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RESUME

L'activité de la réaction de réduction de I’oxygéne (RRO) en milieu acide sur les alliages Pd-Co a
été étudiée dans ce travail. Les électro-catalyseurs ont été synthétisés par deux techniques :
a) La technique de dépot physique en phase vapeur et b) la technique de réaction de pulvérisation
a ultrasons quia été développée pour la premiere fois dans notre laboratoire pour préparer
directement des électro-catalyseurs supportés sur du tissu ou des feuilles de carbone (GDE) pour
des applications de type PEMFC.

Les variations des propriétés électrochimiques telles que les quantités de charge liée a: i)
I’adsorption/désorption de d'hydrogéne, ii) la formation ou la réduction de la couche d’oxyde en
fonction de la composition de 1’alliage Pd-Co ont été mises en evidence pour la premiere fois
dans ce travail. Les travaux ont été faits sur des couches minces de Pd-Co préparés par un
procédé de pulveérisation sous vide cathodique (PVD). Méme si un catalyseur a couche mince ne
peut pas étre utilisé directement comme électrode de PEMFC fonctionnelle parce que sa surface
active est faible, le procédé de pulvérisation cathodique est tres utile carla composition
chimique de l'alliage et ’aire de surface de I'électrode peuvent étre contrdlées avec facilité pour
assurer des  études  fondamentales en  électro-catalyse. C’est pour cela,
les propriétés électrochimiques fondamentales en électro-catalyse ont été réalisées sur
ces couches minces de catalyseurs a base d’alliage de Pd-Co. Ainsi, les quantités de charge des
processus électrochimiques sur les alliages de Pd-Co indiques ci-dessus ont été corrélées aux

activités électro-catalytiques de la réaction de réduction de 1’oxygéne (RRO) en milieu acide.

Les bonnes activités électro-catalytiques de la RRO sur des alliages binaires de Pd-Co obtenues
dans ce travail sont en accord avec les résultats présentés dans les études antérieures. L’activité
électro-catalytique de la RRO sur ces alliages augmente dans le sens suivant : PdjgCogs <
Pd4,Cosg < Pd < PdsoC0sp < Pd75C0,5 < PdgsCo3s, L'alliage PdgsCoss donne 1’activité de la RRO la

plus élevée suivie par les alliages Pd75Coys et PdsoCosp,

Aucunes améliorations d'activité évidentes n'ont été obtenues pour Pds,Cosg et Pd;6C0gs qui ONt

un contenu de Co plus élevé.

Une corrélation linéaire entre les charges d’adsorption/désorption de d’hydrogene et les activités

électro-catalytiques de la RRO a été obtenue sur ces alliages de Pd-Co. Les catalyseurs ayant une
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teneur en Co plus élevee ont des activites en RRO plus faibles. Par contre aucune corrélation
linéaire n’a été observée entre les caractéristiques de ’activité de la RRO et la quantité
de charges liée a la formation ou la réduction des oxydes sur les catalyseurs. Les meilleures
activités électro-catalytiques pour le RRO on été identifiées sur les alliages ayant un ratio

atomique optimisé entre Pd et Co aux alentours de Pd: Co = 3:1.

La méthode de pulvérisation a ultrasons a été développée pour la premiére fois dans le cadre de
ce travail pour la préparation de catalyseurs déposés a 1’échelle nanométrique directement sur
des supports de feuilles de tissus de carbone commerciaux utilisés (GDE) dans la fabrication des
assemblages membranes électrodes pour les piles PEMFC dans notre laboratoire. Cette approche
répond bien aux critéres d’obtention de catalyseurs de fines particules ayant de grande surface
sur la poudre de carbone comme matériaux de cathode pour les piles de type PEMFC. Ceci est
d’autant plus pertinent qu’aucune des études réalisées avant n’a réussi a obtenir des particules
fines de Pd-Co ayant des dimensions qui soient comparables a celles du catalyseur existant a base

de platine a support de carbone (¢2-4 nm).

Par conséquent, la mise au point de la méthode de synthése de catalyseur a base de particules
fines de Pd-Co est nécessaire pour mieux utiliser ce catalyseur pour les applications des piles
PEMFC. En utilisant cette méthode développée dans ce travail, les catalyseurs de Pt, de Pd et
Pd-Co a support de carbone ont été synthétises et caractérisés pour leur activité en RRO en milieu
acide. L’imageric TEM des échantillons préparés indiquent que la taille des particules dominante
de 2,5-4,5 nm. Pour les catalyseurs obtenus. Ce qui montre que cette technique est trés utile pour
la préparation de catalyseurs a support de carbone a I'échelle nanométrique.

La diffraction des rayons-X (DRX) sur les échantillons fabriqués de Pt a montré que les pics de
diffractionsont ceux  d’une structure cubique a faces centrées (cfc)de Pt La
DRX descatalyseurs synthétisés de Pd et Pd-Co par réaction de pulvérisation ultrasonique a
également indiqué des pics de diffraction d’un systéme cristallin cubique face centré (CFC). Tous
les diffractogrammes des échantillons sont ~ similairesa celui de Pd cfc, mais les
pics d'origine Co ne peuvent étre observés car le systeme Pd-Co estune solution solide de
substitution, de sorte que certains atomes de Pd sont remplacés par des atomes de cobalt. Ce qui
constitue un atout car le systéeme de solution solide est considéré comme etant stable en milieu
acide [1].
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Aussi nous avons developpé dans ce travail une nouvelle technique utilisant la méthode de
réaction de pulvérisation a ultrasons pour réaliser dans un méme processus la synthése du
catalyseur a support de carbone nanométrique qui est ensuite déposé directement sur 1’électrode a
diffusion de gaz (GDE) et formé ainsi un GDE catalysé. En utilisant du papier carbone comme
comme support de réaction de la pulvérisation a ultrasons tel que décrit ci-dessus, le catalyseur
supporté sur de la poudre de carbone a support est directement déposé sur le papier carbone et
formé ainsi le GDE catalysé qui peut ainsi étre utilisée dans les piles PEFC. Cette technique
permet d'économiser certaines étapes importantes comme par exemple la mise en forme de la
poudre de catalyseur (préparation de la pate de catalyseur et son étalement) et de la fabrication du
GDE et conduit a un moindre colt de la PEMFC.

Les améliorations obtenues sur l'activité électro-catalytique de la réaction de réduction de
I’oxygene en milieu acide sur les catalyseurs de Pd-Co synthétisés par le procédé de réaction de
pulvérisation a ultrasons ont été confirmées. Ce résultat est en bon accord avec I’amélioration de
I'activité de la RRO de la couche mince synthétisée par PVD. Pour un potentiel donné, le
courant de la RRO de Pd3Col/C et Pd2Col/C étaient presque les mémes. Ensuite ce courant
diminue de Pd5Co1/C, Pd1Co1/C a Pd/C.

Les résultats ont aussi montré que les catalyseurs a base de Pd ont autour de 45mV/dec de pente

de Tafel et de courant d’échange normalisée a la masse de Pd qui est égale a

10" mA mg™. 1l est supposé que la cinétique de RRO dans cette région de potentiel est la
méme pour Pd et les catalyseurs a base de Pd-Co, et I'ajout de Co dans le Pd a peu d’effet sur la
cinétiqgue de RRO. Nous concluons que la méthode de réaction de pulvérisation a ultrasons
avec transducteur piézoélectrique est applicable pour la synthése du catalyseura alliage
binaire de Pd-Co ou de Pt. L’effet de I’addition de Co au Pd pour former 1’alliage Pd-Co sur
I’amélioration de l'activité électro-catalytique de la RRO par rapport a celle de RRO sur Pd seul

a été confirmé.

Cette étude contribue a l'avancement des connaissances sur les propriétés électro catalytiques
fondamentales de la RRO sur les alliages de Pd-Co. En particulier la relation entre la composition
de I’alliage en Co et ses activités électro-catalytiques pour la RRO a été établie et une
composition optimum de 1’alliage qui conduit a une meilleure activité de la RRO a été déduite.

Des corrélations ont aussi étudiés réalisées entre la RRO et la quantité de charge liée a
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I’adsorption/désorption de 1’hydrogene et la formation et a la réduction de I’oxyde sur 1’¢lectro-

catalyseur.

En outre,la méthode de réaction de pulvérisationa ultrasons, développée dans cette
étude, contribue de maniere significative et intéressante du point de vue industrielle a
un processus intégré de préparation des catalyseurs (alliages de Pd-Co ou Pt) et de fabrication
d’¢lectrodes a diffusion de gaz (GDE) catalysées pour les piles PMFC. En plus cette méthode de
synthese mise au point dans ce travail a permis de disposer de catalyseurs ayant des particules de
petite taille (¢2-4nm) en alliage Pd-Co ou de Pt qu’il n’a pas été possible d’obtenir de manicre
homogéne et reproductible par les autres méthodes conventionnelles de préparation. Ces résultats
sont d’une grade importance pour le développent commercial de la technologie des piles PEMFC
parce qu’en plus de permettent 1’obtention de particules de tailles optimisées, ils permettent de
réduire les étapes de fabrication des assemblages membranes électrodes (MEA) comme par
exemple 1’étape de mise en forme du catalyseur de la poudre a la pate et son étalement sur le
GDE dans le cas des méthodes conventionnelles. Alors que dans I’approche de ce travail c’est un
dépdt direct du catalyseur sur le GDE au fur et a mesure qu’il est fabriqué. En plus, notre
approche permet de réduire leur colt de fabrication et augmente la fiabilité du MEA suite a la
réduction des étapes de sa fabrication.



ABSTRACT

The Oxygen Reduction Reaction (ORR) activity in acid medium on Pd-Co was studied in this
work. The catalysts were synthesized by two techniques; physical vapor deposition technique and
ultrasonic spray reaction technique. The last technique was developed for the first time in our
laboratory for the supported electro catalyst preparation and direct deposition onto the carbon
paper or gas diffusion electrode the for PEMFC applications. The electrochemical properties such
as the amount of hydrogen adsorption/desorption, the oxide formation/reduction of Pd-Co alloy
catalyst have not been sufficiently studied before. Therefore these electrochemical properties
were investigated by using the Pd-Co thin films prepared by sputtering method. A thin film
catalyst cannot be directly used as an electrode of working PEMFCs, however the sputtering
method is very useful since the chemical composition of alloy and surface area of the electrode
can be controlled easily. Thus the fundamental electrochemical properties such as the amount of
hydrogen adsorption/desorption, oxide formation/reduction and oxide reduction peak position on
thin films of Pd-Co alloy, Pd and Pt catalysts were determined and their correlations to ORR
catalytic activities in acid medium were studied. Enhancements of the catalytic activities for ORR
by Pd-Co binary alloys were found to be in agreement with results obtained in previous studies.
The electro catalytic performance of the ORR on the various electrodes studied here is: in the
order Pd15C0g4 < Pd42C0s5 < Pd < PdsoCos0 < Pd75C025 < PdgsCo3s. This result clearly shows that
alloying Pd with a specific composition of Co enhances significantly the electro-catalytic
properties of the ORR on Pd-Co alloys in comparison to Pd alone. PdssCoss alloy exhibited the
highest ORR activity followed by Pd;sCoxs and PdsoCosg alloys. No obvious activity
enhancements were found for Pds2Cosg and PdigCogs, Which have higher Co content. A linear
correlation between hydrogen charges and ORR catalytic activities on Pd-Co alloys was obtained.
Catalysts having more Co content have lower ORR activities. With regard to the correlation
between the amount of oxide formation/reduction and ORR activities, no linier correlation was
found. However the results of this work indicated that the optimized atomic ratio between Pd and

Co for ORR in acid medium was found to be around Pd:Co = 3:1.

Ultrasonic spray reaction method was developed for the first time in our laboratory for carbon
supported nano-scale catalyst for PEMFC application. Fine catalyst particles supported on high

surface area carbon powder are required to apply the catalyst as the PEMFC cathode materials for



the commercialization, but none of the studies done before were able to successfully obtain the
Pd-Co fine particles which are comparable with the existing carbon supported platinum catalyst
(p2-4nm). Therefore the establishment of the catalyst synthesis method for Pd-Co fine particles
are required to use the catalyst for PEMFCs. By using this method established in this study,
carbon supported Pt, Pd and Pd-Co catalysts were synthesized and characterised for ORR
activity. TEM images indicate that this technique is very useful for preparing carbon supported
nano-scale catalysts having the dominant particle size of 2.5-4.5 nm. XRD showed diffraction
peaks consistent with face-centered cubic (fcc) structure for Pt. XRD of the synthesized Pd and
Pd-Co catalysts by ultrasonic spray reaction also indicated fcc crystal system. All diffractograms
of the samples are similar to the structure of fcc Pd, but the Co-origin peaks cannot be found. The
Pd-Co system is substitutional solid solutions where some Pd atoms are replaced by Co atoms.

The solid solution system is considered to be stable in acid media [1].

We developed this new technique of the ultrasonic spray reaction method not only for nano-scale
carbon supported catalyst synthesis but also fabricate directly catalyzed GDE. By using carbon
paper as a filter of ultrasonic spray reaction method as described above, carbon supported catalyst
are directly deposited onto the carbon paper. It directly forms catalyzed GDE. This technique
saves some step of the GDE fabrication and will leads lower cost of PEMFC.

Catalytic activity enhancements of ORR for the synthesized Pd-Co catalysts by ultrasonic spray
reaction method are confirmed. This result has good agreement with the ORR activity
enhancement of the thin film synthesized by PVD. For a given potential, the ORR current of
Pd;Co,/C and Pd,Co,/C were almost the same and show the highest values among the values of
all the other alloys. After, the value of the current decreases from PdsCo,/C to Pd;Co,/C and
Pd/C. All Pd based catalysts have around 45mV/dec of tafel slope and Pd mass corrected
exchange current around 10" mA mg™. It is assumed that the ORR kinetics in this potential
region are the same among the Pd and Pd based catalysts and the addition of Co into Pd have
small effect on the ORR Kkinetics. We conclude that ultrasonic spray reaction method with
piezoelectric transducer is applicable for Pd-Co binary alloy catalyst synthesis and the activity
enhancement effect caused by alloying with Co was confirmed on the synthesized catalyst by this
technique.
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This study contributes to the advancement of the knowledge of fundamental properties of Pd-Co
alloy catalysts and their correlations to the oxygen reduction reaction activities. In addition, the
ultrasonic spray reaction method developed for the first time in this study introduces a new easy
and low cost Membrane Electrode Assembly preparation significantly to an industrial fabrication
process of method of preparation of catalyzed gas diffusion electrodes for PEMFCs. The
synthesis method of small particle size (¢2-4nm) Pd-Co alloy catalysts were not possible to be
obtained by using the existing conventional methods. However this work has achieved the
synthesis of the fine particle catalysts supported on carbons by using the ultrasonic spray reaction
method. These results will contribute significantly in the development of PEMFCs based on Pd-

Co alloy catalysts in the future.
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CHAPTER 1 INTRODUCTION

Since the time of the industrial revolution, the world’s energy needs have been growing
exponentially and will keep growing in the future. Fossil fuels such as coal, oil, natural gas have
been used as the primary source of energy over the past 260 years, but the reserve will be
depleted in the not too distant future and use of the fuels raise environmental concerns. In order
to overcome the crisis by fossil fuels depletion, alternative energy resources have to found and
they should be cost-effective, renewable, sustainable and environmentally friendly.

A fuel cell is a promising energy-conversion device that is more efficient and more
environmentally friendly than existing combustion-based systems. Fuel cell is an electrochemical
energy conversion device that converts chemical energy into electrical energy directly. Since
there is no combustion or moving parts, the theoretical efficiency of fuel cells can be
approximately 80% while that of combustion processes is limited to about 20% at low
temperature below 100°C. Polymer electrolyte membrane fuel cells (PEMFC), which are
considered in this study, usually take hydrogen, methanol or other small organic molecules as a
fuel. In case of hydrogen-oxygen type fuel cells, it produces only water and heat. Therefore this
system is very friendly to environment. Replacing fossil fuels with other sustainable resources
plays a very important role in both environmental and economical terms. The fed hydrogen gas or
small organic molecules, for example methanol and ethanol, are electrochemically oxidized at
anode and the generated proton and electron react with oxygen gas fed into cathode and form

water molecule (oxygen reduction reaction).

The Oxygen reduction is considered to be one of the most important electrocatalytic reactions
because of its role in electrochemical energy conversion, several industrial processes, and
corrosion. Consequently, for many years it has been the focus of electrochemical interest.
Platinum has been the best catalyst for the ORR for over 170 years since Christian Friedrich
Schoenbein and William Robert Grove reported the first study on fuel cells [2]. However, this
does not mean that platinum is the optimal material for fuel cell application, because of its
fundamental catalytic property limitations, very high cost, limited reserves, and political issues.
Therefore a future commercialization of PEMFCs cannot be based solely on platinum-based
technologies. It is essential to develop a catalyst having higher ORR catalytic activity and high

cost-performance for the future.



The first study on Pd-based alloy materials was demonstrated by the research group of O.
Savadogo in 2004 for PEMFC cathode catalysts [3]. The fact that palladium potentially has a
high catalytic activity for ORR next to platinum and that alloying with the 3d-transition metal
enhances the catalytic activity of the base element suggests that alloying can also enhance the
electrocatalytic activity of palladium electrode. Palladium-Cobalt binary alloy was selected in
this study, since Pd-Co exhibited the best ORR catalytic activity between Co, Cr, Ni in our
previous study [3]. However since Pd-Co alloy is very new as a cathode material for PEMFCs,
fundamental aspects on the Pd-alloy electro-catalysts were not deeply studied yet, so their
physical, chemical and electrochemical properties were needed to be investigated. In addition, it’s
very important to cover from fundamental research to applications to contacts with industry.
Hence not only the fundamental studies, but also catalyst synthesis process for carbon supported
Pd-Co alloys which allows to use for the PEMFC cathode materials directly need to be
developed.

Fine catalyst particles supported on high surface area carbon powder are essential factor to apply
the catalyst as the PEMFC cathode materials for the commercialization. However | found that the
conventional synthesis processes which has been used for carbon supported catalyst were not
optimal methods. None of the studies done before were able to successfully obtain the Pd-Co fine

particles which are comparable with the existing carbon supported platinum catalyst (¢p2-4nm).

A catalyst maker with ultrasonic piezo-electric transducer was built in our laboratory to carry out
an catalyst synthesis process of ultrasonic spray reaction method. This technique was firstly
developed by Uematsu et al. [4-6] to prepare fine composite catalysts of Ni/TiO,, Ni/Al,Os,
Pd/ZrO,, Ru/Al,0O3, and Ru/TiO,. The technique demonstrated excellent results for preparing
multi-components composites on oxide catalyst supports. The obtained catalysts had strong
interaction among the components because the composites were formed from droplets of a
homogeneous solution in a quick-heating process. This technique was very unique and never
been studied for PEMFCs, I’ve investigated the feasibilities of the technique for the catalyst

synthesis process in this study.



CHAPTER 2 LITERATURE REVIEW

The anode of the fuel cell oxidizes H, while the cathode reduces O, according to Reactions Eq.
2.1 and Eq. 2.2, respectively. The overall reaction is given as Reaction Eq. 2.3.

Anode reaction

2H,—4H +4e"
Eq. 2.1
Cathode reaction
0,+4H +4e—2H,0
Eq. 2.2
Overall reaction
2H,+0,—2H,0
Eq. 2.3

Both anodic and cathodic reactions are catalyzed, typically with highly dispersed Pt on a porous
carbon support. However the rate of the oxygen reduction reaction (ORR) is several orders of
magnitude less than the rate of the hydrogen oxidation reaction (HOR). To counter this
unavoidable constraint, the Pt loadings on the fuel cell cathode typically approach 40% or more,
which dramatically increases the fabrication cost of fuel cells. Despite the high Pt loadings, the
slow ORR often requires over potentials of 0.3 V — 0.4 V to achieve acceptable current densities

and results in decreased efficiency.

