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ABSTRACT

KEYWORDS: Oxygen reduction reaction, Carbon supported catalysts, Platinum,
Platinum alloys, Palladium alloys, Ru,Sey catalysts, MN4Cy clusters
Cathodic oxygen reduction reaction (ORR) has technological importance in the
development of electrochemical devices such as fuel cells, zinc-air batteries and many
industrial electrolytic processes. The sluggish kinetics of oxygen reduction reaction
under experimental conditions causes the deterioration of performance of the devices.
In order to improve the performance with enhanced Kkinetics, a better electrocatalyst is
necessary. Though various compositions and configurations of the electrocatalysts
have been proposed, the search for an efficient electrocatalyst has always been
continuing. Even though, one tends to believe that the basic principle of oxygen
reduction reaction is known, the formulation of a compositional electrode, satisfying
the basic requirements of the components of the overall reaction has not yet been
successful. This could be due to various factors inherent in extrapolation as well as

the gap existing between theoretical formulation and experimental realization.

Conventional carbon supported platinum is the best catalyst for oxygen reduction
reaction. However, it is associated with several drawbacks besides the high cost. Even
though it is commercially exploited, the overpotential is found to be around 300-400
mV and the kinetics is not fast enough. In addition, Pt is expensive and less abundant.
The main objective of the present work is to develop both Pt and non-Pt based oxygen
reduction electrocatalysts for exploitation in electrochemical devices. Conventional
metals and metal alloys, chalcogenide and macrocycle based systems have been
prepared in nano-size range and examined for the oxygen reduction reaction in this

study.



The prepared materials are characterized by using variety of techniques such as X-ray
diffraction (XRD), Transmission electron spectroscopy (TEM), Scanning electron
spectroscopy (SEM), Energy dispersive X-ray analysis (EDX), X-ray photoelectron
spectroscopy (XPS), Ultraviolet-Visible (UV-Vis) spectroscopy. The electrochemical
measurements are carried out in aqueous media at room temperature using cyclic
voltammetry. The ORR activity of the electrocatalyst was evaluated from the steady-
state cyclic voltammograms and the evaluation of the performance in kinetically

controlled region was measured by chronoamperometry.

In the present work, carbon supported Pt nanoparticles of different sizes were
synthesized by polyol reduction method. The optimum size of Pt for maximum ORR
activity is determined. To improve the ORR activity and reduce Pt loading, carbon
supported Pt-M (M = Fe, Co and Cr) alloys were synthesized by polyol reduction
method and the role of alloying element towards enhanced ORR activity was studied.
As an alternative to Pt, carbon supported Pd, Pd-Co-M (M = Mo and Au) alloys, Ru
and Ru,Sey (x = 1 and y = 0-1) were synthesized by reverse microemulsion (RME)
method and the ORR activity was investigated. Density functional calculations were
performed to study the facile reduction of oxygen on MN4 (M = Fe and Co) clusters.
MNLCx (M = Fe and Co) clusters were prepared by pyrolyzing the corresponding

metal macrocycles supported on carbon and the ORR activity was investigated.
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CHAPTER 1

INTRODUCTION

The electrochemical reduction of molecular oxygen on the electrode surface is
important especially for devices such as fuel cells, metal-air batteries (e.g., Zinc-Air
batteries) and air cathodes in many industrial electrocatalytic processes (e.g., chlor-
alkali cells). An understanding of oxygen reduction is important because it is often the

counter electrode reaction that controls even the desired reaction process.

During the past decade, fuel cells received considerable attention from both energy
and environmental stand points. Fuel cells appear to be one of the alternate energy
sources that can cater to the needs of future world. A fuel cell consists of an anode to
which a fuel is supplied and a cathode to which an oxidant, commonly oxygen, is
supplied. The oxygen needed by a fuel cell is generally supplied in the form of air.
The two electrodes of a fuel cell are separated by an ion-conducting electrolyte. All
fuel cells have similar basic operating principle. The input fuel is catalytically reacted
(electrons removed from the fuel) in the fuel cell to create an electric current. The
input fuel passes over the anode is catalytically split into electrons and ions. Oxygen
passes over the cathode is reduced by the electrons which are generated at anode and
passed on to the cathode by external circuit. At cathode, the ions which are formed at
anode and transported to cathode, combine with the oxide ions and generate the
oxidized product. If the fuel happens to be hydrogen, then water is formed. Depending
on the input fuel and electrolyte, different chemical reactions will occur (Vielstitch,

1965; Viswanathan and Aulice Scibioh, 2006).

