over 1 h of operation at a potential of -0.2 V vs
MMO normalized by ECSA and GEO for all samples deposited on TiO,-nts, SNO,/TiO,-nts
and SnO,/TiO,-nts Annealed

The stabilities of samples containing the same loading of Pd on different supports are
compared in Figure 5-10 along with the steady-state current after 1 h of all the active samples
(data for Pd/TiO, as grown is not available). It can be observed that the current density expressed
by GEO for the Pd/TiO,-nts annealed sample is higher than the others but falls below the

Pd/SnO,/TiO,-nts annealed when normalized by ECSA due to a smaller real surface area of that
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electrode. It can also be observed that the stabilising current per GEO has a maximum at around
500 to 600 Pd ALD cycles after which it decreases for all samples. This current is shifted to
higher loading for Pd/SnO,/TiO,-nts as grown when normalized by ECSA while it is unchanged

for the other catalysts.
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Figure 5-10: Comparison of the current density observed for the samples deposited on
TiO2-nts, SNO,/TiO,-nts and SnO,/TiO,-nts Annealed with a loading of 500 Pd ALD cycles
at a potential of -0.2 V vs MMO for 1 h (left). Current measured after 1 h at a potential of -

0.2 V vs MMO for all samples deposited on TiO,-nts, SNO,/TiO,-nts and SNO,/TiO,-nts +
Annealed (right)

5.5 Conclusions

In this chapter, Pd nanoparticles were grown using ALD on the surface of as grown and
annealed TiO,-nts covered by a thin SnO, deposited by ALD. The amounts of Pd nanoparticles
deposited on the surface of the supports were varied between 100 and 1000 ALD cycles. These

catalysts were tested for the EOR and their activity and stability were compared to similar
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samples without the SnO, layer (samples from Chapter 4). Both the addition of SnO, and the
annealing of the TiO,-nts before deposition have shown to increase the catalytic activity of the
samples towards the EOR. The beneficial effect of the SnO, layer has been attributed to a supply
of oxygenated species from the support to neighbouring Pd reaction sites accelerating the EOR
process. The annealing of the TiO,-nts was shown to decrease the onset potential of the EOR. A
Pd loading of 500 to 600 Pd ALD cycles was shown to have the highest activity after 1 h of
operation for the nanoparticles. The support showing the highest promotional effect is
Pd/SnO,/TiO,-nts. However, its low real Pd surface area caused by a pore blocking effect of the
SnO; layer limits the activity obtained by GEO. With careful adjustments of the electrode
configuration, it would be possible to maximize the catalysts activity by adjusting the SnO, layer
thickness and optimizing the Pd nanoparticles sizes. Overall, Pd/SnO/TiO,-nts shows to be a

promising catalytic system for ethanol oxidation in alkaline media
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Chapter 6 : PdyNi,4 (x=1, 0.9 and 0.7) Supported on
Sulphonated Graphene for Ethanol
Electrooxidation in Alkaline Media

6.1 Introduction

As discussed in the Section 2.2.1.1 various metals have been suggested to be combined
with Pt and Pd catalysts in order to obtain an increased catalytic activity towards the ethanol
oxidation reaction (EOR). Out of those metals, Ni is a cheap and widely available metal that has
shown to have a good promotion effect on the reaction of ethanol on Pd and Pt based catalysts.
On the other hand, graphene was shown to be an excellent support in the promotion of the EOR
for Pd and Pt-based nanocatalysts due to its large as reaching 2600 m?g™, as discussed in Section
2.4. Also, further improvement has been showed to be possible by surface modification of the
graphene sheet providing higher particle dispersion and an increased promotion effect. In this
Chapter, Pd and PdxNi;.x (with X = 0.9 and 0.7) are deposited on sulphonated graphene (sG) and
their activity towards the EOR is assessed through electrochemical techniques. Promotional
effects of both the support and the presence on Ni are observed and their causes are tentatively
explained. As this is a work in progress, additional physicochemical characterizations are

necessary to fully understand the promotional effects.