Currently, Pt loadings for PEMFCs are between 0.6 and 0.8 mg-Pt/cm? (corresponding to 0.85-
1.1 g-Pt/kW @ 0.65 V) which is a significant improvement achieved over the last 15 years.
However, Pt loading should be reduced at least five times to meet projected requirements for
large-scale commercial usage (< 0.2 g-Pt/kW @ > 0.65 V) [7]. Gasteiger et al. state that two
strategies to meet these requirements are i) increasing MEA power densities by reducing mass-
transport-limitations at high current densities and ii) reducing Pt loading in PEM electrodes to

0.15 mg-Pt/cm?. These requirements are necessary both due to cost and Pt supply considerations.



Currently, Pt trades at well over $1,000/troy oz., and the cost is expected to increase in the next

decade as demand for Pt as a catalyst, inert coating, and precious metal rises.

Decreasing Pt loadings in PEM electrodes requires both greater dispersions of Pt (the fraction of
surface Pt atoms/total Pt atoms) and greater site-specific oxygen reduction activity. To
distinguish these two enhancements, Gasteiger et al. [7] have suggested a benchmark of 0.32 to
0.64 A/mg-Pt @ 0.9 V and 400 to 800 pA/cm?-Pt @ 0.9 V for mass and site specific activity,
respectively. To reach these two goals, it is necessary to develop a new electrocatalysts and/or

new synthesis techniques that provide high catalyst dispersion, ORR activity, and stability.

2.1 Fuel cells and oxygen reduction reaction

Fuel cells are expected to be one of the major clean energy sources in the near future. However,
the slow kinetics of the electrocatalytic activity of the oxygen reduction reaction (ORR) and the
high loading of novel metal cathode materials are the urgent issues to be addressed. This is very
important because they determine the efficiency and the cost of this energy source. This study is
on the material issues relating to the effect of the electrocatalyst composition on the Oxygen
Reduction Reaction (ORR) in fuel cells.

2.1.1 Basic reactions

Fuel cells are electrochemical devices that convert chemical energy of fuels directly into
electrical energy, thereby promising power generation with high efficiency and low
environmental impact. They provide the cleanest and most efficient technologies for generating
electricity. They are not limited by thermodynamic limitations such as Carnot efficiency since the
system avoids the intermediate steps of producing heat and mechanical work which are typical of
conventional methods of power generation. Fuel cells also avoid combustion, hence they produce
power with minimal pollutants. As long as the reductant (fuel) and oxidant are provided
continuously, fuel cells continue to generate electricity. Hydrogen, methanol, and hydrocarbons
are various fuels commonly used in fuel cells. Oxidants used are generally air or oxygen. Several
types of electrolytes can be used in fuel cells such as acids, bases, solid and polymer electrolytes,
molten salt and conductive ceramics. Some typical fuel cell systems are shown in Table 2.1
Characteristics of typical fuel cell systems Characteristics of typical fuel cell systems. In addition,

Table 2.2 Oxidation reactions of various fuels and their thermodynamic data at 25°C. provides



the oxidation reactions of various fuels and their thermodynamic data which are under way in
fuel cell development. This research is focused on PEM fuel cell systems with oxygen (or air). A
schematic of voltage-current characteristic and thermodynamic properties of PEM fuel cell with
H,/O; is shown in Figure 2.1.

Table 2.1 Characteristics of typical fuel cell systems

Operating Temperature

Fuel Cell Type Mobile Ton C) Applications and Notes
Alkaline (AFC) OH" 20-200 Space vehicles (e.g. Apollo)
Proton Exchange Membrane (PEMFC) H* 30-100 Vehicles and mobile applications
Direct Methanol (DMFC) " 20-90 Portable elef:tronlc systems of low
power, running for long time
Phosphoric Acid (PAFC) " 200 Large number of 200 kW combined heat
and power system
i Medium to large scale heat and power
2
Molten Carbonate (MCFC) COs 650 combined system, up to MW capacity
Solid Oxide (SOFC) o 500-1000 Allsizes of heat and power combined

system, 2kW to multi-MW

Table 2.2 Oxidation reactions of various fuels and their thermodynamic data at 25°C.

AH° AG° EMF €

Fuel Reaction (kJ/mol) (kJ/mol) V) (%)
Hydrogen H,(g) + 1/20,(g) — H,O(D) -286 -237 1.23 83
Methane CH, (g)+ 2 Ox(g) — CO,(g) + 2H,O()  -890  -817 1.06 92
Carbon monoxide CO(g) + 1/2 Ox(g) — CO,(9) -283 -257 1.33 91
Carbon C(s) + Ox(g) — CO,(9) -394 -394 1.02 100
Methanol CH,OH()+1/20,(g) — CO,(g)+2H,0(l)  -727  -703 1.21 97
Hydrazine N,H4(D+0,(g) — N,(g)+2H,0(1) -622 -623 1.61 100
Ammonia NH;(9)+4/30,(g) — 3/2H,0(l) +1/2N,(g)  -383  -339 1.17 89

Di-Methyl Ether  CH,OCH4(g)+30,(g) — 2C0,(g)+3H,0(l) -1460  -1390 1.2 95
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Figure 2.1 Schematic of working PEMFC

In the case of typical H,/O, fuel cell system, as described in Figure 2.1, using a Polymer
Electrolyte Membrane (PEM) as an electrolyte, hydrogen is continuously fed to the negative
electrode (anode) and oxygen (or air) is continuously fed to the positive electrode (cathode). At
the anode, hydrogen molecules diffuse through the porous pathway to encounter a catalyst which
is generally platinum. At this point, anode catalysts dissociate each hydrogen molecule into two
hydrogen atoms which will then be bonded to two-neighboring Pt atoms. Each of these two
hydrogen atoms then releases an electron to form two H* ions. These H" ions are then conducted
through the proton exchange membrane while the two electrons pass through the external circuit
and reach cathode. On the cathode side oxygen gets reduced to form water, thus completing the

electrochemical reactions.
Basic electrode reactions in a H,/O, fuel cell system are:
Anode reaction
2H,—4H +4e"
Eq. 2.4

Cathode reaction



0,+4H +4e—2H,0

Overall reaction

Eqg. 2.5

2H2+02 —)2H2 O

Eq. 2.6

In fuel cells, oxygen reduction at the cathode can happen either by a direct four-electron pathway

where an oxygen molecule adsorbs onto the catalyst surface and gets reduced to water, or by a

peroxide two-electron pathway involving the formation of hydrogen peroxide intermediate which

can be further reduced to water or can chemically decompose to form water and oxygen.

Direct four-electron pathway:
Alkaline media

0,+2H,0+4e"—40H"

Acid media

0,+4H +4e—2H,0

Two-electron pathway:

Alkaline media

02+H2 O+2e'—>HO§ +OH"

followed by either the reduction of peroxide:

HO;+H,0+2e —30H"

or by the decomposition of peroxide:

(E°=0.401V)
Eq. 2.7

(E°=1.229V)
Eq. 2.8

(E°=-0.065 V)

Eq. 2.9

(E°=0.867 V)
Eq. 2.10



2HO,—20H +0,
Eq. 2.11
Acid media
0,+2H"+2e"—H,0, (E°=0.67 V)
Eq. 2.12
followed by either the reduction of peroxide:
H,0, + 2H"+2¢—2H,0 (E°=1.77 V)
Eq. 2.13
or by the decomposition of peroxide:
2H,0,—2H,0+0,
Eq. 2.14

In PEMFCs, the effective pH of the media is between 0 and 1, so the cathode reaction in the
acidic media should be considered in the kinetics. It should also be noted that under these
mechanisms water evolution occurs at the cathode continuously, hence the produced water should
be effectively removed from the cathode side. Otherwise the product will block the gas diffusion

to the electrocatalyst.

The real performance of a PEMFC can always be determined once the ideal performance and its
deviation from ideal behavior are established. The losses arising from the non-ideal behavior can
then be deducted from the ideal performance to express the actual performance. The ideal
performance of a fuel cell depends on the electrochemical reactions that occur between different
fuels and oxygen. The maximum cell voltage for a H,/O, system can be calculated from the
Gibbs free energy for the overall reaction as:

AE = ——
nF

Eq. 2.15



where AE is the ideal cell voltage, AG is the Gibbs free energy change from the reaction, n is the
number of electrons participating in the reaction, and F is the Faraday’s constant (96,487

coulombs/mole).
AG can be calculated from the state function
AG = AH —TAS
Eq. 2.16
where AH and AS are the enthalpy and entropy changes respectively.

From thermodynamic evaluations one can write the equation for Gibbs free energy change for a

standard reaction aA + bB — ¢C + dD as

crd
AG = AG°+RT1n%
fa'fs

Eq. 2.17
where AG° is the Gibbs free energy change of reaction at the standard temperature and pressure
(298 K and 1 atm) and f; is the fugacity of species i. Substituting Eq. 2.17 into Eq. 2.15,

RT fEfS

AE = AE° + n
nF anfBb

Eq. 2.18

Eq. 2.18 is the general form of the Nernst equation. This gives the Nernst potential AE, which is
the ideal open circuit cell potential. It relate AE®, the ideal standard potential for the reaction, to

AE, the ideal equilibrium potential.



10

H,(9)+1/204(9) EM=148V
Y y U
TASP=-49kJ/mol Exothermid reaction
E,=1.23V
B
4 Hydrogen crossover
10
_ Cathodeovervoltage
£
=
é _ > Anode and membrane resista
&i =] | overvoltage
i 5 2,
g £
R >
<
~ Cell voltage
Y v 0 | ! ! | | ! |
H,0() Current

Figure 2.2 Current-VVoltage characteristics and thermodynamic properties of actual PEMFC

2.2 The oxygen reduction reaction (ORR)

The cathode reaction in the current Polymer Electrolyte Fuel Cell (PEMFC) is the oxygen
reduction reaction (ORR) at the catalyst (ex. platinum) surface in an acidic electrolyte. The ORR
is a highly irreversible reaction even at temperatures above 100°C and at the best existing
electrocatalysts - platinum [8, 9]. The overall four-electron reduction process of O: in acid

aqueous solutions is
0,+4H +4e—2H,0
Eqg. 2.19
and the equilibrium potential is
(ENHE) o = 1229V
Eq. 2.20

Since the four-electron reduction of the oxygen is highly irreversible, experimental verification of

the thermodynamic reversible potential of this reaction is very difficult. The exchange current
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density for the reaction is typically in the range of 10°-10"° A cm™of real surface area for Pt at
room temperatures. Any other side reaction, even if slow and difficult to detect, may compete
with reaction Eqg. 2.19 and affect the remaining potential. Indeed, unless special experimental
procedures are used, the thermodynamic potential cannot be obtained at ambient temperature in
aqueous electrolytes from experimental measurements. Even if the most active platinum
electrodes are used in pure acid or alkaline aqueous solution under ordinary conditions, the
remaining potential in the presence of oxygen at 1 atm and ambient temperature usually does not
exceed 1.1 V vs. the Reversible Hydrogen Electrode (RHE) and most often has a value close to
1.0 V. These values are different from the theoretical value of 1.23 V. On the other hand,
evidence showed that platinum dissolves in both acid and alkaline electrolyte at potentials of less
than 1.0 V vs. RHE [10, 11]. Thus the anodic dissolution of Pt may be the steady-state
complementary reaction. The dissolution may proceed through the direct dissolution of the
platinum or through a Pt-OH or Pt-O intermediate. A review of the problem is offered by
Norskov et al. [12]. The general methodology used to analyze the kinetics of the reaction is
introduced here. In order to analyze the kinetics, we may use the general current-overpotential
equation. For a one-step reaction O + ne <« R taking place on a planar electrode surface, the

governing equation is [13],

Eqg. 2.21

where Co and Cg are the concentration of oxidant and reductant on the electrode surface; the
superscript * indicates in bulk phase; o and P are the transfer coefficient of the anodic and

cathodic reaction respectively. n in the equation is the overpotential, defined by n = E — E,,, and

Ee EO +_ln_

.= nF  Cp

Eq. 2.22

where Ey is the formal standard equilibrium potential, namely, the potential when concentrations
of the reactant and product are the same. ip in Equation Eq. 2.21 is the exchange current density,

I.e., the anodic or cathodic current of the reaction at equilibrium condition, when E=Eg.



12

When Equation Eq. 2.21 is combined with the Rotating Disk Electrode (RDE) measurement,
some kinetic parameters of the oxygen reduction reaction can be obtained. So far, it is widely
accepted that in aqueous acid electrolyte, the reaction on the Pt electrode is a four-electron kinetic
process, with the first charge transfer as the rate determining step [9]. A description of a detailed

model for the reaction mechanism will be reviewed in the following section.

2.2.1 Electrode kinetics of the oxygen reduction reaction

The ORR is a multi-step reaction that usually can be divided into several elementary steps in the
reaction mechanisms. In aqueous solutions, the ORR occurs mainly through two overall
pathways: a “direct” four-electron reduction and a “peroxide” pathway, which involves H,0, as
the intermediate [14]. The direct four-electron pathway in an acid solution is as shown in Eq.
2.19.

The peroxide pathway is
0,+2H"+2¢—H,0, E°=0.67 V
Eq. 2.23
Peroxide can undergo further reduction or decomposition in acid solutions, via the reactions:

H202+2C_—>2H20+02 E°=1.77V
2H2 02 —>2H2 O+02

Eq. 2.24

The rotating ring-disk electrode technique was the principal tool used to quantitatively determine
the extent of these reactions. The oxygen reduction took place on the disk while the H,O, was
monitored by the ring which was maintained at a potential sufficiently positive to oxidize the

peroxide back to O, at the diffusion limiting current.

Damjanobic et al. [15, 16] proposed the first O, reduction reaction schematics analyzed by the
disk-ring current data at various rotation speeds. Later, based on the rotating disk-ring data for O,
reduction on various electrode materials, Bagotskii et al. [17] proposed a more general
schematics for the series-parallel reactions of O, and H,O, as shown in Figure 2.3. In this reaction

scheme, Oy, (02)*, and (O)a represent molecular O in the bulk solution, in the solution adjacent
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to the electrode surface, and in the adsorbate state, respectively. The O, can be reduced either
directly to water with the rate constant (k;) without formation of intermediate H,O, or through a
series pathway (ka, k3) to water with the formation of intermediate H,O,. This intermediate can
also desorb from the electrode surface into the bulk solution resulting in a two-electron reduction
of O, (kg) or be electrochemically oxidized back to O (k2’). On the other hand, heterogeneous
decomposition of H,O, can occur non-electrochemically through a disproportionate reaction
involving a direct electron transfer between two (H20,), species and not through the electrode
phase. The analysis by Bagotskii shows that the number of the rate constants involved in the
reaction scheme is greater than the number of independent equations. Therefore, it is impossible
to determine all the above-mentioned constants from the rotating disk-ring electrode data for the

O, reduction alone.

k1
s _ks, l Ky k l
02 — (Oz)' T (Oz)a (k_ (H202)a~3-> HZO
5 2 l
I k Ke
= A\
H20 (HZOZ). — H202

Figure 2.3 Bagotskii et al.’s schematic for the oxygen reduction.

Wroblowa et al. [18] have used a simpler scheme in which an adsorbed (Oy), state is not
considered explicitly but the desorption process of H,O, is still included inside. Wroblowa et al.'s
scheme has the same number of rate constants and independent equations, and it is most often
used to analyze experimental ring-disk data. However, oversimplified schemes cannot provide
enough information to determine the reaction pathway. For instance, Damjanovic et al. omit the
(H2O,)* state and do not consider slow desorption of H,O, which leads to insufficient diagnostic

criteria regarding the series and direct paths for the O, reduction.

Anastasijebic [19] proposed a more comprehensive scheme that includes almost all the possible
intermediates, based on the previous schemes discussed in the literature. Although, as in other
previous schematics, there are more variables to be determined than the number of available

equations, after carefully analyzing those equations, the authors provided some clear criteria to
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determine some of the kinetic parameters of ORR. These criteria clarify some issues which were

not determined well before. The general schematic is as shown in Figure 2.4.

k1
. }
0,<= (0,). =2 (H,0,), %25 H,0
o N
H,0 (H,0,). <= H,0,

Figure 2.4 Bagotskii et al.’s schematic for the oxygen reduction.

The original schematic has been written for alkaline solution, but it is transformed into an
analogous schematic here for acid solution, in order to maintain consistency with previous
schematics discussed above. The k;are overall rate constants for the i* step; the parameters with
the subscripts a, sa, and * denote adsorbed, strongly adsorbed, and in the solution adjacent to the
electrode surface, respectively; without a subscript denotes in bulk solution.

ks

N

(0), &2 (HO,),, = (H, O T2 (HO; —5 1,0

ka1 \ T Ks2

kzz | k23 kz‘
dif k2o k4 kz

0, —= (O =2 (O (HO,), T2 (H,0)),
2

H;0,

Figure 2.5 Anastasijevic et al.’s schematic for the oxygen reduction.
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This schematic is the most comprehensive schematic proposed so far and, as before, consists of
two major paths by which ORR can take place, i.e., the O, can be electrochemically reduced
either directly to water without formation of the intermediate hydrogen peroxide or with the
intermediate hydrogen peroxide. The adsorbed hydrogen peroxide can be either reduced to water,
oxidized back to O,, decomposed on the electrode surface into O, and H,O, or desorbed and
diffuse into the bulk of the solution. Two main features of this schematic make it distinct from
previous ones indicated in reference [19] and shown in Figure 2.5: (1) the superoxide species
(HO,) can explicitly be an intermediate; and (2) weakly adsorbed intermediates from the series
path can undergo surface diffusion and form their strongly bound counterparts in the direct path.

The disk current Ip for this schematic is given by
Ip = AFkyC1,q + koCpq — k_3C34 + k3Cy + kaCyq + k5354 + (kg — k_s)cs
Eqg. 2.25

while the ring current is given by

1
IR = nRANFZ(UEC?)
Eq. 2.26

where A is the area of the disk, N is the collection efficiency, w is the rotation speed, ng is the
number of electrons exchanged on the ring electrode, and Z is a diffusion parameter for H,O,
(2=0.62D**/v), with diffusion coefficient D and solution kinetic viscosity v . The Subscripts 1, 2,
3, 4, and 5 have been used for the O, molecule, the hydrogen superoxide, hydrogen peroxide, the
oxygen atom, hydroxyl, respectively. Although it is impossible to obtain all of the rate constants
in the reaction schematic, one can draw some qualitative conclusions and obtain some
information as to the pathway of the reaction by the careful examination of experimental data.
The equation relating the ratio of currents at the disk (Ip) and ring (Ig) to the electrode rotation

1 1+ A4, +A4.k_
N(I_D)=2< ° 11 25>/””R
R

Zw?2

rate are as follows:

Eq. 2.27

where Ap and A; are dimensionless function of the rate constant. The intercepts
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Ip 1/2 .
and slopes from the N (1—) vs. w'/# plots are related by the equation
R

ZS

J=2(1+A)ng +
K 2

Eq. 2.28

where J and S are the ordinate intercepts and slopes at various potentials, and Az is a

dimensionless function of rate constants. Anastasijevic et al. drew some conclusions after careful

examinations of these equations Equation Eq. 2.25-Eq. 2.28: (1) Linearity of the N(i—”) VS.
R

w'/? plot is sufficient proof for a first-order reaction; (2) when the equilibrium of
adsorption/desorption of H,0O, does not exist, S=0; (3) a non-linearity of J-S plot occurs when an
interactive pathway is involved, in which diffusion of species from series path into a direct path
takes place. (4) linearity of J-S plot with the J-axes intercept /' > 2/ny is a characteristic of a
true parallel pathway. In such a case, the ratio of the direct pathway to the series pathway can be
evaluated. These criteria provided a way to obtain the most extended information on ORR that
the rotating disk ring technique can provide. Further insight into the mechanism of the ORR will
depend largely on the spectroscopic methods with the ability to detect intermediates associated

with the reaction.