Among the various types of batteries, because of its steady performance, source of

raw material and low-cost, the study and development of Zinc—Air battery has



received much attention. Because of their high specific energy (100 Wh kg ') and
environmentally benign materials, Zn—Air batteries are promising energy storage
devices. It is a special feature of the zinc—air system that only the active component of
the negative electrode (zinc) needs to be stored in the battery, while the reactant for
the positive electrode (oxygen) during discharge is drawn from air. This is the basis
for the system’s high specific energy-distinctly higher than that of conventional
battery systems (Lead—Acid, Ni/Cd, and Ni/MH). The key problem in the
development of Zn—Air batteries is the oxygen-diffusion electrode (Deiss et al.,

2002).

Industrial electrochemical processes such as the chlor-alkali process based on the
electrolysis of brine for the production of chlorine and caustic soda is capital-intensive
process. It also consumes significant power. This is true for today's existing process
formulations, where chlorine is produced at the anode and NaOH and H, are obtained
at the cathode. The hydrogen-evolving reaction has the penalty of working at a
decomposition voltage of more than 1.2 V including the overvoltages and ohmic
drops. Replacing the hydrogen-evolving cathode by an oxygen reduction (consuming)
electrode in a membrane brine electrolysis cell reduces the total energy input to the
cell by approximately 30% (Hoare, 1968). Active electrocatalysts are needed to
reduce oxygen in order to get high cell efficiency. The characteristic features of
various types of fuel cells, metal-air batteries and chlor-alkali cells are given in Table

1.1.

Oxygen reduction reaction (ORR) has been studied over the years because of its
fundamental complexity, sensitivity to the electrode surface, and sluggish kinetics.

The sluggish kinetics of ORR under the conditions employed in electrochemical



Table 1.1 Characteristic features of various electrochemical devices (Viswanathan and Aulice Scibioh, 2006; Deiss et al., 2002)

Electrochemical

Operating

Electrolyte

device temp (K) Electrolyte Charge carrier state Oxidant Cathodic reaction
Alkaline fuel cell | 333-423 45% KOH OH" Immobilized O,/Air 0, +2H,0 + 4e” — 40H"
(AFC) liquid
Phosphoric acid | 453-493 H;PO, H . O,/Air 0, +4H" + 4e" — 2H,0
fuel cell (PAFC)
Proton exchange | 333-353 Ion exchange H Solid O,/Air 0, +4H" + 4e” — 2H,0
membrane fuel membrane
cell (PEMFC) (e.g., Nafion)
Direct methanol | 333-353 Ion exchange H Solid O,/Air 0, +4H" + 4¢" — 2H,0
fuel cell membrane
(DMFC) (e.g., Nafion)
Molten 923-973 Alkali COy> Immobilized O,/Air 0, +2CO, + de- — 2CO5>
carbonate fuel carbonate liquid
cell MCFC) mixture
Solid oxide fuel | 1073-1273 | Yttria-stabilized o* Solid 0,/Air 0, + 4e” — 20*
cell (SOFC) zirconia
Zinc-air batteries 298 Alkali OH" Liquid Air 0, +2H,0 + 4" — 40H"
Chlor-alkali cells 298 Alkali OH" Liquid Air 0, +2H,0 + 4e” — 40H"




devices is due to the low partial pressure of oxygen in air, slow flow rate of oxygen
i.e., low residence time for oxygen molecules on active sites) under ambient
conditions. The main disadvantage in this important electrode reaction is the exchange
current density (jo) value in the region of 10"’ A/cm® in acidic medium and 10
A/cm? at 298 K in alkaline solution which is lower than the Jo value of anodic reaction
(10° A/em?) in all the electrochemical devices (Bockries and Reddy, 1970). Hence
(from the equation m = RT/nF In(j/j,)) the oxygen reduction reaction usually
contributes considerably to the overpotential and therefore results in a low efficiency
in the functioning electrochemical energy devices using air as oxidant. Understanding
and exploitation of electrocatalysis for this reaction is needed more than any other

reactions in electrochemical devices.