6.2 Experimental Setup
6.2.1 Nanoparticles Synthesis

The Pd«Niyx nanoparticles supported on sG were synthesized using the technique and
reagents described in Section 3.2.1 by using sG (synthesized by our collaborators at the Chang
Gung University in Taiwan) as the support instead of a metal oxide. The addition of the Ni phase

130



Chapter 6: PdyNi;x (x=1, 0.9 and 0.7) Supported on Sulphonated Graphene for Ethanol
Electrooxidation in Alkaline Media

was made by the addition of a Ni salt (Ni(NO3),*6H,0 99.9985 % (metal basis)) to the aqueous
solution along with the Pd salt before reduction. The Pd nominal loading was kept at 20 wt% of
the total mass of the catalyst for all Ni loading. The synthesized catalysts were Pd/C,

Pd/sGraphene, PdgoNi;o/sGraphene and Pd7oNize/sG

6.2.2 Physicochemical Characterizations
6.2.2.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) measurements were performed on a JEOL
JEM-1230 instrument with an acceleration voltage of 100 kV. The catalysts powders were
dispersed in alcohol and water through ultrasonication. An appropriate amount of the catalyst
powder solution was dropped onto the copper grid coated with a carbon layer and air-dried for

TEM measurements.

6.2.3 Electrochemical Characterizations

All electrochemical characterizations were made using the same equipment, techniques

and parameters described in Section 3.2.3.

6.3 Physicochemical Characterizations

In order to understand the composition of the synthesized catalysts and to explain how
the type of support used and the Ni concentrations affect their catalytic activity it was planned to
characterize the nanocatalysts using physicochemical techniques. TEMs of the supported
nanoparticles were made to observe the morphology of the catalysts. As this is a work in
progress further characterizations using X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) are planned in order to observe the crystal structure and the oxidation state

of the different metal catalysts, respectively.
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As described in the introduction (Section 6.1) graphene has an exceptionally large
specific surface area (as) reaching values up to 2600 m”g™ [54], [92], [99], which offers an
increased surface area for catalyst deposition. In Figure 6-1 are represented two TEM
micrograph with different magnification of a bare sG sheet. In the low magnification picture it is
possible to observe the approximate size of the nanosheets measuring a few micrometers in both
directions. The high transparency of the sG sheet confirms its monoatomic thickness with the

darker regions being folds in its structure.

Figure 6-1: Low (left) and high (right) resolution TEM of single bare sulphonated graphene
nanosheet

The TEM micrographs represented in Figure 6-2 were made after the in-situ deposition
of the Pd and PdNi nanoparticles. Starting with Pd/C it can be observed that while carbon black
offers a theoretically high as its actual surface area is reduced by agglomeration of carbon
nanoparticles blocking inter-particles space and reducing the amount of a5 available for catalyst
deposition. Also, it can be seen that the Pd nanoparticles synthesized on carbon black have the
tendency to form aggregates reducing the area available for ethanol oxidation and lessening the
promotional effect of the support by reducing the three-phase boundary. When we look at the
same Pd nanoparticles deposited on sG nanosheets it is easy to observe that the sG sheets do not

have the same tendency to stick together as carbon black nanoparticles do. This property reduces
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the amount of a5 of the support lost by inaccessible surface area favoring an increased dispersion.
As a result, it can be observe that a very low amount of Pd nanoparticles agglomeration and a
homogeneous dispersion is present on the Pd/sG catalyst increasing the possible utilisation of the
Pd surface. However, the addition of Ni salt during the synthesis seems to promote the
agglomeration of the catalysts nanoparticles and even stray agglomerate of nanoparticles can be
observed. While Ni was expected to increase the activity of the support, this high level of

agglomeration will reduce the mass efficiency of the catalyst and the support promoting effect.

Flgure 6- 2 TEM of the dlfferent dep03|ted nanopartlcles Pd/C (top left), Pd/sG (top rlght)
PdgoNiyo/sG (bottom left) and PdoNi3o/sG (bottom right)

6.4 Electrochemical Characterizations
By doing electrochemical characterizations, using a conventional three-electrode
electrochemical cell, it was possible to assess the difference and catalytic activity and stability of

the samples for ethanol electrooxidation. By normalising the obtained currents by
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electrochemical active surface area (ECSA) it is possible to compare the reaction rate at the
surface of the metal catalysts. Usually, the physicochemical characterizations of the
nanocatalysts would help to explain the difference observed in activity and stability between the
samples. However, the lack of those prevents us to explain all the observed phenomena. Some

speculation based on literature and TEM will be offered to explain the different behaviours.