Due to considerable non-uniformity in the terminology for the reaction schematics of the O,

reduction, Adzid proposed a clearer standard to classify the ORR pathways. It is defined as:

1) a direct four-electron reduction to H,O (in acid) or to OH" (in alkaline medium) without

hydrogen peroxide detected on the ring;
2) atwo-electron pathway involving reduction to hydrogen peroxide;

3) aseries of pathways with two- and four-electron reduction. The case of only four-electron
reduction without hydrogen peroxide detected on the ring is indistinguishable from a

direct four-electron reduction;
4) a parallel pathway that is a combination of 1), 2), and 3); and

an interactive pathway with diffusion of species from a series path into a direct path.
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2.2.2 Electrode kinetics of ORR at platinum surface

It is widely accepted that oxygen electroreduction on platinum occurs through parallel reaction
pathways with predominately direct four-electron reduction [8, 9]. However, the details of the
mechanism remain elusive. The overall ORR is a multi-step process involving four-electron
transfers during which bonds are broken and formed. It is still not clear whether the process starts
from the oxygen molecule dissociation on the Pt electrode, which is followed by electron and
proton transfer, or whether the first reduction step happens before O-O bond cleavage. To answer
this question, the information about the site and the configuration of O, adsorbed on a Pt
electrode surface is critical. Three plausible types of O, adsorption were proposed by earlier
researchers, viz., Griffith (on-top, double bond) [20], Pauling (on-top, single bond) [21], and
bridge[22] as shown in Figure 2.6.

@)
O/ O O
O——0O -
S | / \
M M M M

GRIFFIT PAULING “BRIDGE™

Figure 2.6 Models of O, adsorption on electrode surfaces.

These types of bonding are well-known in inorganic coordination chemistry. They are also
expected to occur for platinum-group metals. According to these models, O, interacts with

electrode surfaces in the following ways:

O, interacts with a single substrate atom (Griffith model) by forming a bond mainly between its
o orbitals and the empty d,* orbitals of the metal surface atom, and by forming a o back-bond

from the partially filled dy or dy, metal orbitals to the antibonding n* orbitals of O, [23].

End-on adsorption through a single type bond (Pauling model), in which the ¢ orbital of O,
donates electron density to an acceptor d,” orbital on the metal.
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Bridge model, with two bonds with two sites, which was proposed by Yeager principally for the

reaction on platinum-group metals.

Oxygen adsorption on clean metal surfaces at the metal-gas interface has been the subject of
numerous studies in order to establish the nature of the chemisorption, the bond strength, and the
structure of the absorbed layer. Oxygen adsorbs in molecular form at low temperatures, while
dissociative adsorption on platinum-group metals occurs. From the experimental point of view,
there is evidence of dissociative adsorption of Oz on platinum at temperatures in the range of 150-
300K [24, 25], but there is no evidence for the direct cleavage of O-O bond at the electrochemical

interface.

Now, it is well established that the reaction rates of oxygen reduction on different low-index Pt
surfaces are structure-sensitive, due to structure-sensitive adsorption of intermediates (O, .45 and
OOH,gs) and species (OHggs). From these reasons, the adsorption of OH is probably the most
important in the process. In 0.05 M H,SO,, the ORR rate increases in the sequence Pt(111) <
Pt(100) < Pt(110) [26]. An exceptionally large deactivation is observed on Pt(111) surface due to

the blocking and electronic effect of strongly adsorbing (bi)sulfate anion.

In perchloric acid solution, the variation of activity at 0.8-0.9 V is relatively small between the
three low-index surfaces, with the activity increasing in the order Pt(100) < Pt(110) =~ Pt(111)
[27]. A similar structural sensitivity is observed in 0.1 M KOH. In the potential range where
oxygen reduction is under combined kinetic-diffusion control (E > 0.75 V), the activity increases
in the sequence of Pt(100) < Pt(110) < Pt(111) [28]. The decrease of Pt(100) surface activity is
related to the high affinity of (100) sites for the hydroxyl adsorption, leading to a lack of active
centers for Oz adsorption because the Pt(100) surface is highly covered by OHa,qgs. Markovic et al.
suggested O, reduction should be proportional to the part of the surface not covered by hydroxyl
species (1-Oon) [29].
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Figure 2.7 Relationship between logarithm of current density (i) [30] and overvoltage (n) [31] for
ORR on various noble metal cathodes. The current density was obtained at 0.8 V vs. RHE in 85%
H3PO, (25°C). The overvoltage was obtained at i=10-5 A cm-2 in 0.5 M H,SO, (25°C).

2.3 Catalysts materials for the ORR

2.3.1 Platinum and platinum-alloys materials

Platinum has been the best catalyst for over 170 years since Christian Friedrich Schoenbein and
William Robert Grove reported the first study on fuel cells [2]. However, this does not mean that
platinum is the optimal material for fuel cell application, because of its fundamental catalytic
property limitations, very high cost, limited reserves, and political issues. Therefore a future
commercialization of PEMFCs cannot be based solely on platinum-based technologies. It is
essential to develop a catalyst having higher ORR catalytic activity and high cost-performance

for the future.
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Figure 2.7 summarizes the works of D.S. Gnanamuthu and A.J. Appleby, the relationship
between the logarithm of current density (7) [30, 32] and overvoltage () [31] for ORR on

various noble metal cathodes. The current density was obtained at 0.8 V vs. RHE in 85% H3PO,
(25°C). The overvoltage was obtained at i=10° A cm™ in 0.5 M H,SO, (25°C). The figure
indicates that palladium has the second highest catalytic activity in the acid media after platinum.
Palladium potentially has a high catalytic activity for ORR in acid media, as we can see in these
studies.

Toda et al. have conducted studies on thin layers of sputter-deposited PtNi, PtFe, and PtCo, and
reported extremely high-activity enhancement factors of 10-20 [33]. However their baseline of Pt
activity is 10 times lower than what other researchers reported in their literatures. It is likely that
there is significant doubt on the validity of their measurements. Paulus et al. have reported
Kinetic studies on high-surface-area Pt-based alloy catalysts such as Pt/Vulcan, PtNi/Vulcan,
PtsNi/Vulcan, PtCo/Vulcan, PtsCo/Vulcan, and PtRhsFe;/C [34, 35]. The catalytic activity gains
for ORR were compared to the activity of bulk Pt. Specific activity enhancements of a factor of
2-4 compared to bulk Pt were found in these studies. In addition to this work, E.R. Gonzalez et
al. have reported catalytic activity enhancements by alloying with -Co, -Ni, and Fe. These studies
support that alloying with 3d-transition metal such as Co, Ni, and Fe enhances the electrocatalytic

activity for ORR of platinum electrode.

The fact that palladium potentially has a high catalytic activity for ORR and that alloying with
the 3d-transition metal enhances the catalytic activity of the base element suggests that alloying
can also enhance the electrocatalytic activity of palladium electrode. Palladium-Cobalt binary
alloy was selected in this study, since Pd-Co exhibited the best ORR catalytic activity between
Co, Cr, Ni in our previous study [3]. Pd-based alloy with other 3d-transition metals will be

studied as my future works.

2.3.2 Palladium and palladium-alloy materials

The first Pd-based alloy catalysts for PEMFC application were presented by O. Savadogo et al. in
2004 [3]. Pd-Co alloy (72:28) and Pd-Cr alloy (70:30) prepared by sputtering method has shown

enhanced electrocatalytic activities to Pd electrode. Following up on this work, the second paper
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by O. Savadogo et al. presented the performance of Pd-Co alloy (78:22 and 72:28), Pd-Ni
(64:36), and Pd-Cr (61:39) [36].

V. Raghuveer et al. prepared carbon-black-supported Pd-Co-Mo (70:20:10) catalysts by use of a
conventional borohydride reduction method in 2005 [37] and carbon-supported Pd-Co-Au
catalysts by use of the conventional reduction method and a reverse microemulsion method in
2006 [38]. The former showed a particle size of 15-35 nm, and the latter a size of 15-46 nm. The

mean particle sizes increase by increasing the heat treatment temperature for both cases.

The work of M.H. Shao et al. in 2006 synthesized Pd monolayer catalysts on different single-
crystal substrates; Ru(0001), Rh(111), Ir(111), Pt(111), and Au(111) [39]. The electrocatalytic
activities increase in the order of Pd/Ru(0001) < Pd/Ir(111) < Pd/Rh(111) < Pd/Au(11l) <
Pd/Pt(111). They also prepared Pd-Co (2:1) carbon-supported catalysts having broad size
distribution up to 92 nm, peaking at 18-20 nm.

L. Zhang et al. prepared carbon-supported Pd-Co alloy nano-particle catalysts (67:33) [40] by
using the co-impregnation method with NaBH, as reducing agent, and obtained fine particles in
the range of 4.8-14 nm. The catalyst with a mean particle size of 4.8 nm is relatively small — for
example, the size of a commercial carbon-supported Pt catalyst widely used for fuel cell
applications is in the range of 2 to 4 nm — however the particles are not well dispersed on carbon
supports (as seen TEM image). More particles would be located more closely in the case of a

nano-scale carbon-supported catalyst with a metal loading of 20 wt %.

One of the most interesting parts of this study was presented by K. Lee et al. in 2006 [41]. Pd-Co
(60:40), Pd-Ni (64:36), and Pd-Cr (61:39) prepared by the sputtering method were developed for
the Direct Methanol Fuel Cell (DMFC) cathode, and have the function of ORR selectivity in the
presence of methanol. DMFCs have two very serious technical problems, i.e., low catalytic
activity of the anode electrocatalyst and methanol crossover in which the methanol permeates
from the anode compartment through the electrolyte membrane to the cathode compartment [42,
43]. The latter is concomitant with cathode performance losses due to the formation of mixed
potentials on the cathode electrocatalysts as well as the decrease in the efficiency of methanol
utilization. Approximately one-third of the available energy is lost at the cathode and the other
one-third is lost at the anode [44]. It has been found that these kinds of Pd-based alloy catalysts
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have high potential to be used as a DMFC cathode because of their very low activities for

methanol oxidation.

X. Wang et al. managed to obtain fine Pd-Co particles on carbon support having a mean particle
size in the range of 1.8 to 11.2 nm by use of a modified polyol reduction method [45]. The
catalyst of Pd,Co/C heat-treated at 500°C successfully obtained relatively smaller particles,
however, the particles are non-uniformly distributed, and the presence of particles larger than 10
nm seems to be higher than the given histogram. Since 300 particles have been randomly counted
for the histogram, more smaller particles may be found in another TEM images, but the TEM
images of all other catalysts, especially the one for the smallest particle size of 1.8 nm, are
needed to support the fact that this modified polyol reduction route makes it possible to obtain
nano-scale alloy catalysts with a narrow particle size distribution and a good dispersion on a
support, as the authors mentioned in the report. Yet the modified polyol method is interesting for
nano-scale Pd-Co catalyst preparation, and this method was examined by H. Liu and Manthiram
in 2008 [46].

L. Zhang et al. investigated the effects of reducing agents in the co-impregnation method
following up on their previous work [47]. The method with ethylene glycol (EG) has provided
the smallest mean particle sizes in the range between 4.6 and 6.6 nm, even though the catalysts
were heat-treated at 700°C. The one with NaBHy, yielded a mean particle size in the range of 4.6
to 13.3 nm, and the last one with HCHO was in the range of 8.8 to 22.9 nm. The catalysts
prepared by EG and NaBH, with no heat treatment show well-distributed fine particles. In

contrast, many aggregated particles can be seen for the one by HCHO.

J. Mathiyarasu and K.L.N. Phani studied carbon-supported Pd-Co-based ternary alloy (Au, Ag,
Pt) nano-catalysts prepared by use of a reverse microemulsion method for methanol-tolerant
oxygen reduction cathode materials having a mean catalyst particle size in the range of 18 to 29
nm [48]. Pd-Co-Pt ternary alloy catalyst shows the best ORR catalytic activity among them, and
all of these Pd-based ternary alloys including Pd-Co binary alloy perform very low-oxidation

activities for methanol.

The work on thin-layer catalysts of Pd-Co binary alloy prepared by use of electrodeposition has
been reported by Tominaka et al. in 2008 [49] and is consistent with the work of K. Lee — the Pd-

Co alloy possesses high methanol tolerance.



23

H. Liu and A. Manthiram prepared carbon-supported Pd-Co (7:3) alloy catalysts by use of a
modified polyol reduction method, a co-impregnation method, and a reverse microemulsion
method, and heat treated them at various temperatures up to 900°C [46]. The mean particle sizes
of the catalysts obtained from the method are 2.4 nm (as prepared), 3.5 nm (250°C), 4.1 nm
(350°C), 5.3 nm (500°C), 7.7 nm (700°C), and 12.5 nm (900°C). These values are very attractive
for fuel cell applications; however, no experimental evidence such as XRD data or TEM images

are provided in this report.

The work of X. Li et al. has, as reported in many studies above, reported the tolerance to
methanol of carbon supported Pd-Co alloy catalysts [50]. The unique point of this study was to
use (NH4F + Pd**) complex, and they managed to obtain fine particles on carbon support in the

range of 2.6 to 3.8 nm.

The deposition-precipitation (DP) method was studied by Yu-Chen Weivia et al [51]; various
compositions of catalysts were prepared at different pH-value environments (pH 9-13) and at
various temperatures (390 or 620K). They found the optimized pH value and temperature were
pH=9 and T=390K, and the prepared catalyst has a particle size distribution of 3.6£0.6 nm. The
mean particle sizes of the alloy were increased by increasing the pH value.

S. Zuluaga et al. reported density-functional-theory-based computational studies of the electronic
structure of the Pd-Co alloy electrocatalysts and energetics of the oxygen reduction reaction [52].
The calculations were performed for the (111) surfaces of pure Pd, Pdy75C0025 and PdysC0os
alloys, as well as of the surface segregated Pd/Pdy75C0o 25 alloy. They found the hybridization of
dPd and dCo electronic states to be the main factor controlling the electrocatalytic properties of
Pd/Pdy 75C00.25. Namely the dPd-dCo hybridization causes a low-energy shift of the surface Pd d-
band with respect to that for Pd(111). This shift weakens chemical bonds between the ORR
intermediates and the Pd/Pdg75C0o 25 surface, which is favorable for the reaction. Nonsegregated

Pdo.75C00.25 and PdosC0g 5 surfaces are found to be too reactive for ORR due to bonding.

Only a few methods have so far been developed for preparing carbon-supported Pd-Co nano-
scale catalysts. The ultrasonic spray reaction method for PEMFC applications was developed in
our previous study [53]. It focused on the catalyzed gas diffusion electrode (GDE); a slurry
consisting of platinum precursor and carbon supports was sprayed by use of an ultrasonic

piezoelectric transducer. The generated mist was continuously heated at various temperatures in a
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mixture of hydrogen-nitrogen gas flow through a tube reactor. The platinum precursor was
reduced to solid Pt nano-particle on the carbon supports, and the synthesized catalyst was directly

filtered on a gas diffusion layer.

The commercial carbon supported platinum catalysts have the optimized particle size of ¢2-4nm
for the best performance for the ORR. Utilization of high active surface area catalyst is an
essential factor for commercialization of PEMFC with the new electro-catalyst, but none of the
studies done before were able to successfully obtain the Pd-Co fine particles as comparable as the
existing carbon supported Pt catalyst. The main objective of this study is to establish the method

to obtain fine Pd-Co particles on carbon support.
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RC /nm
S. Zuluaga and .
2011 S Stolbov DFT calculation [70]
2008 X.Lietal. [68]
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Reduction of 11:1 38
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impregnation with T
NaBH, Pd 1 6.7
co-impregnation with as p;%%ared gg
NaBH, as rr:etducmg 67:33 500 102
age 700 133
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P T 1
80:20
electro-deposition 75:25 Au as prepared - -
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pping poly Pd:Co 13 unsupported 550 - -
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Table 2.1 Previous work on Pd-Co electrocatalysts for ORR (continued).

2007 X.Wangetal. [63]
Pd 1 45
41 3
31 as prepared 28
21 2.6
modified polyol 32 22
reduction Pd:Co 11 18 XRD
2:1 400 6.4
21 500 7.9
21 600 9.6
2:1 700 11.2
2006 K. Leeetal [59]
Pd 1
. Pd:Co 60:40
sputtering Pd-Ni 64:36 GC as prepared - -
Pd:Cr 61:39
2006 L. Zhangetal. [58]
- Pd 1 - as prepared 6.8
co-impregnation with as prepared 48
NaBH;, as reducing Pd:Co 67:33 Vulcan XC-72R 300 9.0 XRD
agent 500 10.8
700 14.0
2006 M.H. Shao et al. [57]
commercial - - Pd (111) -
Ru(0001)
deposited by Ir(111)
galvanic Pd monolayer Pt(111) as prepared ) )
displacement Au(111)
Rh(111)
. ; . Pd 1 - -
|mpregnat|.on with H; Vulcan XC-72 900
asreducing agent ., 21 peakat18-20nm  TEM
2006 V. Raghuveer [56]
conventional 84:07:09 as prepared -
borohydride 78:21:01 500 -
reduction 68:23:09 900 46
Pd:Co:Au 79:14:.07  Vulcan XC-72R 500 15 TEM
reverse 73:17:09 650 18
microemulsion 71:21:08 750 28
72:20:08 900 35
2005 V. Raghuveer et al. [55]
- Pd 1 - - -
co-impregnation with 70:20:10 500 24
NaBH, as reducing Pd:Co:Mo  70:20:11 Vulcan XC-72R 700 31 XRD
agent 70:20:12 900 42
2004 O. Savadogo et al. [9]
Sputtering Pd 1
Pd:Co 78:22
Pd:Co 72:28 GC as prepared - -
Pd:Ni 64:36
Pd:Cr 61:39
2004 O. Savadogo et al. [8]
Pd 1
Sputtering Pd:Co 72:28 GC as prepared - -
Pd:Cr 70:30




27

CHAPTER 3 OBJECTIVES AND METHODOLOGY

The primary purpose of this study was to develop new cathode catalysts for polymer electrolyte

membrane fuel cells for power generation system. The main objectives of the project were;

e to optimize the chemical composition of Palladium-Cobalt electro-catalysts which exhibit
the highest the ORR activity,

e to investigate electrochemical properties of the Pd-Co electro-catalysts and observe their

correlations to the ORR activity,

e to fabricate carbon supported Pd-Co alloy catalysts which can be directly applied for the
PEMFC cathode

The first study on Pd-based alloy materials was demonstrated by the research group of O.
Savadogo in 2004 for PEMFC cathode catalysts [3]. The Pd-base binary alloys with three 3d-
transition metals; Pd-Co alloy (72:28) and Pd-Cr alloy (70:30) were prepared by sputtering
method and all of these catalysts exhibited enhanced electrocatalytic activities to Pd electrode.
Especially, Pd-Co alloy catalyst exhibited the highest catalytic activity for the ORR between
these alloys. Therefore Pd-Co binary alloy catalyst was focused in this study. However since Pd-
Co alloy is very new as a cathode material for PEMFCs, fundamental aspects on the Pd-alloy
electro-catalysts were not deeply studied yet, so their physical, chemical and electrochemical
properties were needed to be investigated. In addition, it’s very important to cover from
fundamental research to applications to contacts with industry. Hence not only the fundamental
studies, but also catalyst synthesis process for carbon supported Pd-Co alloys which allows to use

for the PEMFC cathode materials directly need to be developed.

Pd-Co thin film electrodes were fabricated by RF sputtering technique to optimize the chemical
composition of the electrodes for the ORR activities. One important advantage of sputtering as a
deposition technique is that the chemical composition of the multi-element thin film can be easily
control, regardless of melting point or vapor pressure. In general, sputtered electrodes are not
used for the PEMFC cathode or anode materials because the electrode surface area becomes
much smaller than carbon supported electro-catalysts which are commonly used. However
fabrication of carbon supported catalysts with new materials can be very difficult and many

parameters during the catalyst synthesis process need to be optimized. To avoid time and money
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consuming, various compositions of electro-catalysts were synthesized by the sputtering
technique as a primary work of developing Pd-Co catalysts. This process is efficient way to
develop new electrode materials for electrochemical systems. In addition, electrochemical
properties of Pd-based materials were not deeply studied until now. The knowledge of studying
the properties is very important for new electro-catalysts design towards the active materials of
the ORR.