Fig. 1.1 shows a typical voltage-current (E - 1) discharge curve for a fuel cell with an
open-circuit voltage E,.. The overpotential 1 = (E,. - E) reflects the resistive IR losses
due to the surface reaction kinetics, the resistance to transport of the working ion, H"
or O” between the reductant and the oxidant reactive sites, and the resistance to
diffusion of the oxidant and/or reductant to the catalytic sites and their products away
from these sites. At low currents, the performance of a fuel cell is dominated by
kinetic losses. These losses mainly stem from the high overpotential of the oxygen
reduction reaction (ORR). At intermediate currents, ohmic losses arise from ionic
losses in the electrodes and separator, although contact and electronic resistances can
be important under certain operating conditions. At high currents, mass transport
limitations become increasingly important. These losses are due to reactants not being
able to reach the electrocatalytic sites. Typically, oxygen is the problem due to
flooding of the cathode by liquid water, but protons and electrons can also cause

mass-transfer limitations.



Voltage

Cell &

(i) (i) (iii)

Current
Fig. 1.1 Typical polarization curve for a fuel cell: voltage drops due to: (i) surface
reaction kinetics; (ii) electrolyte resistance; and (iii) reactant/product
diffusion rates (Vielstitch, 1965)
At any potential, both oxidation and reduction reactions can occur; at the rest potential
Qoc, the two reactions occur at equal rates. The net current density for an outer sphere
reaction at a metallic electrode is given by the Butler-Volmer equation (Bockries and
Reddy, 1970)
J=Jo [exp(aanFn/RT) — exp-( acnFn/RT)] (1.1)
where #n is the number of electrons transferred in the reaction, F' is the Faraday
constant, 1 is the overpotential for the charge-transfer reaction at the surface, j, is the
exchange current density and os and o¢ are the anodic and cathodic transfer
coefficients respectively. For a concentration C,x of the oxidizing species O, at the
surface, the exchange current density of the cathodic ORR is
jo=nFCokox (1.2)
where kox = ko ox exp(-4G(9oc)/ RT) is the electrochemical rate constant and AG(¢,.) is
the activation energy for electron transfer to the oxidant at the rest potential @o.. At
small current densities, the exponents of the Butler-Volmer equation are small and the
expansion of exp(x) can be approximated as (1+ x) thus giving the expression
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J~Jjo MFN/RT)=n/R, (1.3)
where the electron transfer resistance R, = R7/j, n F is independent of a, and ac. At
low current densities (i, < 1 mA cm?), electrodes give a larger R, and therefore
overpotential, n should be greater than 400 mV (at room temperature) (Appleby,
1993). An extremely active electrocatalyst is needed to overcome this initial voltage

drop in the E versus current discharge curve.

To obtain a high performance cathode, a macroscopic dimensioning of the porous
cathode layer has to be made with regard to cell design and to the composition of
cathode materials. In general, oxygen reduction takes place at a three phase boundary
(TPB). A gas diffusion electrode of high performance is required to reduce oxygen
effectively at the cathode. The gas diffusion electrode should not only comprise of
sufficient amount of electrode catalyst having low overvoltage for oxygen reduction
reaction, but also should have a carrier on which highly dispersed electrocatalysts are
supported. Moreover, the gas diffusion electrode should have a pore structure and
hydrophobic nature of pore surface so as to enable the formation of a highly reactive
three phase boundary to form an interface where electrode catalyst, catholyte and
oxygen contact effectively with each other. Its structure must satisfy two conflicting
criteria, high gas permeability and low liquid permeability in order to achieve high
performance required for commercial production (Kinoshita, 1992; Zhou and
Poorten, 1995; Maja et al., 2000). Maintaining a stable interface between liquid and
gas within the active layer of the gas-diffusion cathode is the key to long-term

operation.