6.4.1 Electrochemical Behaviour in 1M KOH

Cyclic voltammetry was used to observe the behaviour of the synthesized catalysts in
1M KOH and to identify the phenomena happening on its surface. Figure 6-3 shows the
behaviour of the 4 different nanocatalysts in a 1 M KOH solution during cyclic voltammetry.
The first peak that can be observed on the anodic scan is caused by hydrogen desorption from the
Pd and Pd/Ni nanoparticles. The peak situated around -0.3 V is caused by the adsorption of OH"
groups on Pd. This peak seems to be mitigated by the addition of Ni maybe due to a more
gradual adsorption spanned on a larger potential range. Further on, the gradual formation of PdO
layer can be observed until the scan is reversed. The main peak on the cathodic scan is caused by
the reduction of the previously formed PdO layer on the Pd surface. Eventually, the decrease in
potential leads to the adsorption and absorption of hydrogen.

A few phenomena caused by the type of support used and the composition of the catalyst
can be observed in Figure 6-3. First, it can be observed that while going from Pd/C to Pd/sG
does not affect significantly the shape of the CV while the addition of Ni causes an increase in
the ohmic resistance which is represented by a more pronounced inclination of the CV with
increasing NiO content [214]. This effect may be caused by an increased electronic resistance of
the catalyst caused by the possible formation of a NiOy phase (this could be confirmed by XPS

measurements in the Ni region). Another phenomenon than can be observed is the lower current
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response of Pd on sG than on carbon black which goes against the observations made from
TEMs showing an increased dispersion on sG compared to carbon black. While this can be
explained in part by a difference in particle size, which could be assessed by XRD and confirmed
by higher resolution TEM images, another experimental effect is present. Indeed, the low density

of sG compared to carbon black made the dissolution of the catalyst in the same liquid volume

harder.
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Figure 6-3: CV in 1 M KOH of all samples at a scan rate of 25 mVs™

6.4.2 CO Stripping

In order to obtain the ECSA the catalysts surfaces were saturated with CO which was
then stripped from the surface by increasing the potential applied between the working and

counter electrode. The CO stripping peak observed is integrated using Eq. 3.10 which gives the
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charge necessary for the removal of the adsorbed CO. Using Eq. 3.11 the ECSA is found
assuming that the Pd surface is saturated with a full monolayer of CO. By finding the real surface
area of the electrodes it is possible to normalize the current obtained for the ethanol
electrooxidation allowing us to compare the activity of the different catalysts. Figure 6-4 shows
the CO stripping curve of the four different samples where the highlighted zone is the integrated
peak used to determine the ECSA. The difference between the first and second cycle that is not
attributed to CO desorption is caused by the charging of the double capacitance layer due to the
potential hold at lower potential. Complete dissolution of the catalyst may not have been
obtained and agglomeration of particles at the glass interface was observed. For these reasons the
amount of catalyst deposited on the working electrode was lower for sG supported particles. That

is the reason why the ECSA obtained from the different catalysts are not compared in this

section.
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Figure 6-4: CO Stripping for all samples showing first and second cycle and integrated
area
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6.4.3 Electrooxidation of Ethanol on PdxNil-x (x=1, 0.9 and 0.7)