Fine catalyst particles supported on high surface area carbon powder are essential factor to apply
the catalyst as the PEMFC cathode materials for the commercialization. However as described in
the former chapter of literature review, none of the studies done before were able to successfully
obtain the Pd-Co fine particles which are comparable with the existing carbon supported
platinum catalyst (¢2-4nm). Therefore the establishment of the catalyst synthesis method for Pd-
Co fine particles are required to use the catalyst for PEMFCs. Since most of the classical methods
which have been used for carbon supported Pt catalyst synthesis have been studied for the Pd-
based alloy catalyst synthesis, but none of them can be the practical method to obtain the Pd-base
alloy fine particles, I’ve developed a completely new technique which has never been used for
the carbon supported catalysts synthesis for PEMFC. A catalyst maker with ultrasonic piezo-
electric transducer was built in our laboratory to carry out an catalyst synthesis process of
ultrasonic spray reaction method. This technique was firstly developed by Uematsu et al. [4-6] to
prepare fine composite catalysts of Ni/TiO,, Ni/Al,03, Pd/ZrO,, Ru/Al,O3, and Ru/TiO,. The
technique demonstrated excellent results for preparing multi-components composites on oxide
catalyst supports. The obtained catalysts had strong interaction among the components because
the composites were formed from droplets of a homogeneous solution in a quick-heating process.
This technique was very unique and never been studied for PEMFCs, I’ve investigated the

feasibilities of the technique for the catalyst synthesis process in this study.

Firstly, carbon supported Pt catalysts were synthesized by using the ultrasonic spray reaction
system built in our laboratory. The objective of this study is to obtain carbon supported fine Pd-
Co particles, but since this is the first study of using the ultrasonic spray reaction method for
carbon supported catalyst synthesis, it is very important to compare between the resulted catalysts
and existing commercial catalysts and observe if fine catalyst particles can be formed on carbon
catalyst support by using the new technique which is comparable to the commercial one. The

optimization of parameters; heating temperature, gas flow rate, processing time, concentration of
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catalyst precursors and many others for the process is also needed to obtain the catalysts which
exhibit high catalytic activity for the oxygen reduction reaction. For these reasons, carbon
supported Pd-Co catalysts were not firstly prepared by new spray reaction technique, but carbon
supported Pt catalyst were synthesized and studied as a preliminary work towards achieving the

main objective of this study.

As the final step - this is the goal of this study - the developed ultrasonic spray reaction technique
for the carbon supported catalysts was applied for carbon supported Pd-Co catalysts synthesis.
Fundamental electrochemical properties and optimized composition of Pd-Co electro-catalysts
were obtained by using the Pd-Co thin films in the first section of this study and the new
technique by using ultrasonic spray reaction was developed in the second section. These two
studies were combined in the last section to achieve the goal of this study. I’ve tried several
conventional methods to synthesize fine Pd-Co particles on carbon support in our laboratory,
however obvious improvements on the resulted catalysts were not found from the catalysts
presented in the literature review. The obtained catalyst particles were agglomerated and were not
uniformly and highly dispersed on carbon support as same as the commercial carbon supported Pt
catalyst. I found the classical methods which have been used for the synthesis of carbon
supported Pt catalysts are not appropriate technique to prepare carbon supported Pd-based alloy
catalysts. Therefore if an effective method of preparing nano-scale Pd-Co alloy catalyst on
carbon support is able to be established in this study, it contributes significantly to an industrial
fabrication process of Pd-based electro-catalysts and would be a key technology for the
commercialization of PEMFCs with Pd-Co alloy catalysts in the future.
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CHAPTER 4 SUMMARY OF THE WORKS

This thesis consists of the following three publications;

1.

4.1

New Method of Preparation of Catalyzed Gas Diffusion Electrode for Polymer Electrolyte

Fuel Cells Based on Ultrasonic Direct Solution Spray Reaction,

Electrochemical investigation of Pd-Co binary alloy for oxygen reduction reaction in acid

medium

Comparison of Physico-chemical Properties of Pd-Co Alloy Catalysts for PEM Fuel Cells
synthesized by Ultrasonic Spray Reaction Method.

New Method of Preparation of Catalyzed Gas Diffusion
Electrode for Polymer Electrolyte Fuel Cells Based on
Ultrasonic Direct Solution Spray Reaction

K. OISHI and O. Savadogo

Laboratory of New Materials for Energy and Electrochemistry

Ecole Polytechnique de Montreal, Montreal, Quebec H3C 3A7, Canada

Published in Journal of New Materials for Electrochemical Systems, vol 11 (2008), no 4,
pages 221-227

4.1.1 Introduction

The polymer electrolyte membrane fuel cell (PEMFC) is an interesting alternative power

generating systems for mobile and stationary applications due to its high power density at lower

temperatures [54-56]. The high cost and low reliability of PEM fuel cell are the limiting factors

for their commercialization. Platinum based catalyst is one of the major contributors to the

performance limitation and high cost. This same technical barrier also exists in other air-cathode

fuel cells. Therefore, development of high performance, low cost catalyzed electro-catalysts is

critical to fuel cell commercialization.
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The membrane electrode assembly (MEA) is at the center of the PEFC that generates an electrical
current from fed hydrogen, which is oxidized at the anode, and oxygen, which is reduced at the
cathode, by electrochemical reactions. The MEA is typically consisted of a proton exchange
membrane (PEM), an anode catalyst layer, cathode catalyst layer, and a gas diffusion layers
(GDL). The PEM is sandwiched between the catalyzed anode gas diffusion electrode (GDE) and
the catalyzed cathode GDE, and then pressed or not to together at high temperatures (145°C) and
pressures. The catalyst layer is ether applied to the membrane or GDL before assembly. The GDL
can be a porous carbon fiber paper or cloth, in the fuel cell supports that the reactant gas
effectively diffuses to each catalyst particle surfaces. It has an additional function that transports

the electron from and to the catalyst. The GDL also helps water management to hold an
appropriate amount of the water inside and hydrate the membrane. . Efforts are made to increase

the heterogeneous electron-transfer kinetics and the utilization of Pt, for example, by
modification of carbon supports [54] and novel platinum deposition techniques as Impregnation
method, Precipitation method, Surfactant-stabilized method and sputtering [55-58] to increase the
effective catalytic area (thereby decreasing the loading of precious metal).

The classical method to prepare a GDE is shown in Figure land involved at least seven steps
from the preparation of the mixture solution to the drying of the slurry on the GDE. This
corresponds to a lot of steps and each of them must be improved if we want to get an optimized
GDE. Consequently, when the number of the GDE preparation steps is reduced, its time of
fabrication will be reduced and the optimization parameters will be easier to determine. On the
other hands, efforts are also under way to increase the heterogeneous electron-transfer kinetics
and the utilization of Pt, for example, by modification of carbon supportsl and novel platinum
deposition techniques2 to increase the effective catalytic area (thereby decreasing the loading of
precious metal [59-69]. For the purpose of obtaining structures which could facilitate high
performance catalysis, new effective preparation methods are required. A conventional
impregnation method, which is unlikely to lead to high dispersion of gold, has been reported to

fail to produce active catalysts.

The spray techniques have been firstly successfully developed by Uematsu et al. [4-6] to the
preparation of fine composite catalysts. They developed also a solution spray pyrolysis reaction
method (SPR) [70, 71], a suspension spray reaction method (SSP) [72], and hybrid methods of
spray impregnation [4]. As for metal-supported catalysts, they have prepared Ni/TiO,, Ni/Al;O3,
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Pd/ZrO,, Ru/Al,0Os3, and Ru/TiO,, and have demonstrated that the spray reaction techniques are
excellent methods to prepare multi-component composites which allow strong interaction among
the components because they lead to high catalytic activities due to the improved support effects
and/or promoter effects [6]. The enhancement of the strong interaction between the catalyst and
the support is related to the characteristic nanostructure of the fine composites being formed from
droplets of a homogeneous solution in a quick-heating process. For example, for supported gold
catalysts, they used USPR (Ultrasonic solution spray reaction) methods to synthesise the nano-
particle catalyst for gas phase reactions. It’s also called spray decomposition, mist
decomposition, or spray pyrolysis [71, 73]. However until now this technique has not been used

for direct fabrication of catalyzed GDE.

Very recently [74] we have shown that MEA based on catalyzed gas diffusion electrode can be
fabricated using ultrasonic method. Prior to fabricating the electrodes, carbon supported catalyst
is prepared by the wet impregnation method. A quantity of platinum precursor (ex.
H.PtCls-6H,0) is introduced in de-ionized water containing the carbon support (ex. Vulcan XC-
72R). After 60 min of ultra-sonication, a reducing agent (ex. HCHO, NaBH,, H, gas) is
introduced to the suspension with vigorous stirring at room temperature or higher. The solid
phase is recovered by filtration, and washed copiously with de-ionized water. The recovered solid
was then dried at 40°C overnight. The carbon supported catalyst is mixed with de-ionized water
and/or organic solvents. Then Nafion® solution is added to the mixture, followed by
ultrasonication to form catalyst slurry. The catalyst slurry is screen-printed onto GDL to form the
catalyzed GDE. The GDE is finally dried at 60°C. In this study, we develop a new technique for
catalyzed GDE preparation using an ultrasonic direct solution spray reaction method. This new
method has the potential to provide shorter time of catalyzed GDE manufacturing. The

preparation process properties and performance of catalyzed GDE will be shown.
4.1.2 Experimental

4.1.2.1 Catalyzed GDE preparation

The outlines of the preparation of the catalyzed gas diffusion electrode using the classical method
and the ultrasonic method are shown in Figure 4.1. As shown, the ultrasonic method involved

less steps and preparation than the classical method. The process of the fabrication of the
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catalyzed GDL is indicated in the following. A solution for the carbon supported platinum
catalyst, which was sprayed on GDL, was prepared by using a hydro chloroplanic solutions
(H.PtClg-6H,0) (Aldrich) as a precursor and carbon support (Vulcan XC72, Cabot) as catalyst
support were pre-dispersed in an aqueous solution of ultra pure water (Milli-Q, 18.2 M Q cm)
and ethanol in the ratio of 150 ml of water for 20 ml of ethanol. The solution is mixed by using
the ultrasonic dispersion device for 60 minutes at 50°C. The homemade catalyst fabrication
system with an ultrasonic spray device was used for the catalyzed GDE fabrication as shown in
Figure 4.2. The slurry containing catalyst precursor and supports was introduced into the spray
chamber as shown in Figure 4.2-(2) and was sprayed with the ultrasonic unit -(1) (HM-2412, 2.4
M Hz, Honda Electronics Co., Ltd) which was placed at the bottom of the chamber. The
generated mist was continuously heated in various temperatures in a reducing agent flow (3
vol.% H; - 97vol.% N, mixture gas, Air Liquide, Canada) through a quartz tube reactor -(3)
(length: 1.0 m, inner diameter: 35 mm) under the suction by a vacuum pump -(10). The stream of
the hydrogen gas in the mixture gas, inside of the tube reactor, chemically reduced the platinum
precursor to solid platinum particles, and these particles were heat treated by a furnace which was
placed around the tube reactor. The mean flux of the mist was about 0.1 m s, the average time of
the reaction and heat treatment during passing through the tube reactor was around 10 seconds.
The synthesized carbon supported catalysts were directly deposited on a gas diffusion layer -(5)

(Toray, Japan) which was placed on the top end of the tube.
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Figure 4.1 Outlines of two different techniques for the gas diffusion electrode preparation; one of

the ordinary methods and the ultrasonic spray method.
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Gas inlet

Figure 4.2 Schematic of Home made catalyst maker with ultrasonic spray device. (1)-ultrasonic
spray unit and control system, (2)-solution spray chamber, (3)-quartz tube reactor, (4)-furnace,
(5)-filter (gas diffusion layer), (6)-main control panel, (7)-thermocouple located at top-end of the

heater, (8)-pressure gaze and control unit, (9)-cold trap system, (10)-heavy duty vacuum pump.

4.1.2.2 XRD analysis

The structural characterization of the carbon supported catalyst of prepared catalyzed GDE was
determined by X-ray diffraction methods. A Philips X’Pert PRO X-ray diffractometer equipped
with graphite monochromatized Cu K, (A=154.2 pm) as radiation source was used for this
purpose. Normal diffraction patterns were obtained in the range of 10-110° with a scan speed of
0.2° min™. Slow scans were also applied to determine the angle at which maximum intensities
were observed, and the accuracy in recording the angle was 0.005°. All the recorded
diffractograms were compared to those of the “Standard X-ray diffraction powder patterns” [75]
to identify different peaks and orientations. After identifying all the diffraction peak positions in
the X-ray diffract grams obtained from normal scans, a slow scan of 0.1° min™ was taken within
+2° and every peak angle. The interplanar spacing, d, was calculated using the peak position € of

Pt(111) peak by the use of the Bragg's relation.
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Eq. 4.1

4.1.2.3 TEM analysis

Transmitted Electron Microscopy (TEM) (JEM-2100F, JEOL) was used to obtain the
morphology of the catalysts, including the particle size of the Pt nanoparticles. To prepare
samples for TEM analysis, a suspension, in ethanol, of the carbon supported catalysts was
transferred onto the surface of the microscope Cu grid coated with an amorphous carbon film.
TEM images of the catalysts were taken at an operation voltage of 200 kV. The particle size,

taken as the equivalent diameter of the measured area of the particles, was then obtained. The

mean particle size Dmem was obtained by measuring the diameter of a sufficient number of
particles to ensure a good statistic sampling and calculated according to the following equation
[76].

Eq. 4.2

where f;is the occurrence frequency of the particles with a diameter of d; in the sample.

4.1.2.4 Electrochemical Measurement

The catalysts were electrochemically characterized with a common three-electrode
electrochemical cell including the Platinum mesh counter electrode and RHE as a reference
electrode. Each synthesized catalyzed GDE was cut into a sheet of 1 cm? area and used as
working electrodes. Working electrodes were analyzed by slow linear potential scan voltammetry
from +1100 to +400 mV at 0.5 mV s ' using a PAR EG&G 273A potentiostat. The electrolyte
was a 0.5 M H,SO, solution prepared from concentrated sulfuric acid with deionized water. The
oxygen gas (Air Liquide, Canada) was bubbled through the electrolyte for 60 minutes before the

scan.
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4.1.3 Results and Discussion

Figure 4.3 (a) and (b) show respectively the photos of the GDE surface after and before the
preparation of the catalyzed GDE fabricated from the direct solution spray reaction method.
Figure 4.4 shows the scanning electron microscopic (SEM) image of the cross section of the
GDE. These figures clearly indicate that the catalyst layer is well defined on the surface of GDE.
In addition, the sprayed catalyst powder including carbon supports doesn’t suppress the gas flow
channels of the GDE, because the catalyst layer stay just on the top surface of the GDE and was
not packed into the flow channels. Since the carrier gas keeps flowing through the layer during
the direct filtration process for the GDE synthesis, gas flow channels are formed in the catalyst

layer. It may provide better gas flow attribute.

Figure 4.3 Photos of the synthesized GDE by use of the direct solution spray reaction method; a

and b are after and before the synthesis, respectively.

Figure 4.4 Cross section scanning electron microscopic (SEM) image of a GDE synthesized by
use of the direct solution spray reaction method
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The crystalline structure of the catalyst was obtained using powder XRD. Figure 4.5 shows the
X-ray diffraction pattern of the catalysts on the catalyzed GDE synthesized at different
temperatures between 300 and 700°C. Peak positions for the Pt metal are indicated by Miller
indices. The peaks are consistent with face-centered cubic (fcc) structure for Pt, namely, the
peaks at ca. 40°, 46°, 67.5°, 81.5°, and 86° were reflected from Pt(1 1 1), Pt(2 00), Pt(2 2 0)
Pt(311), and Pt(2 2 0) planes, respectively. These diffractograms indicate that well crystallized
Pt nano particles were well formed during the fabrication process. Figure 4.6 shows the variation
of the d-spacing of Pt(111) with the synthesis temperature in the tube reactor during the catalyst
preparation. The d-spacing of Pt(111) was calculated from the Bragg relation. It can be seen that

the d-spacing increased with the synthesis temperature in the catalyst reactor.
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Figure 4.5 X-ray diffraction pattern of the catalysts on GDE synthesized at 300 through 700°C.

Peak positions for Pt metal are indicated by Miller indices.
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Figure 4.6 Relation between thermal treatment temperatures in the tube reactor during catalyst

synthesis and d-spacing of Pt(111).

The Pt particle size and their distribution of Pt/C catalysts were characterized from TEM analysis.
The TEM micrographs and the histograms of the Pt nano-particle size distributions are shown in
Figure 4.7 and Figure 4.8, respectively. From the figures, the mean particle size of the Pt nano-
particles increases from 3.4 nm when the catalyst reactor is at 300°C to 4.7 nm when the reactor

is at 700 °C. From these results, it can be seen that the small Pt nano-particles are obtained if low

synthesis temperatures are used for the catalyst preparation.
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Figure 4.7 TEM micrograghs of Pt nano-particle size on carbon supports.
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Figure 4.8 Histograms of Pt nano-particle size distributions and mean particle sizes obtained from

TEM micrographs.

The oxygen electro-reduction properties of the catalyzed GDE are be obtained from Figure 4.9
The current is normalized with the unit weight of Pt which was determined by Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS) analysis. The electrode prepared from catalysts

lower temperature exhibited higher specific current density. The variation of the current at

various potentials with (BTEM )2 (BTEM is the mean particle diameter) are shown in Fig.10. The --

-linear variation of the specific current density with (DTEM) is shown. This is an indication that
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the electrocatalysts activities of the electrodes are of course proportional to the catalysts surface
area because in these potential region, the effect of the diffusion current is negligeable. Figure

4.10 shows the relation between the d-spacing of Pt(111) and the normalized current with Pt mass

and (DTEM )2. This normalization was carried out to maximize the effect of d-spacing of Pt(111)
and to minimize the particle size effect. From this figure, we can conclude that the Pt catalysts
having a lower d-spacing can obtain a higher catalytic activity for the oxygen reduction reaction.
These results are strong indications than the ORR is more related to surface properties than
volume properties, accordingly the shape of the catalyst particle may have an important role on
the ORR activity.

ilAmg,’

0.6 0.7 0.3 0.9 1.0 1.1
E/V vs. RHE

Figure 4.9 Oxygen electro-reduction properties of GDEs synthesized at different temperatures.

The currents are normalized to Pt unit mass.
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Figure 4.10 The current at various potentials and its dependence to a squaring value of the mean

particle diameter.

4.1.4 Conclusions

We developed a homemade vertical furnace catalyst maker where ultrasonic spray device was
used for the catalyst preparation . This allows the fabrication of carbon supported catalysts with
smaller particle sizes than those of the catalyst made by the classic processes. This new method
can be also used for the in-situ deposition of the catalyst on a carbon cloth or paper during the
same process without altering the catalyst properties. This approach we just introduced opens the
ways on in-situ catalyzed electrodes fabrication. This study showed the potential of ultrasonic
solution spray reaction method for direct preparation of the gas diffusion electrode. From
micrographic results, we conclude that this method is suitable for the application of catalysed
GDE or carbon paper preparation and. It was shown that the properties of the catalysts changed
with the synthesis temperatures. Interatomic d-spacing were varied on the heat treatment
temperatures and it caused the differences of the electrocatalytic activity for the oxygen reduction

reaction.
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4.2 Electrochemical investigation of Pd-Co thin films binary alloy

for oxygen reduction reaction in acid medium

K. OISHI and O. Savadogo
Laboratory of New Materials for Energy and Electrochemistry
Ecole Polytechnique de Montreal, Montreal, Quebec H3C 3A7, Canada
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4.2.1 Introduction

Proton Exchange Membrane Fuel Cell (PEMFC) using hydrogen or light hydrocarbons as fuels is
considered as a key technology for next electric power generation system. But the high cost of the
Pt catalyst involved in the core components of PEMFCs and the low content of the Pt metal
reserve in the earth are most of the limitations of the mass production of this technology.
Accordingly, the development of non-platinum materials with promising catalytic activity for the
oxygen reduction reaction (ORR) is necessary if we want to overcome these limitations towards
mass production. Current research efforts are focused on the development of catalysts to
overcome this limitation through improved activities. Among various metals, nano-size

palladium-alloy based catalysts have attracted particular attention.