1.1 Mechanistic Aspects of Oxygen Reduction

Even though oxygen reduction reaction (ORR) appears to be simple, it is quite
complex. The molecular orbital diagram of oxygen molecule is shown in Fig. 1.2
(Taube, 1965). According to Hund’s rule, in the ground-state, O, possesses two
unpaired electrons located in a doubly degenerate m* antibonding orbital. This
corresponds to a triplet state. The bonding orbitals of oxygen molecule can be
ascribed to the 3o, orbital with two electrons, the doubly degenerate 1w, and lng*
orbitals, where the 1m, orbital has double occupancy while the lng* orbital has single
occupancy. The resulting bond order is two. When O, undergoes reduction, the
electrons added occupy anti-bonding orbitals, decreasing the bond order of O-O. This
increases the O-O bond distance and the vibrational frequency decreases. This
explains the high stability of the O, molecule and its relatively low reactivity, in spite

of its high oxidizing power (Valentine, 1973).

Fig. 1.2 Molecular Orbital diagram of oxygen molecule (Taube, 1965)



The plausible 1:1 and 2:1 metal-dioxygen complex structures are given in Fig. 1.3.
Geometries 1 and 2 have been shown to give similar bonding patterns: each exhibits
one ¢ and one 7 interaction. The Griffiths model (Griffith, 1956) (1), involves a side-
on interaction of O, with the metal. The bonding can be viewed as arising from two
contributions: ¢ type of bond formed by the overlap between mainly m orbital of
oxygen and d,* (and s) orbital on the metal and a 7 backbond interaction between the
metal d m orbitals and the partially occupied © * antibonding orbital on O,. In the
Pauling model (Pauling, 1964) (2) which involves an end-on interaction of O, with
the metal, a o-bond is formed by the donation of electron density from the c-rich
orbital of dioxygen to an acceptor orbital d,> on the metal whereas the 7 interaction is
produced between the metal d-orbitals (d,, dy,) and n* orbital of dioxygen, with
charge transfer from the metal to the O, molecule. It indicates that the preference of
geometries (1) and (2) is determined by the relative donating abilities of the filled =

and o orbitals of dioxygen molecule respectively.
/P v
W | SN S
(\M’/) M M M M
1 2 K 4

Fig. 1.3 Possible configurations of dioxygen interaction with a metal in a complex

In 2:1 complexes of metal-dioxygen, the bonding arises from the interaction between
the d-orbitals on the metal with n* and = orbitals combination on O, (Tatsumi and
Hoffman, 1981). It means that the singlet or triplet nature of dioxygen orbitals
determines the bridge or trans mode of interaction of dioxygen with metal. The bridge
interaction was proposed by Yeager (1981) and it is likely to occur on noble metals

such as Pt, face-to-face porphyrins (Collman et al., 1979) where O, is reduced to
8



water with little or no peroxide formed. A trans configuration is likely to occur on
metal porphyrins, metal phthalocyanines, dimeric metal complexes (Smith and
Pilbrow, 1981). Griffith type of interaction could also lead to the rupture of the O-O
bond. Some organometallic complexes (Vaska, 1976) are known to form adducts with
O, with a side-on interaction. However, these compounds do not exhibit any catalytic
activity for O, reduction, probably because the interaction leads to a stable adduct.
Depending on the mode of adsorption of oxygen molecule on metal surface, different
mechanistic steps will occur. The ORR pathways in both acidic and alkaline medium
are given in Table 1.2.

Table 1.2 Mechanistic ORR pathways in acidic and basic media (Appleby, 1993)

Mode of ORR pathways
interaction Acidic medium Basic medium
Bridge | O, +2¢ +2H" — 20H,4; O, +2¢ + 2H,0 —> 20H s + 20H
(0r) | 20H,4+ 2H + 2¢” — 2H,0 20H,qs + 26 — 20H
Trans Overall direct reaction: Overall direct reaction:
O, +4H +4¢ > 2H0; 0, +2H,0+4¢ —40H;
E’°=1.23 V vs. NHE E’°=0.401 V vs. NHE
0:+e¢ +H — HOj 0, +H,0 + e — HO, 49, + OH
HO, s+ e + H — H,0 HO, .45 + ¢ — HOy
Overall indirect reaction: Overall indirect reaction:
End-on 1 i H 26 5 H0, 0, + H,0 +2 ¢ — HO, + OH;
E°=0.682 V vs. NHE E°=-0.076 V vs. NHE
with with
H,0, +2 H +2 ¢ — 2 H0; HO, + H,0+2¢ — 3 OH’;
E°=1.77 V vs. NHE E’=0.88 V vs. NHE

Based on all these facts, various authors proposed different schemes for ORR

pathway (Damjanovic ef al., 1966; Wroblowa et al., 1976; Anastasijevic et al., 1987).