The normalisation of the ethanol oxidation currents on the synthesized nanocatalysts by
ECSA found using CO stripping allows us to compare the activity of the Pd surface of the
different catalysts towards the EOR. Figure 6-5 shows the current densities of the different
nanocatalysts in a solution of 1 M KOH + 1 M ethanol normalized by ECSA during cyclic
voltammetry. The peak on the anodic scan represents the increasing number of ethanol molecule
partially oxidized with increasing potential until the PdO layer formation region is reach where
the current density observed starts to decrease sharply. On the reverse scan, no current is
observed until the PdO reduction region after which the peak observed is caused by the oxidation
of strongly adsorbed molecules on the forward scan. In theory the ratio of the intensity of the
peak of the forward scan to that of the reverse scan can give a gross comparison of the amount of
carbonaceous species present on the surface of the forward scan (electrode poisoning) [188]. The
Is/l, of the different catalysts were found to be 0.52, 0.83, 0.76 and 0.72 for Pd/C, Pd/sG,
Pdo.gNig1/sG and Pdy7Nig3/sG respectively. This suggest that going from carbon black to sG as a
support reduces the amount of poisoning on the surface of the catalysts probably due to an
increased amount of hydroxyl groups present to oxidize the adsorbed molecules. An increase in
poisoning can be observed with increasing Ni content which is thought to be caused by a
decrease in the amount of metal-support interface compared to Pd/sG caused by the

agglomeration of the nanoparticles.
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Figure 6-5: CV in 1 M KOH + 1 M ethanol normalized by ECSA, found using CO
stripping, of all samples at a scan rate of 25 mVs™

By comparing the increasing portion of the anodic scan obtained during CV scans in the
presence of ethanol of the different catalysts, it is possible to assess their relative activity. For
this reason this region is plotted for all the catalysts in Figure 6-6 where it is possible to observe
that the catalysts deposited on the sG performed significantly better in all cases than the Pd/C.
The onset potential of all the catalyst is very similar suggesting that the promoting effect is not
caused by an adsorption of hydroxyl groups at lower potential as suggested in Chapter 3 and
Chapter 5. Also, both catalysts containing Ni had the same current densities for the potential
range of interest. It can be seen that while the current density for all catalysts deposited on sG

was the same at potential below -0.2V the Ni containing catalyst had a higher current density at
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higher potential than the Ni-less catalyst. This can be explained by a bi-functional mechanism
where at higher potential different molecules are preferentially attracted to Ni and others to Pd.
These attached molecules on Ni and on Pd can react together if they are on neighbouring sites at
the PdNi interface. Literature suggests [46], [47], [49] that the molecule preferentially adsorbed

on Ni or NiO are hydroxyl groups that can help oxidize carbonaceous species adsorbed on Pd

surfaces.
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Figure 6-6: LSV of the increasing part of the anodic scan in 1 M KOH + 1 M ethanol
normalized by ECSA of all samples at a scan rate of 25 mVs™

6.4.4 Chronoamperometry

By applying a potential in the range showed in Figure 6-6 for an extended period of time
it is possible to observe the change in power density over time which can be related to the
phenomena happening at the catalyst surface. In Figure 6-7 a potential of -0.2 V was applied for
1 h and the current densities obtained are plotted vs time. The current densities obtained at time 0

are close to those obtained for the same potential on the CV scan which correspond to the
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activity of a bare catalyst surface. The initial fast decrease is caused by the poisoning of reaction
sites on the Pd surfaces by strongly adsorbed molecules such as ethoxy molecules and COggs
[24]. 1t can be observed that Pd/C has a current density of about half that of Pd/sG for the whole
time span suggesting that the reaction rate of the limiting step is about twice as high on the
surface of Pd/sG. For samples containing Ni the current density can be seen to decrease at a
faster pace than Pd/sG and eventually reaching that of Pd/C. This low stable current is suggested
to be caused by the instability of the catalytic system due to the large amounts of agglomeration
observed in the TEMs which are less strongly adsorbed to the supports surface than individual

nanoparticles.
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Figure 6-7: CA of all samples normalized by ECSA made by holding the potential at -0.2 V
vs Hg/HQgO for 1 h in a solution of 1 M KOH + 1 M ethanol