Pd-alloys catalysts have been introduced by our group as an ORR cathode electro catalyst used in the
electrochemical devices [3, 36, 77-82]. It was shown that depending on the alloying element and its
composition, Pd-alloy catalysts exhibit excellent activity for the ORR in acidic media. Others groups [38,
83-85]confirmed these interesting results. We have also shown that the binary Pd-M alloys exhibited
better electro catalytic activity for the ORR than pure Pd and in some cases comparable to that of Pt.
The highest electro catalytic activity was observed for alloy composition ca. 60 -70 at% Pd in all
Pd alloys [37]. These specific properties are due to their special interaction with oxygen and high
selectivity for water formation in a multielectron charge transfer process [41, 86-89]. Some recent
studies have reported that the combination of palladium with other metals, such as Ni [90-92], Fe
[92], Sn [93], Rh [94] and Cu [92, 95-97], synthesized by different methods, i.e., co-impregnation
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[92] , colloidal synthesis [96], nanotubular mesoporous PdCu by galvanic replacement [97] and
electrodeposition of PdCu [49], substantially improves the activity and stability of the alloys.
This is attributed to the formation of bimetallic interactions which are stronger than a single
metal-oxygen (M-O) interaction, thus generating a bimetallic material with greater stability. An
interesting study reported that PdCu prepared using magnetron sputtering equipment [98] also
presented enhanced catalytic activity for the ORR. Therefore Pd Co based electrocatalysts as a
PEMFC cathodes are one of the interesting subject in fuel cell development [3, 41, 79, 80, 99,
100]. In these various investigations, it was shown that the catalytic activity of the PdyCoy
PEMFC system changes, of course, with the Co content in the alloy. CoPdx (x =1, 2, 3, 4, 5 and
9) electrocatalysts for the ORR were studied in a 5 cm? single cell PEMFC. The magnitude of the
observed current density is nearly and order of magnitude higher for the CoPds catalyst in the
kinetic region compared to the CoPd and CoPdgy and more than double at large overpotentials
[101]. It was shown that, the activity of the electro catalysts changes in the following order: CoPd
< CoPd; < CoPd; > CoPd, > CoPds > CoPdg. The results have shown clearly that a nominal
palladium-cobalt atomic ratio of 3:1, Pds;Co, exhibits the best performance [41, 101]. It was also
shown that the Pds;Co catalytic activity is close to the commercial Pt catalyst. On the other hands,
the ORR on Pds;Co has low activation energy, 52 kJ/mol, and a Tafel slope of approximately 60
mV/decade. Based on these kinetics parameters, it was concluded that the rate-determining step
of the mechanism of the ORR on this catalyst might be a chemical step following the first
electron transfer step and may involve the breaking of the oxygen bond. The electrocatalytic
activity of the ORR on carbon supported Pd4,Co nano particle has been also studied and it was
shown that this alloy offers higher ORR performance than Pd/C catalysts [86]. The ORR on
electrodeposited Pd-Co alloys have been studied [102]. Polycrystalline electrodes were prepared
by electrodeposition on a polycrystalline gold substrate using a dual ligand approach at room
temperature [103]. The electrodeposits showed performance for the ORR similar to
polycrystalline platinum under identical conditions, despite an observed 50 mV cathodic shift in
the peak potential. Carbon supported CoPds electrocatalysts also showed high catalytic activity

for oxygen reduction in a 5 cm? fuel cell test.

The electro-catalytic activity of the electrodeposited PdgsCo034 and PdzsCoys electro catalysts were
investigated for the ORR [102], and it was concluded that both the Pd-Co alloys were almost the

same structure, i.e. a solid solution of ca. Pd;Coz with Pd-skin, and also confirmed to possess
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comparable activity in oxygen reduction to Pt (potential difference at 1.0 pA cm 2 was 0.05 V). It
was claimed that the high catalytic activity and a good selectivity for the ORR Pd-transitional
metal alloys might be attributed to an electronic stabilization of the added alloy element [37, 41].
But more fundamental studies are needed to elucidate the high effect of the electrocactilytic
activity of Pd-alloys for the ORR.

We developed a homemade vertical furnace catalyst maker [53, 74] where ultrasonic spray
device was used for the catalyst preparation. This allows the fabrication of carbon supported
catalysts on a gas diffusion layer with smaller particle sizes than those of the catalyst made by the
classic processes. This new method can be also used for the in-situ deposition of the catalyst on a
carbon cloth or paper during the same process without altering the catalyst properties. It was
shown that the properties of the catalysts changed with the synthesis temperatures. Inter-atomic
d-spacings were varied on the heat treatment temperatures and it caused the differences of the
electrocatalytic activity for the oxygen reduction reaction. The effect of the heat treatment on the
electro catalytic properties of the ORR on Pd-Co alloy has been studied recently [104]. The
optimal heat-treatment temperature was found to be 700 °C for the lower concentration of Co in
Pd-Co/C alloy, while 300°C was the best condition for the high Co content. Before heat-
treatment, a Pd—Co/C alloy at room temperature showed a weak ORR activity. After heat-
treatment, the Pd—Co/C alloys showed enhanced ORR activity than pure Pd/C catalyst. This is
because the ORR activity is dependent on the surface composition as well as the particle size.
Therefore, the heat treatment condition should be individually optimized on the alloy

composition.

The high activity of Pd and Pd-Co catalysts for the ORR, as well as their high degree of tolerance
to ethanol make them suitable candidates for Direct Alcohol Fuel Cell applications [41, 105-107].
Therefore their catalytic ORR activities in methanol tolerance [41, 102, 108-110], ethanol [99]
and ethylene glycol [100] have been studied and it was shown that the Pd based electro catalysts
can be potential candidates for cathode materials for PEMFCs. As for methanol tolerance, cell-
voltage was not influenced by addition of 1 mol dm > methanol to the oxidant solution. Until now

the fundamental understanding of this behaviour is not elucidated.

Based on these results on Pd-alloys for the ORR, there is a need to improve the fundamental

understanding of the electro-catalytic properties of palladium alloys for the ORR in acid medium.
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This will help to develop comparison tools to Pt-alloy electro catalytic properties and identify new
families of electro catalysts for the ORR. Fundamental interpretations of these results will help to
improve the understanding in the electro catalytic properties of these materials for the ORR and
to identify new families of electrocatalysts for this reaction. In addition, the various
electrochemical properties related of the electro-catalysts prepared by physical vapor deposition

technique were not well examined.

In this paper, we will synthesize various compositions of Pd-Co alloys catalysts prepared by RF
magnetron sputtering technique and determine their oxygen reduction reaction performance in
acid medium. We will correlate these electro catalytic properties to the physicochemical and
basic electrochemical properties of these interfaces. This will help to draw new understandings in

fundamental electrocatalysis.
4.2.2 Experimental conditions

4.2.2.1 Chemicals

Glassy carbon (GC) rod (GC20, 5.2mm diameter) was obtained from Tokai Carbon Ltd., Japan.
4N purity of Pt, Pd and Co targets were purchased from Furuuchi Chemical Co, Japan for
physical vapor deposition. Semiconductor grade acetone, semiconductor grade hydrofluoric acid
and deionized water were used to clean GC substrate prior to deposition. Nitrogen and oxygen

gases were purchased from Air Liquide, Canada (5N8 purity).

4.2.2.2 Electrode preparation and characterization

All electrodes, Pt, Pd and various compositions of Pd and Co alloys were synthesized by physical
vapor deposition technique. GC substrates were polished using a series of silica slurries (1.0,
0.15 and 0.05 um) in water to obtain mirror finished surface. Prior to deposition, the substrates

were cleaned by acetone followed by 5% hydrofluoric acid and de-ionized water.

Pt, Pd and Pt-Co binary alloy catalyst layers were deposited using Ar plasma in a RF magnetron
sputtering system equipped with 50 mm diameter targets under Ultra High Vacuum (UHV).
These magnetron cathodes were driven by independent Radio-Frequency (RF) power supplies
with impedance matching boxes, which permits to control ionization rate respectively. Prior to

the sputtering process, RF power of 200 W was applied for 5 minutes to remove oxides and
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contaminations on the top surface of targets and discharge conditioning, on the condition slide
shutter is closed. The power supply connected to Pd target was set at 20W and the other
connected to Co target was varied to control ionization rate and compositions of films. Prior to
the condition slide shutter opens, run sputtering process for 5 minutes to stabilize the ionization
state. The deposition time was 20 minutes. The temperature of the deposition substrates was
controlled at 573 K. All cleaning and deposition processes were carried out in clean room to

avoid contaminations.

The surface compositions of alloy samples were determined by Auger electron spectroscopy
(AES). A cleaning procedure was done by repeating of Ar sputtering to obtain carbon and

oxygen-free surface.

4.2.2.3 Electrochemical analysis

The electrochemical measurement was performed by using a Princeton Applied Research
potentiostat 273A in a three electrodes configuration. GC substrate with deposited layer was
immersed into the 0.05 M H,SO, electrolyte (Fluka, TraceSELECT®, prepared with ultra pure
water Milli-Q UV, 18.2 MQ) as a working electrode. Large area platinum mesh was used as a
counter electrode and a trapped hydrogen electrode (THE) [111] as a reference electrode. All
potentials in this paper are quoted with respect to the reversible hydrogen electrode (RHE: ~0.00
mV vs. THE). Cyclic voltammetry (CV) was carried out under nitrogen purge at a scan rate of 50

mVs?

over potential range of 0.05 to 1.2 V vs. RHE. Oxygen Reduction Reaction (ORR)
activities were measured by using a conventional a rotating disk electrode (Pine Instruments)
under oxygen purging at control temperature of 298.15 K at scan rate of 3 mV/s™ (Slow Scan

Voltammetry: SSV). Rotation rate was controlled in the range of 900 — 3025 rpm.

4.2.3 Results and Discussion

Table 4.1 shows the elemental composition of the deposits measured by AES. The results show
clearly that a wide range of controlled compositions (e.g. 0 to 84 atomic %) of cobalt in Pd, were
obtained. The thickness of deposits was determined by mechanical profilometer and was in the
range of 40-60 nm. For comparison Pt deposit was also synthesized in the same conditions and

the same thickness range was obtained.
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To understand the role of the possible redox reactions on the electrochemical reduction of
oxygen, the cyclic voltammetric response of all the electrodes was analysed in the potential range
between 0.05 and 1.2 V at 25°C. Figure 4.11 shows CVs of various compositions of Pd-Co
alloys, Pd and Pt electrodes, and selected CVs from Figure 4.11 are shown in Figure 4.12 The
typical peaks related to hydrogen under potential deposition, oxide formation and oxide
deformation were obtained on sputtered Pt electrode. Sputtered Pd electrode show a typical peak
at 0.24 V which corresponds to the hydrogen under potential deposition, and also shows oxide
formation and deformation peaks. The profiles for under-potential deposition and oxidation of
hydrogen are very pronounced on the sputtered Pd-Co alloys a/o, indicating a strong Hypg region
which is more visible than that even in the case of polycrystalline Pt. The behaviors of Pd-Co
alloy electrodes of any compositions were totally different from the pure Pd electrode as same as
described in our former study [36]. The large peaks observed in the case of the palladium alloy
can be attributed to its high capability of the hydrogen adsorption and absorption properties of
Pd [112]. Accordingly, these properties depend on the Pd-Co properties. In particular the large
peak observed at the under deposition potential in the present work for Pd-Co alloys is due to the
saturation of hydrogen in the Pd-Co films. Further, it may be considered that the addition of Co
into Pd lattice is promoting the increase of the peak related to the under potential deposition of
hydrogen. On the other hand as shown in Figure 4.12, the CV of sputtered Pd is completely
different from both CVs of Pd-Co alloys and Pt, indicating that Pd has no significant oxide
formation in the same potential range. The profiles for under-potential deposition and oxidation
of hydrogen are very pronounced on the sputtered Pds;Co a/o, indicating a strong Hya region

which is more visible than that even in the case of polycrystalline Pt.

Table 4.1 Chemical composition of the thin film electrode synthesized by PVD (atomic %)

Composition (atomic%b)

Sample No. Label
Pd Co

Sample 1 100 0 Pd .

Sample 2 75.31 24.68 Pd7SCo25



Sample 3 64.90 35.10 F’dssCo35
Sample 4 50.07 49.93 F’dSOCo50
Sample 5 41.75 58.25 F’dMCo58
Sample 6 16.00 84.00 F’dmCo84
Sample 7 (Pt 100%) Ptm0
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Figure 4.11 Cyclic voltammograms of Pd-Co alloy, Pd and Pt electrodes in 0.05M H,SO, and

nitrogen purge at 298.15K.
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Figure 4.12 Cyclic Voltammograms of Pd;5Cozs, Pd1go and Ptyg electrodes in 0.05M H,SO,4 and
nitrogen purge at 298.15K.

Figure 4.12 shows that the current in the double-layer (between 0.3 and 0.8 V) is constant and the
voltage of the oxide formation starts in the range of potentials (around 0.7-0.8 V) as that of
polycrystalline Pt. No hysteresis was observed in the double-layer region, indicating that
formation and reduction of oxides is not observed in this region. The reduction peak of the oxide
observed at the CV of Pd-Co at around 0.72 V can be attributed to the alloy oxide formed at 0.8
V. This peak is not seen on the CV of Pd alone, and for the Pd-Co alloys the value of its potential
is not related to the Co content. Accordingly the reason of this shift might be related to the
change of the ORR activity with the presence of the cobalt in the alloy. It has also been verified
experimentally that either the potential value of this peak does not change with time or the
number of cycles, or both. Furthermore the sputtered Pd-Co alloy CVs are completely different
from those of sputtered Pd alone. They never change and become more sputtered Pd-like. The
shape of the CV of Pd-Co alloys is similar to those of Pt. Figure 4.13 shows the dependence of
the hydrogen charges as a function of catalyst composition. Pd and Pd-Co alloys exhibit 3 to 5
times hydrogen charges contents when compared to those of Pt electrode. The hydrogen charges
increase with the Co content in the alloy. The hydrogen charge increases from 1.5 to 2.5 mC.cm™
when the cobalt content in the alloy increases from 20 to 84 atomic%. Figure 4.14 and Figure
4.15 show respectively the variations of the charges of the oxide formation and reduction with the

cobalt content in the Pd-Co alloys. In both figures, the values of the charges increase with the Co
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content in the Pd-Co alloy. The charge related to the oxide formation increases from 2 to 6
mC.cm™ when the Co content increases from 20 to 84 atomic% , and in the same range of the Co
content the charge related to the oxide reduction increases from 1,75 to 3,5 mC.cm™.
Accordingly, the most important variation of the charge with the Co content is obtained for the
oxide formation. This can be attributed to cobalt presence in the alloy which may make easier the
formation of the oxide when the Co content increases. The increase of the charges is an indication
that respectively more hydrogen is adsorbed or more oxide is formed on the surface when the Co
content increases. This will lead to an increase of the of the charges of the oxide reduction with
Co content because the reduced oxide is those formed during the oxidation and which charges
increases with the Co content. The increase of the Co content is more favorable for the oxide
formation because the electro negativity of Co (1.9) is more favourable than Pd (2.2) for the
oxide formation and the hydrogen adsorption at the Pd-Co alloys surface. The charges related to
the reduction of the oxide increases with the Co content because as indicated above the oxide
reduction is related to its formation. If more oxide is formed, so more will be reduced. The range
or slope of the variation of the charges with the Co content for the oxide formation (from 2 to 6
mC.cm) is different from those of the oxide reduction (1.75 to 3.5 mC.cm™.) for the same range
of Co content (20 to 84%) because the oxidation-reduction process of the oxide on Pd-Co is not
reversible or there are more complex processes involving the Co oxidation and its dissolution in
the solution. The variation of the potential of the oxide formation peak and those of the oxide

reduction will help to support this reaction.
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Figure 4.14 Dependence of the oxide formation charge as a function of electrode composition
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Figure 4.15 Dependence of the amount of oxide reduction as a function of electrode composition

Figure 4.16 shows the variation of the ratio of the charges of the oxide formation on those of the
oxide reduction with the Co content. For comparison those of the Pd and Pt electro-catalysts, are
respectively shown. The ratio of 1.1 for Pt indicates that for this electrocatalyst most of the oxide
formed at higher potential range was reduced during the anodic potential sweep. On the other
hand, this ratio increases with the amount of Co in Pd-Co alloy. Due to the low electro negativity
of Co in comparison to Pd, Co oxide formation during its oxidation and electro oxidation might
be the main factor in the increase of this ratio. Furthermore the increase of this ratio with the Co
content is an indication that at high content of Co the fraction of the reduced oxide is less than
those at low Co content. This is an indication that it might have two processes which is
responsible of the charge formed during the cathodic sweep leading to the oxide formation
current and the Co oxidation current which leads to the dissolution of the elemental Co into the
electrolyte. In particular Co may play a sacrificial role by adsorbing some oxygen species which
inhibit the ORR. These oxygenated species could compete with the adsorption of new oxygen
molecule and gradually decrease the number of actives sites and consequently reduce the kinetics
of the ORR. The ORR intermediates adsorption could be used later in this study to propose a

mechanism scheme for the reaction on the Pd-Co electrode.
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Figure 4.16 Dependence of the ratio Q (oxide formation)/(Oxide reduction) as a function of

electrode composition

Figure 4.17 shows a dependence of the potential of the peak position of the oxide reduction as a
function of electrode composition. The potential of the oxide reduction peak of Pd-Co alloys
shifted to negative values when compared to those of Pd. The position of the oxide reduction
peak does not change with the Co content (from 20 to 84%).Therefore the reduction peak can be
assigned to the same oxide structure and composition for these Pd-Co alloys. In particular this
behavior is related to the mixed palladium oxide and cobalt oxide formation at the surface of the
Pd-Co alloy. The change in the potential of the oxide reduction peak with the Co content is not
very important because as a thermodynamic parameter it may not change, of course, with the Co
content but with the type of the oxide. A non perceptible variation of the potential peak might be

an indication that the mixed oxide at the Pd-Co may not change significantly with the Co content.
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composition

Figure 4.18 shows the slow scan (3 mV/s) polarization curves polarization curve of Pd-Co alloys,
Pd and Pt electro catalysts respectively. These curves show that the Pt electro-catalyst exhibited
better electro-catalyst (with higher onset potential than those of the other samples) for the ORR
than the Pd and the Pd alloys electro-catalysts. The Pd electro-catalyst is less active for the ORR
than all the other electro-catalyst. The activity of the Pd-Co alloys for this reaction depends, of
course, of the Co content. Figure 4.18 shows that the polarization curves of Pd4,Cosg and
Pd;6Cog4 are nearly overlapped with those of Pd. In this range of the Co content in the alloy, no
effects of the Co content on the ORR are seen. The polarization curves of the Pd-Co alloy with a
Co content of 25% is more close to the Pt curve and exhibit the best performance for the ORR

among the Pd-Co alloys electroatalysts.
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Table 4.2 Tafel slopes in low and high currenty density regions and calculated exchange currents

densities of Pt, Pd and Pd-Co catalysts fabricated by sputtering method.