Of various schemes proposed for ORR, a modified scheme proposed by Wroblowa et
al. (1976) appears to be the appropriate one to describe the complicated reaction

pathway for the reduction of O, at the metal surface (refer to Fig. 1.4).

HOOH, .

D: Tulke
H,0 diff.

2H,0

Di surfare
HOOH , .
K (o) 620
Ks
K.z (-2e7) Kz

HOOH .

N ™

Fig. 1.4 Schematic presentation of ORR pathway (Wroblowa et al., 1976)

At high potentials k/k; is constant with k; > k, indicating a direct reduction of oxygen
to water than the two-electron reduction to peroxide. At intermediate potentials, ki/k,
ratio decreases indicating an increase in the two-electron reduction to peroxide. At
lower potentials ki/k; becomes lower than 1. However, k3 increases resulting in a

further reduction of peroxide to water before it escapes into solution.

On most of the electrocatalysts, oxygen reduction takes place by the formation of high
energy intermediate, H,O, followed by further reduction to H,O. It is probably a
consequence of the high stability of the O-O bond, which has a dissociation energy of
494 kJ mol™. In contrast, the dissociation energy of the O-O bond in H,0, is only 146
kJ mol (Zagal, 1992). In order to obtain maximum efficiency and to avoid corrosion
of carbon supports and other materials by peroxide, it is desired to achieve a four

electron reduction. The two electron reduction is of practical interest for the
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production of hydrogen peroxide. Finding suitable electrocatalysts that can promote

the direct four electron reduction of oxygen molecule is an important task.

1.2 Electrocatalysts for Oxygen Reduction

The essential criteria for a better oxygen reduction electrocatalysts are: high electronic
conductivity, chemical and structural stability under the conditions namely; operating
temperature, wide range of oxygen partial pressure and concentration of electrolyte,
ability to decompose the intermediate species formed during the reduction process,
chemical and thermomechanical compatibility to electrolyte and interconnector
materials, tolerant to contaminants e.g., halide ions, methanol, NOy, COyx, SO and low

cost.

Both noble and non-noble metal based electrodes were investigated for oxygen
reduction. In the case of noble metal electrocatalysts, platinum and palladium based
materials appear to be the best, whereas in the case of non-noble metal
electrocatalysts, transition metal chalcogenides and pyrolyzed macrocyclic

compounds are two of the most widely studied.

1.3. Pt Metal Electrocatalysts

The most promising electrocatalysts for oxygen reduction are based on platinum since
they exhibit good activity and chemical stability under the operating conditions. But
Pt is expensive and less abundant. The ORR consists of an oxygen diffusion process,
adsorption process, charge transfer process, desorption process, and back diffusion
process. The work function would be one of the key factors of the charge transfer
process, because the work function is the minimum energy needed to remove an
electron from the material surface. However, the work function of platinum with high

catalytic activity for the ORR is higher than other transition metals (Trasatti, 1971).
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In general, oxygen reduction takes place at high positive potentials. At such potentials
most of the metals will dissolve and give rise to a similar situation to that prevailing at
the cathode i.e., only noble metals and some of their alloys offer possibilities among
metallic systems. The most familiar oxygen reduction catalysts are based on noble
metals, particularly platinum. These have been investigated extensively as pure
metals, as nanoparticles (Geins et al., 1998) and as polycrystalline and single crystal
surfaces (Perez et al., 1997; Markovic et al., 1977). They show a wide variety of
behaviour, reflecting both the surface structure (Damjanovic, 1991) and the presence
or absence of oxide films (King ef al., 1995). To date, conventional carbon supported
platinum is the efficient electrocatalyst for oxygen reduction. But the cost of the Pt/C
electrocatalysts is the main hurdle for the commercialization of electrochemical
devices. To reduce the amount of Pt loading at the cathode side, thereby reducing
cost, various synthetic approaches are adopted to disperse Pt on suitable support.
Among the various support materials, carbon is the most attractive one because of its
unique features like good electronic conductivity, chemical stability, surface area,

mechanical stability, abundance and low cost.