6.5 Conclusions

It was shown, that pure Pd nanoparticles could be deposited with a high level of

dispersion on the surface of sG sheets and that they could express a catalytic activity about twice
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as high as Pd/C synthesized using the same method. This increase is thought to be caused by an
increased amount of metal-support interface caused by a larger dispersion of the nanoparticles.
The addition of Ni ions with Pd:Ni ratios of 9:1 and 7:3 during the nanoparticle synthesis has
showed to cause large amount of agglomeration reducing the theoretical utilisation of the catalyst
and decreasing the amount of three-phase boundary. PdNi/sG catalyst have shown to have an
increased current density at higher potential compared to the pure Pd/sG catalyst which is
thought to be caused by the supply of OH" species from NiO sites neighbouring Pd reactive sites
for the oxidation of adsorbed carbonaceous molecules. Pd/C and Pd/sG have similar stability
with the current of the latter being twice as high. However Ni containing catalyst had a lower
stability during prolonged operation which is attributed to their separation from the support
caused by agglomeration rather than to a high level of surface poisoning. Overall, PdxNi;-/sG
has shown to be a promising catalytic system for the EOR in alkaline media. However, the
synthesis of the catalyst needs to be altered to obtained better dispersion of the nanoparticles to
increase the stability of the catalysts.

As this study is incomplete, further characterizations are necessary to comprehend fully
the behaviour of the catalysts for the EOR and to confirm the speculations made in this chapter.
Suggested characterizations are, XRD measurements which would give the crystal structure of
the Pd and Ni phases, XPS measurement which would show the oxidation state of the metallic
atoms and help understand the surface composition of the catalysts and inductively coupled
plasma mass spectrometry in order to obtain the actual Pd:Ni ratios of the synthesized
nanoparticles. Also, samples containing different Pd:Ni ratios should be made in order to find the

optimal Ni content.
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Chapter 7: Direct Alkaline Ethanol Fuel Cell Test

7.1 Introduction

Ultimately, the goal of synthesizing more efficient electrocatalysts for alcohol
electrooxidation is to improve the efficiency (lower overpotential) and power density (mWcm)
of direct alkaline fuel cell (DAFC). By developing such catalysts, it should be possible to obtain
DAFCs systems with size, weight and power density comparable to internal combustion engines
(ICEs) at comparable prices. Introducing such systems to the consumer market would reduce
significantly the greenhouse gases produced by transportation for each ICE replaced by DAFC.
This introduction could be followed by the gradual implementation of a renewable ethanol
production cycle using biomass fermentation to further reduce CO, emissions. In this chapter,
the best performing catalyst of Chapter 3 was tested in an alkaline fuel cell using a

commercially available membrane with varying fuel and electrolyte concentrations.

7.2 Experimental Setup

The fuel cell tests were made in a triode alkaline ethanol fuel cell which was designed
and built in the department. The designed fuel cell consisted of three electrodes (one at the
cathode and two at the anode) made of graphite with a circular geometry. The anode and the
cathode are connected through a Bio-Logic potentiostat with the EC lab software package which
measures the potential difference between the electrodes. Resistances are applied between the
two working electrodes in order to induce a current between them which can be determined
using the measured potential difference. The membrane electrode assembly is composed of two

catalyst-coated carbon paper layers hot pressed on opposite sides of a commercially available
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anion exchange membrane (AEM) (Fumatech Fumasep® FAA-3-PK-130) at a pressure of
280 kg/cm? and a temperature of 105°C for 3 min. The cathode gas diffusion layer (GDL)
catalyst was Pt/C 20 wt% with a metal loading of 0.5 mgcm™ and the anode GDL catalyst was
the synthesized Pd nanoparticles on oxide-supports with a Pd loading of 0.5 mgcm™. The
catalysts used for dissolution were dissolved in 1 mL of ethanol and the catalysts weight
equivalent of an ionomer solution (Fumatech Fumion® FAA-3 ionomer) 5 wt% in iso-propanol.
The working area of the fuel cell was 7.9 cm? at the cathode and 5.9 cm? at the anode. The
auxiliary electrode on the anode side can be used to apply a current between the cathode and
anode side in order to increase to power output compared to the fuel cell in the conventional
operation mode [215]-[217].