Sample  Tafel slope at low current density ~ Tafel slope at high current density ~ Exchange current density

mV/decade mV/decade mA cm™

Pt 69 130 7.94x10°®

Pd 47 80 3.72x10°°
Pd7:C0ys 50 79 1.58x10®
Pde:C03s 48 80 1.10x10°®
Pds,Coso 58 82 2.00x107
Pd45C0sg 38 68 3.02x101
Pd1sC0gs 34 63 1.35x107"2

The Tafel plots of the ORR at the high current density regions for sputtered Pd—Co alloys, Pd and
Pt are shown in Figure 4.19. From these plots the values of the Tafel slopes at high current
density and low current densities and the exchange current densities of the ORR on the various
electro-catalysts of Pd-Co alloys including those of Pd and Pt are shown in Table 4.2. The Tafel
slopes at low current and high densities of Pd and Pd-Co alloys are lower than those of Pt. The
exchange current density of this reaction on Pt (7.94x10° mA cm™) is at least two orders of
magnitudes higher than those on the Pd (3.72x10°ma.cm™) and Pd-Co alloys (in the range of
1.35x10™2- 7.10x10® mA.cm™) which compositions are listed in Table 4.1. These values of the
Tafel slopes and the exchanges current densities are in agreement with those obtained elsewhere
for Pt and Pd [113] and for Pd-Co alloys [3]. As shown from Table 4.2 and Figure 4.19, the best
catalyst is PdgsCoss for which, the maximum current density is reached with 7.10x10® mA.cm™.
This value remains relatively low compared to those reported for Pt (basically 7.94x10° mA cm’
%) [114]. We reported from Table 4.2, a 60 mV/dec for the Tafel slope for Pd-Co alloys
electrodes at slightly high current densities.
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The ORR Kkinetic process of the catalysts were also analyzed by a Koutecky-Levich plot. Figure
4.20 shows the slow scan voltammetry (3 mV/s) for ORR on PdgCogss at various rotating speed
with RDE to determine experimental mass transfer limiting current. Figure 4.21 displays the
Koutecky-Levich plot for ORR at potential of 0.4 V vs. RHE on the rotating disk electrode
deposited with various composition of Pd-Co, Pt and Pd. It can be seen that the slope of all the
plots are the same. The slope is directly related to the total number of electrons (n) involved in

ORR according to the following equation:

1 1 1

= — 4 —
I I, Bwl/?
where | is the experimentally obserbed current, Ix is the Kkinetic current, B is equal to

2 1
0.62nFAC} (Dy,)? v™s , o is the rotation speed in rad s, F is the Faraday constant 96485

C.mol™, A is the electrode are, Co,is the concentration of oxygen at bulk (1.2x10°° mol.cm™),
D, is the diffusion coefficient of oxygen (1.4x10° cm’.s™) and v is the kinetic viscosity of the
electrolyte (0.01 cm?s™ ) [115]. Theoretical value of four- and two- electron process are
indicated in Fig 11 (straight lines) As described above, the ORR over Pt electrode surface
proceeds through the four-electron pathway. The calculated value from the Koutecky-Levich
plot for Pt was n=3.9, and 3.6-3.8 for the Pd and Pd-Co catalysts. Since all the plots presented the
similar slopes with that of Pt, the ORR on Pd-Co/C electro-catalysts also proceeds through the
four-electron pathway. This results show a good agreement with the results described above and
some published elsewhere [39, 40, 116]. However considering the slightly lower value of n on
Pd and Pd-Co electro-catalysts, it is reasonable to assume that the majority of the reaction
proceeds via a four- electron pathway, however a small percentage of reaction proceeds via two-
two electron pathway [34, 116, 117].
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Based on Tafel slope values and Koutecky-Levich plot, the possible mechanism of the ORR on
Pd-Co alloys could be associative electrochemical adsorption of OOH,gs reaction followed by
dissociative OOH recombination. Therefore, suggested mechanism for the ORRon Pd—Co we are
suggesting is drawn in Figure 4.22 where the OH is sitting on Co. This is a strong indication that

the RDS (Rate-Determing Step) of the reaction would be:

Pd'CO(OOH)adS — PdOadsco(OH)ads

Q) B
©,© ©,0© © ©
&

0, H*+e-
—p —p

58 8
COLICOEOORE

Figure 4.22 Proposed mechanism for the oxygen reduction reaction on Palladium-— Cobalt

electrocatalyst in acidic media.

To sustain this mechanism, we investigated the reaction order according to the pH. For three
different acid solutions (0.05 M, 0.1 M and 0.2 M), we plotted the current at 0.6 V/SCE against
the pH. We observed a straight line with a slope (~0.89) which was very close to the theoretical
value of 1 for a Langmuir adsorption isotherm estimated by Bockris [118]. Damjanovic found the
value of 1.5 for a Temkin adsorption isotherm [16]. From Figure 4.17 we justify the Langmuir
isotherm adsorption. The potential oxide reduction peak on Pt is higher than those on Palladium
alloys. This shows that oxides have more affinity with Palladium alloys than Platinum. In
addition, with the curve in Figure 4.15, we clearly see that Pt needs less charge than the Pd-Co
alloys to reduce or to desorb the oxide. Therefore, from these results, we propose the above
mechanism scheme based to large oxide coverage on Palladium —cobalt alloys surfaces that
justify the Langmuir type adsorption isotherm and a chemical reaction as the rate determining
step. The practical evaluation of the performance of an electro catalyst for the ORR for PEM Fuel
Cell application is determined through the current density of this reaction at potential close to the

onset potential. Accordingly, the variation of the current densities with the Co atomic content are
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shown in Figure 4.23 for the potentials 0.80, 0.825 and 0.850 V A Volcano behavior of the
curves is obtained for each potential. The optimum cathodic current density for the ORR is
obtained for PdgsCoss alloy. This indicates that among the series of Pd-Co alloys studied here,
this alloy (PdssCoss) exhibits the best performance for the ORR in acid medium. This is, of
course in agreement with the above results obtained from the Tafel plots. These results are
supported by the variations of the ORR current densities at 0.800, 0.825 and 0.850 V as a
function of hydrogen charge (Figure 4.24), the charge of the oxide formation (Figure 4.25), and
the charge of the oxide reduction (Figure 4.26) respectively where the optimum current density is
obtained for PdgsCo3s. The enhancement of the electro catalytic activity is attributed to an optimal
d band property that makes easier the OOH dissociative adsorption which is considered as
chemical rate determining step (RDS) for the ORR. This mechanism is in agreement on the

previous results of our group on the OOR on Pd-Cu alloys [98].
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Figure 4.24 Dependence of the ORR currents at 0.800, 0.825, 0.850 V as a function of hydrogen
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Figure 4.26 Dependence of the ORR currents at 0.800, 0.825, 0.850 V as a function of the

amount of oxide reduction

From these results the following classification on the electro catalytic performance of the ORR
on the various electrodes studies here is: Pd16C0gs < Pd42C0sg < Pd < Pd < PdsoC0sp < Pd75C0z5 <
PdesCo3s < Pt. This result also clearly shows that alloying Pd with a specific composition of Co
enhances significantly the electro-catalytic properties of the ORR on Pd-Co alloys in comparison
to Co alone. Since the Pd-Co compositions studied here exhibit less activity for the ORR than Pt,
there is room for improvement in the elctrocatalyst performance of these family of alloys by

developing: new alloy composition, method of preparation of Pd-Co or other Pd-alloys.

4.2.4 Conclusion

Based on the results published here it may be concluded that:

1) The oxygen reduction reaction (ORR) on Pd-Co electro-catalyst has been studied in acidic
media. The palladium alloys were prepared by coating glassy (GC) carbon substrates using a R-F
magnetron sputtering equipment with a palladium and cobalt wafers as targets. Thin films of 40-

60 nm thick films were obtained.
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2) The ORR Kkinetics was studied on these catalysts in 0.05 M H,SO4. An increase in the
hydrogen adsorption charge, the oxide formation and the oxide reduction or desorption was

studied with the Co content in the alloy.

3) The mechanism of the ORR on the Pd-Co alloys was found to proceed through a four

transferred electrons mechanism and a Tafel slope of 60 mV/dec.

4) The electro catalytic performance of the ORR on the various electrodes studied here is: in the
order Pdi5C0g4 < Pd4>2C0s55 < Pd < Pds5¢C05 < Pd75C025 < Pdg5C035 < Pt.

5) The enhancement of the electro catalytic activity is attributed to an optimal d band property
that makes easier the OOH dissociative adsorption which is considered as chemical rate-
determining step (RDS) for the ORR.
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4.3 Correlation between the Physico-chemical Properties and the
oxygen reduction reaction electro catalytic activity in acid
medium of Pd-Co alloys synthesized by Ultrasonic Spray
Method

K. OISHI and O. Savadogo
Laboratory of New Materials for Energy and Electrochemistry
Ecole Polytechnique de Montreal, Montreal, Quebec H3C 3A7, Canada

Submitted to Electrochimica Acta, on April 2", 2012

4.3.1 Introduction

Our group introduced the first work on Pd based alloy base on Pd-Co alloy (78:22 and 72:28),
Pd-Ni (64:36), and Pd-Cr (61:39) as the electro-catalyst for the Oxygen Reduction
Reaction(ORR) for PMEFC applications [3]. Furthermore we indicated aspects related to the
tolerance to methanol of the electro catalyst cathode for the ORR for direct alcohol PEM Fuel
Cell based on Pd-Co alloy (72:28) and Pd-Cr alloy (70:30) [41]. These electrodes prepared by
sputtering method have shown enhanced electro-catalytic activities to Pd electrode. It was found
that these electrodes are very tolerant to methanol because their ORR parameters are not affected
by the presence of methanol. This may solve the problem of the luck of Direct Methanol Fuel cell
(DMFC) cathodes performance to the fuel crossover. Effectively it is well established that
DMFCs have two very serious technical problems, i.e., low catalytic activity of the anode
electrocatalyst and methanol crossover in which the methanol permeates from the anode
compartment through the electrolyte membrane to the cathode compartment [42, 43]. The latter is
concomitant with cathode performance losses due to the formation of mixed potentials on the
cathode electro-catalysts as well as the decrease in the efficiency of the methanol utilization.
Approximately one-third of the available energy is lost at the cathode and the other one-third is
lost at the anode [44]. Accordingly, the necessity to look for new electro-catalyst cathode for the

ORR in direct alcohol fuel cell, we determined the effect of the type of the electro-catalyst and its
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composition on its tolerance to the methanol crossover in DMFC cathode performance by
studying systematically the electro-catalytic performances of the ORR on Pd-aloys (Pd-Co, Pd-
Ni and Pd-Cr) prepared by sputtering method and their performance and selectivity as DMFC
cathodes [41]. Their electrochemical characteristics for the oxygen reduction reaction (ORR)
were determined in sulfuric acid solution with and without methanol at 30°C. The Pd alloys
showed a higher ORR electro-catalytic activity than Pd, although lower than Pt. The Pd alloys
also had no electro-catalytic activity for methanol oxidation. The maximum electro-catalytic
activities for ORR were observed for the alloy composition of ca. 60 atom % Pd in all the Pd
alloys. While the Pd—Cr alloy showed the highest ORR activity in the absence of methanol, the
Pd-Ni alloy had a better ORR activity in the presence of methanol. The various Pd-alloys
exhibited high tolerance for methanol. It has been found that these kinds of Pd based alloy
catalysts have high potential to be used as a DMFC cathode because of its very low activities for
methanol oxidation. Based on the XPS analysis, it was found that the electronic Density of State
(DOS) at the Fermi level decreased by filling of the Pd d-band upon alloying Pd with 3d-
transition metals. The decrease in the DOS inhibited the formation of Pd oxide and should
contribute to the improvement of the ORR activity. Based on the X-ray photoelectron surface
analysis, it was confirmed that the filling of the Pd d-band by alloying element decreased the
DOS at the Fermi level. The decreased of DOS inhibited the formation of Pd oxide on the surface

of the electro-catalyst.

Carbon black supported Pd-Co-Mo (70:20:10) electro-catalysts was prepared for the ORR by
using a conventional borohydride reduction method [83]. The particle size is in the range of 15-
35 nm. The mean particle sizes increase with increasing heat treatment temperature.
Investigation of the electro-catalytic activity of the Pd-Co-Mo system with varying composition
and heat treatment temperature reveals that a Pd:Co:Mo atomic ratio of 70:20:10 with a heat
treatment temperature of 500 °C exhibits the highest eletro-catalytic activity. Although the degree
of alloying increases with increasing temperature from 500 to 900 °C as indicated by the X-ray
diffraction data, the electro-catalytic activity decreases due to an increase in particle size and a
decrease in surface area. The electro-catalytic properties of carbon supported Pd-Co-Au
catalysts prepared by the conventional reduction method and a reverse micro emulsion method
was also studied [48]. The size of the particles is in the range 15-46 nm. As for Pd-Co-Mo, the

mean particle sizes also increase with increasing heat treatment temperature. The samples
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prepared by the micro emulsion method show better electro-catalytic activity for the ORR when
compared to those prepared by the conventional borohydride method due to a higher degree of
alloying at lower temperatures while keeping the particle size small and the surface area high.
The activity for the ORR of the samples prepared by the micro emulsion method is comparable or
slightly better than that of commercial Pt/C catalyst at 60°C. The former has shown particle sizes
in the range of 15-35 nm, and the latter has given the particle sizes in the range of 15-46 nm. The
mean particle sizes increase with increasing heat treatment temperature for both cases. These
ternary alloy electro-catalysts are not more effective than the binary Pd-alloys because their
electro-catalytic activity for the ORR is not significantly higher than the Pd-Co based electro-

catalyst and ternary based electro-catalyst are more expensive than binary based materials.

The Pd electro-catalyst monolayer was synthesized on different single crystal substrates;
Ru(0001), Rh(111), Ir(111), Pt(111), and Au(111) [39]. It was found that the electro-catalytic
activities increase in the order of Pd/Ru(0001) < Pd/Ir(111) < Pd/Rh(111) < Pd/Au(111) <
Pd/Pt(111). The Pd-Co (2:1) carbon supported catalysts having broad size distribution up to 92
nm, peaking at 18-20 nm was also prepared in the same work. The results showed a volcano-type
dependence of the ORR electro-catalytic activity on the energy of the d-band center of Pd
monolayer’s, with Pd/Pt(111) at the top of the curve. The activity of the non-Pt Pd,Co/C alloy
electro-catalyst nano particles was comparable to that of commercial Pt-containing catalysts. The
kinetics of the ORR on this electro catalyst predominantly involves a four-electron step reduction
with the first electron transfer being the rate-determining step. The downshift of the d-band center
of the Pd “skin”, which constitutes the alloy surface due to the strong surface segregation of Pd at
elevated temperatures, determined its high ORR activity. Additionally, it showed very high
methanol tolerance with a very high catalytic activity for the ORR at high concentrations of
methanol. It was indicated that due to its relative good stability, this catalyst could possibly
replace Pt in fuel-cell cathodes, especially those of direct methanol oxidation fuel cells (DMFCs).

The effect of heat treatment on nano particle size and ORR activity for carbon-supported Pd-Co
alloy electro catalysts has been studied [40]. Accordingly the impregnation method was
employed for the synthesis, in which sodium borohydride was used as a reducing agent. Surface
cyclic voltammetry was used to confirm the formation of the Pd—Co alloy. In order to improve
activity and stability, the catalysts were heat-treated in the temperature range of 300 'C to 700°C.

The optimal heat-treatment temperature was found to be 300 °C, where the average particle size
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of 8.9 nm, and the highest ORR catalytic activity, was obtained. The ORR Kkinetics on these
electro-catalysts were also studied using the rotating disk electrode (RDE) method. These particle
sizes are lower than those of Pt widely used for fuel cell applications and which are in the range
of 2 to 50 nm. Electro catalytic ORR activity was also examined in an acidic solution containing
methanol. The results showed that the synthesized Pd-Co/C catalyst has methanol tolerant
capabilities. These results confirm the high tolerance of the Pd-alloy cathode for the ORR in

Direct alcohol PEM Fuel cell we have previously indicated [41].

Carbon-supported Pd-Co bimetallic nanoparticle electro-catalysts of different Pd/Co atomic ratios
were prepared by a modified polyol reduction [45]. Their electro-catalytic activities for the
oxygen reduction reaction (ORR) have been investigated using porous rotating disk and disk-ring
electrode techniques. It was shown that the mean particles of the as-prepared Pd-Co bimetallic
nano particles size decreases with an increase in Co content. A typical TEM image of the best
electr-catalyst was the Pd2Co/C electrode, heat-treated at 500°C which revealed a mean particle
diameter of 8.3 nm with a relatively narrow size distribution and a Pd-Pd mean inter-atomic
distance of 0.273 nm.. Kinetic analysis based on the rotating disk and disk-ring electrode
measurements reveals that the ORR on Pd-Co/C catalysts undergoes a four-electron process in
forming water. Based on the TEM image of the electro-catalyst of Pd,Co/C heat treated at 500°C
showed that the particles are not uniformly distributed and the particles larger than 10 nm seems
to be in higher quantity than those indicated in the given histogram. From these results it is
claimed that the modified polyol reduction route which was used could allow obtaining nano-
scale alloy electro-catalysts with a narrow particle size distribution and a good dispersion on a

support.

Carbon supported Pd-Co (7:3) alloy catalyst was prepared by a modified polyol reduction
method, a co-impregnation method, and a reverse micro emulsion method, and heat treated at
various temperatures up to 900°C [46]. It was claimed that the mean particle sizes of the catalysts
obtained from the modified polyol reduction method are 2.4 nm (as prepared), 3.5 nm (250°C),
4.1 nm (350°C), 5.3 nm (500°C), 7.7 nm (700°C), and 12.5 nm (900°C). These values are very
attractive for the fuel cell applications but they were not supported by XRD experiments or TEM
images which may help to determine correct particle size and their distribution onto the support.
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The Effect of the synthetic reducing agents based on co-impregnation on morphology and ORR

activity of

carbon-supported nano-Pd—Co alloy electro-catalysts has been investigated [47]. Three different
reducing agents, ethylene glycol (EG), formaldehyde (HCHO), and sodium borohydrate (NaBH4)
were used. The method with ethylene glycol (EG) has provided the smallest mean particle sizes
in the range between 4.6 and 6.6 nm even though the catalysts were heat treated at 700°C. The
electro-catalyst based on NaBH, provided the mean particle size in the range of 4.6-13.3 nm, and
those based on HCHO has exhibited a mean particle size in the range of 8.8-22.9 nm. The
catalysts prepared by EG and NaBH, with no-heat treatment show well distributed fine particles

from their TEM images.

The carbon-supported nano particles of Pd—-Co-M (M = Pt, Au, Ag) catalysts for DMFC in a
ratio of 70:20:10 were prepared through reverse micro emulsion method [38]. The X-ray
diffraction XRD analysis showed well-defined reflections corresponding to a face centered cubic
phase of palladium. From transmission electron microscopy analysis, the particle size after heat-
treatment at 500°C was found to be approximately 20 nm, which was also confirmed by XRD
analysis. Voltage versus current polarization curves indicated that Pd—Co—Pt exhibited better
oxygen reduction reaction (ORR) activity than the other combinations with Ag and Au, in terms
of shift in onset potential to a positive value of more than 100 mV and increase in reduction
current. The ORR kinetics on Pd—Co—Pt was analyzed by using rotating disk electrode to follow a
4 electron pathway. An additional advantage observed with Pd—Co—Pt was its high methanol
tolerance and ORR activity very close to that of Pt.

Synthesis of nanoporous PdCo Catalyst by electro-deposition and electrochemical dealloying for
Microfuel Cells PdCo electro-catalyst synthesized by electrodeposition and electrochemical de-
alloying for direct methanol microfuel cells [49, 119] . It was found that the electro-deposition
technique can be successfully synthesized selective Pd-Co alloys onto conductive Au substrates,
and by changing the potential applied, morphologies of the deposits were tuned into thin films or
dendrites. The electrochemical de-alloying technique successfully increased the
electrochemically active surface area by roughly ten times. Thus, such combination of electro-
deposition and de-alloying was proved effective for synthesizing high performance electrodes for

micro-fuel cell packaging. In terms of fuel cell catalyst, the PdCo nanostructures exhibited better
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activity for oxygen reduction reaction than Pt catalyst in direct methanol micro fuel cells,
especially in the potential range of interest for actual fuel cell operation (0.8V versus NHE). This
is because of the smaller Tafel slope value (similar to those obtained in [3]) of the PdCo catalysts.
It was concluded that detailed analyses on the results indicated that getting very low Tafel slope

is of course quite important for developing effective fuel cell catalysts.

Carbon-supported Pd Co alloy electro catalysts of different Pd/Co atomic ratios were prepared in
an aqueous solution at room temperature with NH4F as a complexing agent for Pd** and HsBO;
as a buffer, followed by NaBH4 reduction [50]. As-prepared Pd Co bimetallic nano-particles
showed a single-phase face-centered-cubic (fcc) disordered structure, and the mean particle size
is found to decrease with an increase in Co content. TEM images demonstrated that the as-
prepared Pd Co alloy nana particles are well dispersed on the surface of the carbon support with a
small particle size and a relatively narrow particle size distribution. It was claimed that the
average particle size of a Pd,Co,/C catalyst is ca. 3.0 nm. It was also indicated that the maximum
ORR mass activity was observed for a Pd:Co atomic ratio of 4:1, but the highest specific activity
was found on a Pd:Co atomic ratio of 2:1. Kinetic analysis reveals that the ORR on Pd Co/C
catalysts follows a four-electron process leading to water. Moreover, the Pd Co/C catalyst
exhibited much higher methanol tolerance during the ORR than the Pt/C electro-catalysts [50].
The unique point of this study was the utilisation of (NH.F + Pd**) complex, and they obtainend

fine particles on carbon support in the range between 2.6 and 3.8 nm.