The methods adopted for the preparation of supported Pt catalysts include
impregnation method (Rajesh et al., 2003; Vracar et al., 2006), electrodeposition
(Antoine et al., 2001; Rajesh et al., 2004; Wei et al., 2005), chemical reduction of Pt
metal salts by using reducing agents, such as borohydride (Ma et al., 2006; Guo et al.,
2005), formaldehyde (Hou et al., 2003; Viswanathan et al., 2004) and formic acid
(Zhang et al., 2004), sputtering technique (Makino et al., 2005), colloidal route
(Bonnemann et al., 1996), polyol reduction (Liu et al., 2005; Wang et al. 2007; Nisha
Shukla et al., 2006; Liu et al., 2007), microwave-assisted polyol reduction method

(Liu et al., 2005), supercritical deposition technique (Bayrakceken et al., 2008).
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Recently, Pt supported on conducting polymers (Qi and Pickup, 1998), carbon
nanotubes (Cui et al., 2005; Saha et al., 2008; Leela Mohana Reddy and Ramaprabhu,
2007), carbon nanofibers (Zheng et al., 2008; Lee et al., 2006) have received
enormous attention in order to develop efficient electrocatalytic system by enhanced
metal-support interaction leading to activation of both dispersed metal and a matrix
towards oxygen reduction reaction. But the preparation of CNTs and CNFs in bulk
quantities and stability of polymers at high potentials are drawbacks for

commercialization.

The observations made from the ORR measurements on the carbon supported Pt
catalysts are:

(1) Sluggish kinetics of oxygen reduction reaction on Pt (Liang and Juliard, 1965). It
was observed that the formation of —OH species at +0.8 V (from the water oxidation
as well as corrosion under acidic conditions) on the Pt surface hinder the oxygen
reduction in such a way the kinetics is not facile. The -OH species also causes the less
availability of molecular oxygen species and thereby reduce ORR activity.

(i1) Oxygen reduction is a structure sensitive reaction. Literature reports suggest that
the optimum size of Pt for oxygen reduction is 3-5 nm (Kinoshita, 1990; Gamez ef al.,
1996; Tamizhmani et al., 1996; Min et al., 2000; Maillard et al., 2002). Still debate
exists in the literature regarding the optimum particle size. Of the several factors
which influence electrocatalytic activity of carbon-supported Pt catalysts, particle
size, dispersion and structural effects are of crucial importance.

(iii) Hydrogen peroxide formation during oxygen reduction on Pt (Gouerec et al.,
1998). It was known that the oxygen reduction reaction is a complex process that
includes many electrochemical (chemical) steps with different intermediates. The

hydrogen peroxide radicals produced by the two-electron reduction of O, can also
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attack the active sites and also carbon layer, resulting in significant degradation of
electrochemical device, and even cause the failure of the device (Gupta et al., 1998).

(iv) Pt catalysts are sensitive to contaminants (Schmidt et al., 2001). For example,
strongly adsorbing halides (i.e., CI, Br’, I'), air borne contaminants of both organic
(benzene, propane) and inorganic (CO, NO,, SO,, NHj;, dust) nature significantly
reduce the activity of Pt catalysts in the operational potential range. While H,O is the
exclusive reaction product of the ORR on Pt at typical cathode potentials (0.6-1.0 V),
the presence of strongly adsorbing halides changes the ORR pathway and substantial
amounts of H,O, are formed. This product degrades the Pt sites and it leads to the

reduction in cell voltage and also its life span.