An exploded view of the fuel cell used can be observed in Figure 7-1 where all the layers
composing the fuel cell can be observed. The description of the components of the fuel cell will
be made by starting with the AEM (yellow) and going outward on both sides simultaneously. As
mentioned the membrane is an AEM resistant to high pH with a thickness of 130 um and a
diameter of 3.76 cm which is provided in bromide form. The Br™ anions were exchanged to OH"
anions by immersion of the membrane in 1 M NaOH for 72 h while changing the solution every
24 h after which it was kept in deionized water. On each side of the membrane is a GDL formed
of carbon paper on which the mixtures of the cathodic and anodic catalysts were deposited on
their respective side. These three components are those hot pressed together to form the
membrane electrode assembly (MEA). After both GDL are the cathode and anode current
collectors which contains the air and fuel channels respectively. The stainless steel entry tubes
also act as the electrode contacts to form the closed circuit through the potentiostat. The cathode

current collector possesses a channel from its side all the way to the middle in which a
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thermocouple can be inserted to measure the operating temperature and control it by
communicating with a temperature controller connected to two heating pads situated on the
exterior face of both current collectors. Those are enclosed by two insulating pads which direct
the heat produced towards the MEA rather than to the environment. All of these are held together

by two Teflon (electrical insulation) pads attached using stainless steel screws.
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Figure 7-1: Exploded view of the designed fuel cell with parts descriptions.

In Figure 7-2 (bottom) the geometry of both electrodes can be observed. The reagents

channels were made in a circular configuration to accommodate the additional electrode on the
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anode side. On both electrodes the stainless steel conduits used as inlets and outlets for the fuel
and the air can be used as point of contact for electrical current. The auxiliary electrode is
situated in the middle of the anode and separated from the latter using a Teflon sleeve to prevent

direct electrical contact between the two.
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Figure 7-2: Side view of the MEA and current collectors with the electrical layout (top), top
view of the geometry of the cathode and of the anode (bottom).

The electrical layout of the fuel cell is displayed in Figure 7-2 (top). First, the anode is

connected to the cathode through an electrical connection containing a known resistance. When
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the fuel cell is in operation the electrons go from the anode to the cathode. The potential
difference between the electrodes is measured using a voltmeter, a multimeter or a potentiostat
and can be used to calculate the current and with it the power output of the fuel cell. The power
output is varied by varying the resistance in the circuit. In a second circuit the cathode is
connected to the auxiliary electrodes through a potentiostat. A current is applied between these
electrodes in order to send electrons to the anode side. This transfer of electron would force
hydroxyl species back to the cathode side where they would facilitate the oxygen reduction
reaction. In order to have a beneficial effect the increase in power of the fuel cell has to be
greater than the power sacrificed to the auxiliary electrode, a phenomenon (named power
enhancement ratio) that was observed in certain cases [215]-[217] and that can be calculated
using Eq. 7.1. If this ratio is found to be higher than one the power output of the fuel during
triode operation is higher than that of conventional operation. Another variable that is used to
analyse the effect of the auxiliary circuit is the power gain ratio calculated using Eq. 7.2. This
ratio by how many times the power output of the fuel cell was increase compared to the current
sacrificed to the auxiliary circuit. The power enhancement ratio has been showed to reach up to
1.32 [216] and the power gain reached 5.0 [215] in proton exchange membrane fuel cell

(PEMFC) under high CO concentrations.

pp = Prc 71
TP
Pgc — P
A, = Drc ~ Prc 7.2
"7 Pa

Where pp is the power enhancement ratio (unit-less), Pec and P%c are the power obtained with
the fuel cell under triode and normal operation in mW, respectively, Pauy is the power sacrifice to

the auxiliary circuit in mW and Ap is the power gain ratio (unit-less).

147



Chapter 7: Direct Alkaline Ethanol Fuel Cell Test

7.3 Fuel Cell Tests Using a Commercially Available Anion
Exchange Membrane

The catalyst of Chapter 3 that was found to have the highest catalytic activity for the
ethanol oxidation reaction (EOR) (Pd/TiO;) was tested in the fuel cell as an anode catalyst using
Pt/C 20wt% as the cathode catalyst for the oxygen reduction reaction (ORR).