Based on the above results, it may be concluded that only few methods (impregnation, micro
emulsion, electro-deposition, electrochemical de alloying) have been developed for carbon
supported Pd-Co nano-scale catalysts preparation so far. They are based on classical methods
which involve a lot of steps which involve the reduction from the electro-catalyst salt to the

preparation the catalyst powder and its coating on the Gas Diffusion Electrode (GDE) support.

Ultrasonic Direct Solution Spray Reaction method for PEMFC applications has been developed
for the first time in our previous studies [53, 74]. In these works, we focused on the preparation
of Pt-electro-catalyzed gas diffusion electrode (GDE). Slurry consists of platinum catalyst
precursor and carbon catalyst supports were sprayed by use of ultrasonic spray device. The
generated mist was continuously heated in various temperatures in a mixture of hydrogen-

nitrogen gas flow through a tube reactor. The platinum precursor was reduced to solid Pt nano-
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particle on the carbon supports, and the synthesized catalyst was directly filtered on a gas
diffusion layer. This method is less expensive, less consuming time and provides optimized

electro-catalyst particle sizes (~ 2-3 nanometers) for PEM Fuel cells applications.

This work is on the development of a new method of preparation of Pd-Co electro-catalyst for the
ORR for PEM Fuel Cell applications based on Ultrasonic Spray Method. It is the first time this
method is used to prepare directly the Pd-alloys electro-catalyst layer on the gas diffusion
electrode from the salts of the active materials. Correlation between the preparation parameters
and the properties of the ORR of these electro-catalysts in acid medium for PEM Fuel Cell
applications will be determined. The particles size obtained from this method will be compared to
those of the electro-catalysts obtained by the other methods. The advantage of this method is to
obtain smaller scale catalysts than the other methods. A feasibility of the new technique for a
carbon supported nano-scale palladium-cobalt alloy catalyst was also studied. Since only a few
techniques have achieved vary small nano-scale catalyst particles having the diameter of less than
10 nm.

4.3.2 Experimental

4.3.2.1 Catalyst synthesis

The details of this technique are described in our previous study [53]. The procedure of catalyst
fabrication by ultrasonic spray reaction method for carbon supported palladium and palladium-
cobalt alloy catalyst is as follows (Figure 4.27). arbon support (Vulcan XC-72R) was dispersed
into (Milli-Q, 18.2 MQcm). Palladium precursor using palladium(II) nitrate dehydrate
(Pd(NOs)2-2H,0, Fluka) and cobalt precursor using cobalt(ll) nitrate hexahydrate
(Co(NO3),:6H20, Aldrich) were dissolved into ultra pure water, and added into the carbon
suspension after which it was ultrasonificated for 60 minutes at 50°C. The homemade system
with an ultrasonic piezoelectric transducer (Figure 4.2) was developed. The slurry containing
catalyst precursors and carbon support was introduced into a spray chamber (2) and sprayed by
the ultrasonic piezo transducer (1) (HM-2412, 2.4 M Hz, Honda Electronics Co., Ltd) which was
placed at the bottom of the spray chamber. The transducer continuously generated mist. It was
carried into a quarts tube reactor (3) (length: 1.0 m, inner diameter: 35 mm) in a stream of

reducing agent gas flow (3 vol.% H, - 97vol.% N, mixture gas, Air Liquide, Canada) under
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suction by a vacuum pump (10). A thermocouple was placed at the upper end center of the
reactor, and the heater was controlled to achieve the measured temperature at 400 °C. The stream
of the hydrogen gas in the mixture gas, inside of the tube reactor, chemically reduced the
precursors to solid metal particles on the carbon support, and it was heat treated simultaneously.
The synthesized carbon supported palladium and palladium-cobalt catalysts were collected by a

filter which was placed on the top end of the tube (5).

| Carbon support dispersed in water I

Dissolve Co precursor (Co(NO,),-6H,0)
into deionzed water

A

P Dissolve Pd precursor (Pd(NO,),-2H,0)
into deionzed water

| Ultrasonificated for 60 minutes at 50°C |

| Pour into Ultrasonic spray chamber |

| Ultrasonic solution spray reaction |

| Carbon supported catalyst collected on filter |

Figure 4.27 Catalyst synthesis procedure by ultrasonic spray reaction method

4.3.2.2 Electrode preparation

Glassy carbon (GC) rod (GC20, 5.2mm diameter) was purchased from Tokai Carbon Ltd., Japan.
A surface of GC was polished with 1, 0.3 and 0.05 um aluminum slurries on a polishing cloth,
respectively, until a mirror-like surface was obtained. Afterwards, rinsed in in acetone, 5% nitric
acid and deionized water thoroughly. The polished GC was then allowed to dry at room
temperature. 7 mg of synthesized catalyst in 5 mL of de-ionized water was ultra-sonificated and
dispersed, and afterwards 30 pL of the slurry was pipetted onto the GC mirror-like surface and
dried at room temperature. Then diluted Nafion® solution was drew off on the catalyst layer and
dried at 323K.
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4.3.2.3 XRD analysis

The structural characterization of the synthesized carbon supported catalysts was determined by
X-ray diffraction methods (XRD). A Philips X’Pert PRO X-ray diffractometer equipped with
graphite monochromatized Cu Ka (A=154.2 pm) as radiation source was used for this purpose.
Normal diffraction patterns were obtained in the range of 10-110° with a scan speed of 1° min-1.
All the recorded diffractograms were compared to those of the Standard X-ray diffraction powder
patterns to identify different peaks and orientations. After identifying the entire diffraction peak
positions in the X-ray diffract grams obtained from normal scans, slow scans were also applied to
determine the angle at which maximum intensities were observed, and the accuracy in recording
the angle was 0.005°. The average catalyst particle was determined from the full width at half

maximum (FWHM) of the X-ray diffraction peak using Scherrer’s equation.

KA
Bcos@

Dxrp =

Eq. 4.3

where Dxrois the particle diameter defined from the Scherrer’s equation, A the X-ray radiation of
Cu K, (A=154.2 pm), B the FWHM of a diffraction peak at (111), K the Scherrer’s constant of the
order of unity for usual crystals (K=0.9), and 6 the diffraction angle of the peak (111).

4.3.2.4 TEM analysis

Transmitted Electron Microscopy (TEM) (JEM-2100F, JEOL) was used to obtain the
morphology of the catalysts, including the particle size and distributions of the synthesized Pd
and Pd-Co nano-particles on carbon supports. To prepare samples for TEM analysis, a
suspension, in ethanol, of the carbon supported catalysts was transferred onto the surface of the
microscope Cu grid coated with an amorphous carbon film. TEM images of the catalysts were
taken at an operation voltage of 200 kV. The particle size, taken as the equivalent diameter of the
measured area of the particles, was then obtained. The mean particle size D+em Was obtained by
measuring the diameter of a sufficient number of particles (more than 500 particles) to ensure a

good statistic sampling and calculated according to the following equation.
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Eq. 4.4

where f;is the occurrence frequency of the particles with a diameter of d; in the sample.

4.3.2.5 XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was conducted on a VG ESCALAB 3 Mark 11
spectrometer using an Al Ko- ray source. Avantage data acuision and processing software

(Thermo Fisher) was used to analyze the valence state of Pd3d in synthesized catalysts.

4.3.2.6 Electrochemical measurement

All electrochemical analysis was performed using PAR 273A potentiostat (Princeton Applied
Research, Oak Ridge, TN) in acid medium (0.05 mol dm™ H,S0,4, 298K) with a conventional
three-electrode cell equipped with a rotating disk electrode (Pine Instruments), reversible
hydrogen electrode (RHE) and platinum mesh counter electrode. Cyclic voltammetry (CV, 50
mV s, 0.1-1.1 V vs. RHE) with nitrogen purge and slow scan voltammetry (SSV, 3 mV s™) with
oxygen purge (ca. 1 hour) were carried out to evaluate electrochemical properties and electro-
catalytic activity for oxygen reduction reaction (ORR). The both gases were 5N8 purity and
supplied by Air Liquide, Canada.

4.3.3 Results and Discussion

Table 4.3 shows the chemical compositions and related parameters of five electro-catalysts based
on Pd-Co alloys which have been synthesized by using the Ultrasonic Direct Solution Spray
Reaction method. The chemical composition, the electro-catalyst net loadings, the atomic ratio
between palladium and cobalt, the weight % of palladium and cobalt respectively were
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). During the sample
preparation, the chemical composition of palladium and cobalt in the electro-catalyst alloys were
varied by changing the concentration in a large range of the cobalt precursor in the slurry for the
synthesis process, in contrast the concentration of the palladium precursor were added in the
slurry in a restricted range of concentration. Palladium loading of all the samples from sample 1

to 5 are in the small range between 13.5 and 17.8 wt.% and cobalt loadings are controlled in the
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large range between 0 and 10.3 wt.%. Based on the atomic ratio between palladium and cobalt
shown in Table 1, Sample 1 is noted as Pd/C, Sample 2 PdsCo,/C, Sample 3 Pd;Co,/C, Sample 4
Pd,Co,/C, and Sample 5 Pd;Co;/C. These notifications will be used in the following.

Table 4.3 Mean particle size of the catalysts synthesized by ultrasonic spray reaction method
analyzed by XRD and TEM

Sample Approximate Com_position Mean particle size dominant particle size
(Pd:Co, atmic) nm (XRD) nm (TEM)

Sample 1 1:0 (Pd) 3.38 4.15

Sample 2 5:1 3.94 4.29

Sample 3 3:1 3.55 4.31

Sample 4 2:1 2.61 4.36

Sample 5 1.1 4.61 4.29

The XRD spectra recorded of the carbon supported Pd and Pd-Co catalysts are shown in Figure
4.28. According to the reference (ASTM 05-0681), all the samples predominately exhibit the
characteristics of a single-phase face-centered cubic (FCC) crystalline structure. The lines of the
Pd/C are the standard values corresponding to the 2 4 of (111), (200), (220) reflections for pure
Pd respectively. The diffraction peak at around 6 =25 corresponds to the (002) plane diffraction
of the hexagonal structure of the Vulcan-XC-72R carbon support. The mean particle sizes were
calculated from the (111) diffraction line using the Scherrer equation show reflections that are
characteristic of a single phase fcc lattice unlike the samples all exhibit the characteristics of a
single-phase, fcc disordered structure, indicating that the method of preparation has strong
reduction capabilities as the classical methods. Although cobalt can take two different crystal
systems; Hexagonal (P63/mmc, ASTM 05-0727) and FCC (Fm3m, ASTM 15-0806), all spectra
of the samples shown in Figure 4.28 are similar to those of fcc Pd and the Co-origin peaks can’t
be found. This indicates that all the samples Pd-Co alloys prepared here are substitution solid
solutions (Figure 4.29) where some atoms of Pd are replaced by Co atoms. The phase diagram

was obtained from Fact Sage software [120]. As we have shown experimentally [3], some of the
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solid solution systems might be stable in acid medium. This is in agreement with other results [1]

which have considered that the Pd-Co solid solution system might be stable in acid med. This

alloy system mainly forms solid solution phase, but in some composition range, ordered phases

of inter metallic compounds such as L12 phase (i.e., Pd3Co;) and L10 phase (i.e., Pd;Co;) can be

formed [1, 121] . Accordingly this difference in phase between Pd3;Co and PdCo may indicate

that the electro-catalytic properties of PdCo for the ORR may differ from those of Pd;Co.
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Figure 4.28 XRD patterns of the carbon support, Pd and Pd-Co alloys synthesized by ultrasonic

spray method at various compositions.
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Figure 4.29 Phase diagram of Pd-Co system obtained from FactSage software.

Transmission Electron Microscopy (TEM) images, Selected Area Electron Diffraction (SAED)
patterns and the corresponding particle size distribution histograms are shown in Figure 4.30,
Figure 4.31 and Figure 4.32 respectively. The TEM images show clearly that the electro-catalyst
particles for all the samples are highly dispersed on the carbon support. Aggregated particles can
be rarely found. Their dispersion attributes are relatively fine when we compare to those of other
results of previous work by other groups [47, 50]. Box-and-whisker diagram indicating sample
minimum, lower quartile (25%), median (50%), upper quartile (75%), and sample maximum for
the five different samples are shown in Figure 4.33. The x mark indicates the mean particle size
calculated from Figure 4.30. The range of the highest and the smallest particle size in the
histogram depend on the alloy composition. The highest range which is between 10.3 and 2.5
nanometers is obtained for Pd/Co and the lowest range is obtained with the PdsCo/C alloy and is
between 6 and 2.5 nanometers. The dominant particle sizes are between 2.5 and 6.5 nm for all
samples. The catalyst particle sizes are controlled in very narrow distribution range. This high
distribution and the small size of the nano particles obtained in this work is attributed to the
method of the electro-catalyst preparation. In particular, the method allows the stream of the
hydrogen gas in the mixture gas to go inside of the tube reactor and chemically reduced the

platinum precursor to solid platinum particles on carbon supports, and these particles were heat
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treated by a furnace which was placed around the tube reactor. This enhances the strong
interaction between the catalyst and the support due to the characteristic nanostructure of the fine
composites being formed from droplets of a homogeneous solution in a quick-heating process.
Such interaction is not possible with the electro-catalyst fabricated with the classical methods
shown in the introduction.

Figure 4.30 TEM images of synthesized catalysts; a) Pd/C, b) PdsCo,/C, ¢) Pd;Co1/C, d)
szCOl/C, e) Pd1C01/C.



Figure 4.31 TEM Selected Area Electron Diffraction (SAED) pattern taken from synthesized
catalysts; a) Pd/C, b) PdsCo,/C, c) Pd;Co,/C, d) Pd,Co,/C, e) Pd;Co,/C.

80
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The comparison of the particle Pd-Co particle sizes obtained from different literature results to
those in the present work are shown in Figure 4.34. The cross mark indicates the average particle
sizes which are given in these literatures and the bar indicates the range of particle size
distributions between maximum and minimum which are obtained from the particle size
distribution histograms or TEM images in these literature data. A significant difference in particle
sizes is observed from these data. The maximum size of the particles changes from 90
nanometers in [39] to 3 nanometers for this work. The electro-catalysts obtained with the
ultrasonic method we developed here have very narrow range of the particle size distributions
and small average particle size when compared to those obtained with the classical method from
the literature. This difference might be related to the method of preparation, the reduction agent
and the annealing temperature. For example in [47] the range of the particle size varies from 4.6
to 22.9 nanometers when the classical reduction process was used for the Pd-alloys preparation
based on three reducing agents(ethylene glycol (EG), formaldehyde (HCHO), and sodium
borohydrate (NaBH,)). The biggest particle sizes were obtained with NaBH, and the smallest
particle sizes were obtained with ethylene-glycol. This is not the case of the result obtained in this
work with this new method of preparation where the same particle sizes are obtained when
ethylene-glycol, sodium borate or hydrogen are used as reducing agent. It has been verified
experimentally that when we use the classical method to synthesize the Pd-Co alloys, a change in
particular size with the type of the reducing agent was also obtained. This support well the results
obtained in [47]. Accordingly the non variation of the particle size of the synthesized Pd-Co
alloys in this work for various reducing agents is a strong indication that the ultrasonic method
may allow to get smaller particle size than the classical method for various reducing agents. Thus
the experimental conditions of the ultrasonic method we used here to prepare the Pd-Co are
appropriate to get very small particles. The small particle size of the electro catalyst would

improve the catalyst utilization and specific surface area toward low catalyst loadings.
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Figure 4.34 Particle size comparisons between this study and literatures

XPS of Pd-Co alloys are shown in Figure 4.35 (a) and (b) (XPS spectra of the various Pd-Co
alloys were almost the same). The peak area of Pd is clearly larger than that of Co, that is, the
surface is considered to be Pd rich even taking sensitivity factors into consideration (the
sensitivity factor of Pd-3d is 2-3 times higher than that of Co-2p [122]). This result probably
indicates the formation of Pd-skin [123, 124]. The Pd skin is probably rationalized in terms of
thermodynamics with the alloy segregation theory [125] or replacement of surface Co by Pd in
the bath after electrodeposition. The surface Pd and Co are found to be metallic, not oxide, by
comparing experimental binding energies (Pd-3dss,: 334.7 eV, Co-2ps;p: 777.4 €V) to those of a
literature (Pd-3dss,: 334.4 eV, Co-2psp,: 781.5 eV) [126]. As for the binding energy of Co, the
shift of 2ps/, peak to lower energy suggests alloying of Co with Pd [126]. These are in agreement
with the other published data. This is also supported by the XPS spectra shown in Figure 4.35.
No specific oxide is expected because PdO and PdO, is not matching well with th Pd-Co alloys.
The spectra of Pd-3ds,, shows clearly that PdO nor PdO, peaks is not formed on PdCo(even it is
closed) nor on Pd,Co, Pd3;Co and PdsCo.
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Figure 4.35 XPS spectra obtained from synthesized Pd/C and Pd-Co/C catalysts for Pd 3d core

level and Co 2p core level.

Figure 4.36 shows the cyclic voltammograms (CVs) of commercial Pt/C and Pd/C electro
catalysts and those of the various Pd-alloy electro catalysts coated on glassy carbon disk
electrode in 0.05 M H,SO, electrolyte under N, atmosphere at 298 K. The first five cycles are
given respectively. The scan range of potentials was between 0.1 and 1.1 V vs. RHE because of
under potential deposition of hydrogen on Pd electrode. An under potential deposition of
hydrogen on Pd electrode is well known and the generation of hydrogen gas would cause falling
the catalyst thin films off from the GC substrate surface. The CVs of the synthesized Pd/C and
Pd-Co/C electro-catalysts show peaks in the potential range of 0.1 to 0.3V versus RHE, which
correspond to the hydrogen adsorption/desorption processes [112]. However no well-defined
peaks were observed for all the commercial and synthesized electro-catalysts because of the
narrow scan range. In addition, oxide formation/reduction or desorption currents were clearly
seen and obvious decreasing of hydrogen adsorption/desorption and oxide formation/reduction or
desorption charges were not seen during the first five cycles. Although the synthesized Pd-Co

catalysts were relatively stable during the electrochemical cycles in the potential range of 0.1-1.1
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V vs. RHE, further studies are required to fully demonstrate the long-term stability of the electro-

catalysts for PEM Fuel Cell applications.
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Figure 4.36 Cyclic voltammograms of commercial catalysts (E-TEK) and various compositions
of carbon supported Pd-Co catalyst synthesized by ultrasonic spray reaction method in nitrogen
purged 0.05 mol.dm H,S0, at 298K

Figure 4.37 shows the slow scan voltammograms of the ORR on commercial catalysts (E-TEK)
and various compositions of carbon supported Pd-Co catalyst synthesized by ultrasonic spray
reaction method in oxygen purged 0.05mol dm™ H,SO, at 298K.The curves are plotted
according to the variation of the electro-catalytic activity for the ORR of the electro catalyst
expressed in mAmg™ (Pt or Pd) on the electrode potential. From this graph the potential at
0.015mA/mg (Pt or Pd) which is almost the onset potential changes with, of course, the type of
the sample. The values of this potential are shown in table 3(first column) for various electro
catalysts. Pt exhibited of course the highest value for this potential because it is the best electro-
catalyst for this reaction. Based on the values of this potential, the Pd-Co alloy electro catalysts

obtained in this work exhibited less activity for the ORR than Pt electro catalyst. The results also
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show that the ORR activity on these Pd-Co alloys is higher than those on Pd. These results might

be correlated to kinetics parameters deduced from the Tafel slopes.
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Figure 4.37 Slow scan voltammograms of commercial catalysts (E-TEK) and various
compositions of carbon supported Pd-Co catalyst synthesized by ultrasonic spray reaction

method in oxygen purged 0.05 mol.dm H,S0, at 298K.