1.3.1 ORR Mechanism

In terms of electrocatalysis, O,-reduction on Pt crystallites occurs by a parallel
mechanism with direct four-electron reduction as the dominant step. However due to
large number of possible steps within this ambit, a detailed mechanism still defies

formulation. The main steps in the mechanism of oxygen reduction on Pt are shown

below (Sidik et al., 2002):

Oy +2Pt —> PtpOy (1.4)
PtHOy + HT + &= — Ptp-OoH (rate-determining step) ~ .......oeovvrvnnnnnn. (1.5)
Pt»-OoH —» Pt-OH+Pt-O (1.6)
Pt-OH+Pt-O+H"+e¢" — Pt-OH+Pt-OH ... (1.7)
Pt-OH + Pt-OH + 2H' +2¢~ — 2Pt+2H,0 ... (1.8)

It was demonstrated that there was a relationship between oxygen reduction activity
and the binding ability of O and OH. Accordingly, Pt and Pd are at the top of the

volcano plot (Nerskov et al., 2004). It was further elucidated that at high potentials,
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adsorbed oxygen is stable and that proton and electron transfer was impossible. They
proposed that the origin of the overpotential for Pt was the O and OH adsorption, and
both dissociative and associative reaction paths may contribute to the oxygen

reduction reaction depending on the metal and the electrode potential.

Pure Pt shows two Tafel slope regions in agreement with the report by Yeager (1981).
Langmuirian kinetics was used to explain the Tafel slope of 120 mV decade™ below
0.8 V, while the 60 mV decade” Tafel slope beyond 0.8 V was explained assuming
oxygen adsorption under Temkin conditions in the presence of surface Pt-OH, a
surface poison to the O, adsorption (Danjanovic and Bockris, 1966). Literature
reports have shown that the formation of Pt-OH beyond +0.8 V is derived not from
the interaction of O, with Pt, but rather from reaction of H,O with Pt causing
inhibition of the O, reduction resulting in a low Tafel slope of 60 mV decade’
(Yeager, 1981; Panchenko et al., 2004; Teliska et al., 2005). In electrolytes containing
phosphate or bisulfate anions a low Tafel slope was not observed on Pt(111) due to
the surface poisoning by these anions which shift the Pt-OH formation to a more
positive potential. However, for the other low index planes Pt(100) and Pt(110) a
change of slope was observed since the anion adsorption on these planes is minimal
(Markovic et al., 1995; Markovic et al., 1997). Significant improvement of ORR
electrocatalysis could therefore be afforded by, first inhibiting the formation of
adsorbed oxygenated species (primarily Pt-OH) beyond 0.8 V, a known surface
poison, and, second, changing the electronic and short-range atomic order around Pt

to induce alternative lower energy pathways for improved ORR kinetics.

1.4 Pt Alloy Electrocatalysts
Quite a lot of promising approaches and results have been reported to enhance the

oxygen reduction activity of carbon supported Pt catalysts, the overpotential still
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remains about 300-400 mV. Furthermore, a series of aspects, such as effective Pt
catalyst layer utilization, the durability and reliability of such a supported catalyst
component, are still problematic. If much more of the 200 mV available at the cathode
is to be recovered, then a fundamentally different approach is required. The focus of
the continued search for oxygen reduction catalysts is on the development Pt alloys

with the required stability, and greater activity than Pt.

A variety of Pt-alloy systems have been investigated as oxygen reduction
electrocatalysts for their use in various fuel cells. Various preparation methods and
ORR activity of Pt alloys are given in Table 1.3. The results obtained throughout
these studies are not consistent. Luczak and Landsman (1984 and 1987) found an
increase in mass activity of a factor of 1.5 to 2.5 (at 0.9 V) whereas Beard and Ross
(1990) and Glass et al. (1987) could not find an increased activity for Pt-Co and Pt-Cr
alloys. Half cell studies in phosphoric acid revealed an enhancement factor of 2 to 5
when using Pt-M (M = Cr, Co and Ni) versus pure Pt (Min et al., 2000). When
comparing different alloy catalysts in proton exchange membrane fuel cells
(PEMFCs), Mukerjee and Srinivasan (1993), Mukerjee et al. (1995a) and
Tamizhmani and Capuano (1994) found similar activity enhancement factors (of 2 to
4) when using Pt-Mn, Pt-Cr, Pt-Fe, Pt-Co and Pt-Ni alloys or Pt-Cr and Pt-Cr-Cu
alloys, respectively, versus pure Pt. Toda et al. (1999) reported enhancement factors
of up to 10 for sputtered Pt-Fe, Pt-Co and Pt-Ni films in comparison to Pt films in 0.1
M HCIO4 at room temperature. On the other hand, ORR measurements on carbon
supported Pt-Co and Pt-Ni catalysts revealed an activity enhancement of at most a

factor of 3 in comparison to a supported Pt catalyst (Paulus et al., 2002).
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Table 1.3 Preparation methods, electrocatalytic activity and selectivity towards oxygen reduction of Pt alloys compared to Pt