A current going from the anode to the cathode is induced by connecting the two
electrodes through a resistance. By varying the resistance applied between the electrodes, the
current obtained varied and could be calculated using Ohm's law (Eq. 7.3) where V is the
potential difference between the electrodes in V, R is the resistance applied in Ohms and 1 is the
current in A. In Figure 7-3 (top) the current obtained is plotted against the potential difference
between the electrodes. It can be observed that the open circuit voltage (OCV) increases with an
increasing concentration of fuel and electrolyte which is expected. Also, an increase in the
concentration of the fuel molecules and OH™ near the surface of the catalyst will increase the
adsorption rate increasing the catalytic activity of the catalyst an effect that can be observed

while going from a concentration of 0.1 M to 3 M.

I = R 7.3

In Figure 7-3 (bottom) the power obtained from the operation of the fuel cell is
calculated and plotted against the current observed. It can be observed that increasing the
concentration of both fuel and electrolyte while keeping a ratio of 1:1 results in an increase in
power. However studies have shown that a further increase in fuel and electrolyte concentration
eventually leads to a decrease in power density [218], [219]. The power curves show to have a

maximum before decreasing when the potential difference between the electrodes becomes too

small and the increase in current is not enough to counter this change.
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Figure 7-3: Power and potential difference plotted as a function of current density in an
alkaline ethanol fuel cell using the synthesized Pd/TiO; as the anode catalyst and Pt
20 wt% on carbon black as cathode catalyst.

It was planned to make more experiments with the best catalyst in the fuel cell including
varying the concentration of electrolyte with a fixed fuel concentration and vice-versa, operating
at various temperature under the boiling point of the aqueous solution and applying a current
between the cathode and the third electrode in order to promote the EOR. However, the
unexpected low compatibility of the acquired membrane in alcohol due to a low level of cross-
linking prevented further studies. The stability of the membrane, even at low concentrations of

ethanol, was low and a constant decrease in current was observed. At higher ethanol
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concentration the membrane would be destroyed in less than an hour making further studies with

this membrane obsolete.

7.4 Conclusion

The best performing catalyst from Chapter 3 (Pd/TiO,) was tested in a direct alkaline
ethanol fuel cell (DAEFC) designed for this purpose. The designed fuel cell has the capability to
operate in alkaline or acidic media with liquid and gaseous fuel. Also, an added feature allows
the application a potential difference between the cathode and an auxiliary electrode in the
attempt to increase the power output. The current and power output of the fuel cell was found to
increase with increasing alcohol and electrolyte concentration with a molar ratio of 1:1 reaching
values up to 7.8 mA and 0.55 mW respectively at 3 M. While the synthesized catalyst (Pd/TiO,)
shows to be a promising catalyst for DAEFC the instability of the commercial AEM used for the
fuel cell tests in the presence of ethanol or other alcohol prevented further studies. In future work
it will be necessary to obtain a highly conductive and highly stable AEM for fuel cell testing.
With the new membrane more tests could be made to observe the activity of the catalysts
towards the EOR: testing other catalysts, varying the fuel oxidizer ratios, varying the operating

temperature, etc.
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Chapter 8 : Summary of Conclusions

8.1 Conclusions

The objective of this work was to develop Pd and Pd-based nanocatalysts deposited on the
surface of nanostructured reducible metal oxides and carbon-based supports and to test their
activities for ethanol oxidation. The physical and chemical properties of these synthesized
catalysts were characterized using various physicochemical and electrochemical techniques in
order to observe the effect of the support on the catalyst activity and to quantify this activity
towards the ethanol oxidation reaction (EOR). By normalising by electrochemical active surface
area (ECSA) it was possible to observe the effect of the nature of the support on the reaction rate
at the surface of the catalyst rather than apparent enhancement caused by the modification of the
morphology of the catalytic system offering a larger ECSA.