Figure 4.38 shows the mass activities of the various electro-catalysts for three different potentials.
Pt electro catalyst exhibits, of course the best mass activity for the different potentials. The mass
activity of Pt/C (0.15 mA.mg™ Pt vs. 0.85V vs RHE) obtained here and in our previous work [53]
is slightly higher, but in the same agreement to those obtained recently in the literature (0.05-0.12
mAmg™ Pt at 0.93 V vs. RHE) [127]. On the other hands the mass activity of the commercial
Pd/C electro-catalyst is slightly smaller than those of the Pd/C prepared in this work. This
indicates that when good electro catalysts are prepared with the method of this work, it might
exhibit better electro catalytic properties than the same electro catalyst prepared by the classical

method. Fig 14 shows the variation of the mass activity with the Pd content. This Figure exhibits
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Volcano behaviour and the optimum value of the mass activity is obtained for the Pd;Co sample
which is the best electro catalyst for this reaction. This is in agreement with a lot of results in the
literature which show clearly that Pds;Co is the best electro catalyst for the ORR toward the Pd-
Co alloys [3, 36, 41, 50].
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-0.20
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0.85V

-0.30

-0.35 B

Figure 4.38 Comparison of current densities at various potentials of commercial catalysts (E-

TEK) and synthesized Pd and Pd-Co catalyst synthesized by ultrasonic spray reaction method.

Figure 4.39 shows the Tafel plots of the ORR deduced from Fig 10 in the potential ranges of 0.77
to 0.97 V (versus RHE) depending of the electro-catalyst where linear behaviour between Log (i)
vs E is obtained. The deduced values of the Tafel slopes and the exchange current density divided
by the active mass of the electro-catalyst (Pt or Pd) are shown in the second and the third
columns of Table 4.4. The value of the Tafel slope of Pt obtained here is in agreement of those
obtained elsewhere [3, 36, 41, 50]. This indicates that the values of the Tafel slopes obtained here

can be used to discuss on the mechanism of the ORR on the palladium alloy.
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Figure 4.39 Tafel slopes of commercial catalysts (E-TEK) and synthesized Pd and Pd-Co catalyst

by ultrasonic spray reaction method in oxygen p urged 0.05 mol dm H,SO, at 298K.

Table 4.4 Tafel slopes in low and high currenty density regions and calculated exchange currents

densities of Pt, Pd and Pd-Co catalysts fabricated by sputtering method.

Sample Tafel slope at low current Tafel slope at high current Exchange current
density mV/decade density mV/decade density mA.cm™
Pt 69 130 7.94x10°
Pd 47 80 3.72x10°
Pd75C0s 50 79 1.58x10°
PdesCO3s 48 80 1.10x10°
PdsoCoso 58 82 2.00x107
Pd4gCoss 38 68 3.02x10™"
Pd;16C0gs 34 63 1.35x10™
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It is well known that the Tafel slope value is a kinetic parameter which is useful to propose the
type or process involved in the rate determining step (RDS) of the reaction. The first electron
transfer step which yields a Tafel slope of 120 mV/decade(at high current density) is known as
the rate-determining step of the ORR on platinum electrode in acid medium [128]. Furthermore it
was indicated that the ORR kinetics on Pt is different from those on Pd-based electro-catalysts. It
was found that the ORR rate-determining step on Pd and Pd-Co catalysts may involve the
breaking of the oxygen bond [101]. Another parameter which is very important in the ORR
Kinetics is the number of electron involved in this reaction. The knowledge of this parameter may
help to find a possible expression which will sustain the possible mechanism of the overall

process.

The variation of the total experimental current of the ORR at potential of 0.4 V up on the rotating
speed of the electrode can be expressed in the form of a Koutecky-Levich plot. These plots are
shown in Figure 4.40 for the rotating disk electrode coated with Pt/C, Pd/C and PdgsCo3s/C. This
behaviour is well known and indicates clearly that the total ORR current could be split in two
terms, one relative to the Kkinetic current (ix) and the other one relative to the diffusion limiting

current (iim) [13, 129] as following:

1 1 1
—=—++-
L g lim
Eqg. 4.5
Or
1 B 1 N 1
I I, Bwl/?
Eq. 4.6
and:
{1im = Bw'/?

Eq. 4.7
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where 1 is the total experimental observed current, lg is the kinetic current, B is equal to

2 1
0.62nFAC§2(D02)3 v , w is the rotation speed in rad s*, F is the Faraday constant 96485

C.mol™, A is the electrode are, Co,is the concentration of oxygen at bulk (1.2x10°° mol.cm™),
Do, is the diffusion coefficient of oxygen (1.4><1O'5 cmz.s'l) andv is the Kkinetic viscosity of the
electrolyte (0.01 cm?s™ ) [115]. The value of n=4 is used to plot the theoretical lower line in Fig.
16 for the ORR on Pt with a Tafel slope of 60 mV/dec.. As described above, the ORR over Pt
electrode surface passes through the four-electron pathway. Since all the plots presented the same
slopes with Pt which is n=4 pathway, the ORR on Pd-Co/C catalysts also passes through the four-
electron pathway. This results show a good agreement with the results described elsewhere [39,
40, 116]. If the ORR s catalysed through four transferred electrons on Pd—Co alloys and Pt, the
Tafel slope values are different from measurements made in the same conditions. The values of
the Tafel slope we obtained here on Pt (63 mV/dec) is similar to those reported elsewhre and
which are in the range of 75-86 mV/dec for Pt and bimetallic Pt alloy prepared by sputtering
[36]. This difference is related to the reduction pathway they proposed, for which, the rate

determining step is an electron transfer reaction
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Figure 4.40 Koutecky—Levich plot of Pt/C, Pd/C and PdssCo35/C at 0.4V vs. RHE.
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Accordingly, the results obtained here suggest that the ORR on Pd-Co/C catalysts proceed
through the four-electron pathway as following if Co of the electro-catalysts contributes to the
adsorption of OOHads on Co and then the formation of PdAOCoOH according to the following
reactions, the rate determining step being reactions (6) [37]:

Pd+Co+0,+H* + e +—>Pd0CoOH,4

Eq. 4.8
PAOCOOH, 4y~ Pd0, 4 +CoOH, 4
Eq. 4.9
PdO,4+Co0H,4,+3H*+3e" »Pd+Co+2H,0
Eq. 4.10

This mechanism shows the restitution of the Pd +Co electrode and may explain why significant

oxide was detected by XPS analysis.

4.3.4 Conclusion

The Ultrasonic Direct Solution Spray Reaction method with homemade vertical furnace catalyst
maker has been developed for carbon supported nano-scale palladium-cobalt binary alloy
catalysts. The chemical composition of the alloys can be varied by varying the concentrations of
palladium and cobalt precursors in the slurry. These catalysts have fcc structures of substitutional
solid solutions replaced by Co atoms. According to the previous work on carbon supported Pd-
Co based catalysts, the new technique on this study has very high potential for well defined
catalyst particles; narrow distribution range (2.5-6.5 nm) and relatively small particle size (4.0-
4.5 nm) in comparison to the classical method which particle size can range from 5 to 90
nanometers. The best electro-catalyst of the ORR on Pd-Co alloys is Pd;Co. The number of
electron involved in the ORR is 4. We conclude that our Ultrasonic Direct Solution Spray
Reaction method with homemade vertical furnace catalyst maker has high potential toward low

catalyst loading for fuel cell applications.
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CHAPTER 5 GENERAL DISCUSSION

Pd-Co thin films in a wide range of chemical compositions (0 to 84 atomic % of Co) were
prepared on glassy carbon substrate by the RF sputtering technique. The objectives in this section
are to find the optimized chemical composition of Pd-Co alloy for the ORR and to investigate the
fundamental electrochemical properties such as the amount of oxide formation/reduction, the
amount of hydrogen adsorption and oxide reduction peak position of Pd and Pd-Co alloy
catalysts which have never been done before. Their correlations to ORR catalytic activities in
acid medium were also examined. Enhancements of catalytic activities for the ORR by Pd-Co
binary alloys were confirmed as presented in the previous studies. PdssCoss alloy gives the
highest ORR activity, followed by Pd;sCo and PdsoCoso alloys. No obvious activity
enhancements were found for Pd;,Cosg and Pdi1sCosg4, Which have higher Co content. There is a
linear correlation between the amount of hydrogen adsorption and ORR catalytic activities on Pd-
Co alloys. Catalysts having more Co content have lower ORR activities between Pd-Co alloys.
With regard to the correlation between the amount of oxide formation/reduction and ORR
activities, no linear correlation could be found, but the optimized atomic ratio between Pd and Co
for ORR in acid medium was found to be around Pd:Co = 3:1 from these results. This can be

considered as an effect of alloying and oxide formation on the electrode surface.

In the second section, the ultrasonic spray reaction method was developed for carbon-supported
nano-scale catalysts for PEMFC application. This technique is very new and unique for the
application. Carbon supported Pt catalysts were firstly synthesized by using the technique for the
optimization of parameters for the catalyst synthesis process. From the TEM images of the
synthesized Pt/C catalysts, the mean particle size of the Pt nano-particles increases from 3.4 nm
when the catalyst reactor is at 400°C to 4.7 nm when the reactor is at 700 °C. The formation of
the small Pt nano-particles is obtained at the optimized synthesis temperatures of 400°C. This
technique was successfully developed for nano-scale carbon supported catalyst synthesis. In
addition, by using carbon paper as a filter of ultrasonic spray reaction method as described in
Figure 4.2, carbon supported catalyst are directly deposited onto the carbon paper. It permits to
fabricate catalyzed GDE directly. As described in Figure 4.1, fabrication of the GDE includes
many steps and each step has to be improved if we want to get an optimized GDE. The classical
method for preparing a GDE involves at least seven steps from the slurry preparation process to
the synthesized GDE drying process. Firstly, carbon supported catalysts have to be synthesized
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by impregnation method or other methods. This step includes so many parameters to be
optimized and takes long time, at least 20 hours from the beginning until obtaining the dried
carbon supported catalysts. Then the synthesized catalysts was dispersed in an organic solvent
and applied onto gas diffusion layer which is normally porous carbon paper or carbon cloth, and
then is dried in an oven slowly, because cracks can form in the catalyst layer with fast drying
process. The formation of cracks is not desired due to loss of contact area between proton
exchange membrane and electrode and cause the loss of performance. This process takes
additional 6 hours, so the process of obtaining a catalyzed GDE takes minimum of 26 hours. On
the other hand, the catalyzed GDE fabricated by using the ultrasonic spray reaction method , no
crack was formed on the surface and the homogeneous catalyst layer are produced as shown in
Figure 4.3 and Figure 4.4. This is one of the remarkable advantages of this technique of course,
but the most important point of this technique is that the fabrication process time is much shorter
than the classical method described above, less than 30 minutes including the catalyst synthesis
process and GDE fabrication process. Consequently, when the number of GDE preparation steps
and time can be drastically reduced by using this technique for GDE fabrication, the cost of
PEMFC is also able to be decreased. The new technique has been successfully developed not
only for nano-scale carbon-supported catalyst synthesis but also catalyzed GDE fabrication

directly in this section.

In the final section, the developed ultrasonic spray reaction technique for the carbon supported
catalysts was applied for carbon supported Pd-Co catalysts synthesis and this is the goal of this
study. Fundamental electrochemical properties and optimized composition of Pd-Co electro-
catalysts were obtained by using the Pd-Co thin films in the first section of this study. The Pd-Co
alloy catalysts of the chemical composition of around Pd:Co=3:1 exhibited the highest ORR
activity. In the second section, the new catalyst fabrication process of ultrasonic spray reaction
was developed successfully. Fine catalyst particles were well formed on the high surface area
carbon support. Optimized operational temperature was defined to be around 400°C to obtain the
minimum particle size of the catalysts, and the size was increased with increasing the heat
treatment temperature. These two studies were combined in the last section to achieve the goal of
this study. Carbon supported Pt, Pd and Pd-Co catalysts were synthesized and characterised for
ORR activity. TEM images indicate that this technique is very useful for preparing carbon

supported nano-scale catalysts having the dominant particle size of 2.5-4.5 nm. Fine catalyst
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particles supported on high surface area carbon powder are essential to apply the catalyst as the
PEMFC cathode materials for the commercialization. This is a remarkable result which has never
been successfully established in terms of fuel cell technology. XRD showed diffraction peaks
which consistent with face-centered cubic (fcc) structure for Pt. XRD of the synthesized Pd and
Pd-Co catalysts by ultrasonic spray reaction also indicated fcc crystal system. All diffractograms
of the samples are similar to the one of fcc Pd, but the Co-origin peaks cannot be found. The Pd-
Co system is substitutional solid solutions, so some Pd atoms are replaced by Co atoms. The solid
solution system is considered to be stable in acid media [1]. From the TEM-EELS analysis,
Catalytic activity enhancements of the ORR for the synthesized Pd-Co catalysts by ultrasonic
spray reaction method are confirmed. The ORR current of Pd3Co,/C and Pd,Co,/C were almost
the same and show the highest current at the all potentials between Pd and Pd-Co catalysts
followed by PdsCo4/C, Pd;Co041/C and Pd/C. This result has good agreement with the ORR
activity enhancement of the thin film synthesized by sputtering technique. From the facts that the
optimized compositions obtained from the results of the Pd-Co thin films and carbon supported
catalysts are the same, it can be concluded that the catalyst synthesis process by using sputtering
method is an effective way as a preliminary work of developing new electro-catalysts for PEMFC.
Since the sputtering technique has several advantages, for example, the chemical composition of
the multi-element thin film can be easily control regardless of melting point or vapor pressure,
any kinds of materials such as metal, ceramics, nitride and oxide can be used as a target,
deposition can be made on flat or rounded surface, it makes it possible to find an optimized
compositions out within a short time and without big effort. It helps to avoid a time and money

consuming.

All Pd based catalysts have around 45mV/dec of tafel slope and Pd mass corrected exchange
current around 10" mA.mg™. It is assumed that the ORR Kkinetics in this potential region are the
same among the Pd and Pd based catalysts and the addition of Co into Pd have small effect on the
ORR kinetics. We conclude that ultrasonic spray reaction method with piezoelectric transducer is
applicable for Pd-Co binary alloy catalyst synthesis and the activity enhancement effect caused

by alloying with Co was confirmed on the synthesized catalyst by this technique.

Table 5.1 summarize the mass activity of commercial Pt and Pd purchased from E-TEK, and the
synthesized Pd-Co and Pd catalysts by the ultrasonic spray reaction technique. All the current at

various potentials were normalized by using the activity of Pt catalysts. The two compositions of
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the catalysts; Pd3;Co,/C and Pd,Co,/C exhibited the highest ORR activities between the Pd-based
catalysts. The activities of these two catalysts were about 2.5 times larger than Pd/C catalysts at
0.8 V, but it’s about one-third of that of Pt/C. Minimum of 1 mg.cm™ is required for operating
PEMFC single cell, the cost of precious metal of Pt/C cathode will be 0.0564 USD.cm™
considering that the price of Pt was about 56.4 USD.g™ as of December 2011. Since the ORR
activity of Pd/C catalyst was about one-ninth of Pt/C, minimum of 9 mg.cm™-Pd is required to
replace all Pt by Pd and to obtain the same performance of PEMFC. Therefore the cost of
precious metal is calculated as 0.191 USD.cm™ considering that the price of Pd is 21.2 USD.g™.
In this case, the cost of PEMFC with Pd/C becomes 3.4 times higher than existing technology.
On the other hand, only 3 mg.cm™-Pd is required if these Pd-Co alloy catalysts are used as the
cathode materials. The cost of precious metal is 0.0636 USD.cm™, so it’s still slightly higher than
that of Pt/C. However the price of Pt is unstable due to its high demand for environmental
applications and economical investments, it’s possible that its price will hike up in near future.
The depletion of Pt reserve is a problem also. For these reasons, PEMFC technology cannot be

solely based on Pt and Pd-Co alloy catalysts can be alternative materials for the PEMFC catalysts.

Table 5.1 Comparison of the ORR mass activity

0.850V 0.825V 0.800V
PU/C (E-TEK) 1 1 1
Pd/C (E-TEK) 0.024 0.048 0.114
Pd/C 0.040 0.048 0.139
PdsCo,/C 0.036 0.094 0.229
Pd;Co,/C 0.050 0.148 0.313
Pd,Co,/C 0.059 0.140 0.309

Pd,Co,/C 0.057 0.064 0.153




Table 5.2 Cost of precious metal for PEMFC cathod

Cost
USD.cm™
Pt/C 0.0564
pPd/C 0.191

Pd;Co,/C 0.0636
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CONCLUSION AND RECOMMENDATIONS

We developed a homemade vertical furnace catalyst maker in which the ultrasonic spray device
was used for the catalyst preparation. This allows the fabrication of carbon-supported catalysts
with smaller particle sizes than those of catalysts made by the classic processes. This new method
can be also used for the in-situ deposition of the catalyst on a carbon cloth or paper during the
same process without altering the catalyst properties. The approach we have just presented opens
the way to in-situ catalyzed electrode fabrication. This study showed the potential of ultrasonic
spray reaction method for direct preparation of the gas diffusion electrode. From micrographic
results, we conclude that this method is suitable for the application of catalyzed GDE, and it was
shown that the properties of the catalysts changed with synthesis temperature. Interatomic d-
spacing was varied by heat-treatment temperatures, and it caused differences in electrocatalytic

activity for the oxygen reduction reaction.

Electrochemical properties of Pd-Co alloy catalysts synthesized by physical vapor deposition
technique and their correlations to ORR catalytic activities in acid medium were examined in this
study. Enhancements of catalytic activities for ORR by Pd-Co binary alloys were confirmed.
PdesCoss alloy gives the highest ORR activity followed by Pd;sCo,s and PdsoCosg alloys. No
obvious activity enhancements were found for Pd4,Cosg and PdisCogs, Which have higher Co
content. There is a linear correlation between hydrogen charges and ORR catalytic activities on
Pd-Co alloys. Catalysts having more Co content have lower ORR activities. With regard to the
correlation between the amount of oxide formation and oxide reduction and ORR activities, no
linear correlation could be found. However, the optimized atomic ratio between Pd and Co for

ORR in acid medium was found to be around Pd:Co = 3:1 from these results.

We apply the ultrasonic spray reaction technique to the fabrication of carbon-supported nano-
scale Pd-Co alloy catalysts. Five different compositions of the catalysts were synthesized;
palladium loading of all the samples was in the range of 13.5 to 17.8 wt %, and cobalt loadings
were controlled in the range between 0 and 10.3 wt %. From the results of TEM images, catalyst
particles were highly dispersed on the carbon support, and agglomerated particles can rarely be
found for all synthesized catalysts by the spray method. The dominant particle sizes are between
2.5 and 6.5 nm for all samples. Comparing the synthesized catalysts in this work and in that of

other research groups, it can be seen that the synthesized catalysts in this study have a very
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narrow range of particle size distribution and small average particle size. It would improve
catalyst utilization and specific surface area toward low-catalyst loadings. The crystal structure of
the synthesized catalysts were fcc substitutional solid solutions, and this system is considered to
be stable in acid medium. The ORR activities of Pd3;Co;/C and Pd,Co,/C were almost the same
and show the highest current between Pd and Pd-Co catalysts followed by PdsCo,/C, Pd;Co,/C
and Pd/C.

This study contributes to the advancement of the knowledge of fundamental properties of Pd-Co
alloy catalysts and their correlations to the oxygen reduction reaction activities. In addition, the
ultrasonic spray reaction method developed in this study contributes significantly to an industrial
fabrication process of catalyzed gas diffusion electrodes for PEMFCs. The synthesis method of
small particle size (p2-4nm) Pd-Co alloy catalysts were not possible to be obtained by using the
existing conventional methods, however | have achieved to synthesize the fine particle catalysts
supported on carbon supports by using the ultrasonic spray reaction method. These results would
be an essential technology for the commercialization of PEMFCs with Pd-Co alloy catalysts in

the future.
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