In a first part, Pd nanoparticles were deposited using a metallic ion reduction method on
the surface of MO, (M = Sn, Ce or Ti) particles. This deposition method yielded Pd
nanoparticles with an average size ranging between 7 and 15 nm. The catalysts deposited on the
metal oxides supports showed an increase current density compared to those deposited on carbon
black by up to 100%. This increase in catalytic activity is ascribed to two phenomena: 1) The
supply of OH" groups from the surface of the support to neighboring groups on Pd reaction sites
at lower potential. 2) An increase in Pd electron density, confirmed by a lower binding energy
measured by XPS spectra, favoring the sharing of electrons between the catalyst and the
reagents. Future work would focus on the control of the dispersion and of the size of the

deposited nanoparticles on metal oxides to increase the utilisation of the synthesised catalysts.
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Following those results, TiO,-nanotubes (TiO,-nts) were synthesised using anodization in
a fluorine ion containing aqueous solution and were used as supports for Pd nanoparticles.
Different modifications were made to the TiO,-nts to tentatively increase the catalytic activity of
the deposited nanoparticles. The Pd nanoparticles were deposited on the support using atomic
layer deposition (ALD). It was found that annealing the support prior to deposition enhances the
catalytic activity of the deposited catalyst and reduces the ethanol oxidation reaction onset
potential. This is caused by a decreased electronic resistance of the support with the formation of
the anatase phase. Also, the addition of a thin layer of SnO, using ALD on the surface of the
TiO,-nts showed a further increase of the catalytic activity of Pd which is attributed to an
increased supply of OH™ groups from SnO; than from anatase TiO,. Overall, the catalytic
response of the catalytic system was increased by one order of magnitude compared to as grown
TiO,-nts. In future work, the effect of the thickness of the SnO, layer deposited on the TiO,-nts
should be study and could potentially lead to increase activity of the deposited catalysts.

Graphene, another carbon-based support was also used for Pd nanoparticles to which
different Ni concentrations were added. The switch from carbon black to graphene resulted in an
increased catalytic activity of the Pd catalyst comparable to that of going from carbon black to
metal oxides. This increase is attributed to an increase in metal-support interface providing a
larger amount of OH" groups from the support following the effect observed on metal oxide
supports. Furthermore, the addition of Ni to Pd during the synthesis has shown to cause an
increase in current density at higher potential which is thought to be caused by the formation of
NiOOH species near Pd reaction sites. Future work in this area would include the synthesis of

catalysts containing other Ni concentration in order to find the optimal Pd:Ni ratio. Also, an
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optimization of the nanoparticle synthesis technique could reduce the amount of agglomeration
observed for PdNi nanoparticles.

Finally, best working catalyst of out of the Pd deposited on MO, particles was tested in a
direct alkaline ethanol fuel cell (DAEFC) using a commercially available anion exchange
membrane (AEM). First, a triode fuel cell able to operate in both alkaline and acidic media only
by changing the membrane used during operation was designed and built. Pd/TiO,, which was
found to be the best working catalyst, was tested in this fuel cell using a commercial AEM
supplied by Fumatech and a Pt/C catalyst at the cathode. The current and power output of the
fuel cell were found to increase with increasing alcohol and electrolyte concentration with a
molar ratio of 1:1 reaching values up to 7.8mA and 0.55mW, respectively, at 3M. Unfortunately,
the AEM was found to be unstable when immerged in solutions containing alcohol
concentrations higher than 0.5M preventing further characterizations. The acquisition of a more
stable membrane would allow further fuel cell tests with varying different parameters such as:
varying the concentration of electrolyte with a fixed fuel concentration and vice-versa, operating
at various temperatures and applying a current between the cathode and the auxiliary electrode.

In general, it was found that various metal oxides and graphene were promising support for the
EOR on Pd nanoparticles due to their ability to modify the electronic structure of Pd and to
supply the much needed OH" species for the EOR. This increase in catalytic activity brings us

one step closer to commercial DAEFC.

8.2 Future Work
While the results presented in this work are interesting, further work could improve the
catalytic properties of the catalytic systems and help understand the related phenomena. In future

works, the synthesis techniques could be adjusted in order to increase the dispersion, the
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utilisation and the ECSA of the catalysts. In-situ Fourier transform infrared spectroscopy would
help in the understanding of the reaction mechanism of ethanol oxidation in alkaline media. The
search for an anion exchange membrane more stable in alcohol solutions is under way which
would allow further tests in the designed fuel cell. These tests would include the investigation of
the optimal concentrations and ratio of ethanol to electrolyte in aqueous solution, the effect of the
temperature of operation on the power output of the fuel cell, the effect of the use of pure oxygen

rather than air and the operation of the fuel cell under the triode mode.
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