No. of electrons

Catalytic activity

Catalyst Preparation method | Electrolyte medium towards O, Reference
transferred !
reduction vs. Pt
Pt70Co3¢/C Formic acid Acid (fuel cell) - Comparable Salgado et al.,
reduction method 2005a
Pt75sM»s/C Commercial E-TEK Acid (fuel cell) -- Comparable Antolini et al.,
(M = Co and Ni) catalysts 2005b
Pt75C0,5/C Alloying method Acid n.r Comparable Salgado et al.,
2005b
PtgsCo,5/C Borohydride Acid n.r Comparable Salgado et al.,
reduction method 2005b
Pt-Cr(1:1)/C, Pt- Borohydride Acid n.r Excellent Antolini et al., 2006
Cr(3:1)/C, Pt- reduction method
Cr(9:1)/C
Pt-Co(1:1)/C, Carbonyl complex Acid n.r Comparable Yang et al., 2005
Pt-Co(3:2)/C and route followed by
Pt-Co(2:1)/C hydrogen reduction
method
Pt3,Vi4Fess/C Polyol reduction Acid n.r Comparable Luo et al., 2006
method
Pt1000Nix (x = 11- Sputtering method Acid n.r Excellent Toda et al., 1999
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80 atom %), Pti00-
»Cox (x = 10-78
atom %), Pt(l()()_
aFex (x = 18-75
atom %) thin films
Pt-Fe/C; Pt/Fe =
1:1, 3:1 and 9:1

Pt-Au(2:1)/C

Pt-M(3:1)/C; M =
Fe, Co and Cu

Pt-Fe(1:1)/C
Pt-Cr(1:1)/C

Pt-Fe(3:1)/C

Pt( 100_2x)crx/ C (X =

Colloidal method

Microemulsion
method, colloidal
method and
impregnation
method

Sulfite complex
route followed by
incipient wetness

method
Alloying method

Carbonyl route

Polyol reduction
method

Colloidal route

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Excellent

Comparable

Comparable

Comparable
Good

Excellent

Excellent

Gong et al., 2007

Hernandez-
Fernandez et al.,
2007

Baglio et al., 2007

Shukla et al., 2004
Yang et al., 2005

Lietal., 2004

Koffi et al., 2005
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10-30 atom%)
Pt79Ni3¢/C
Pt-M/C; M = Fe, Co
and Cr
Pt-M(3:1)/C; M =
Ni, Co and Cr
Pt-Co/C; Pt/Co =
1:1,2:1, 3:1 and 5:1

Pt-M(1:1)/C; M =
Cr and Co

PtsoMso/C,
Pt75M25/C; M =
Co and Ni

Pt-Cr/C; Pt/Cr —
1:1, 2:1 and 3:1

NaBH4 reduction

Reverse
microemulsion
method

Incipient wetness
method

Carbonyl complex
route followed by
hydrogen reduction

Decomposition of
organometallic
complexes

Commercial
catalysts

Carbonyl complex
route followed by
hydrogen reduction
method

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Comparable

Excellent

Excellent

Excellent
(1.2-2.2 times high
activity)

Excellent

Excellent
(1.5-3 times high
activity)

Excellent
(1.5-3 times high
activity)

Antolini et al.,
2005¢;
Qian et al., 2008

Min et al., 2000

Huang et al., 2006

Grinberg et al.,

2007

Paulus et al., 2002

Yang et al., 2004
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Pt-M(3:1)/C; M =
Fe and Co

Pt-Ni(1:1)/C, Pt-
Fe(1:5) and Pt-
Co(1:7)/C

Pt-Ni/C; Pt/Ni =

Pt-Ni/C; Pt/Ni =
3:1,3:2and 9:1

Pt-Co(1 :1)/C

1:1,2:1, 3:1 and 5:1

Reverse
microemulsion
method and NaBH;,
reduction method

Sodium formatted
reduction method

Carbonyl complex
route followed by
hydrogen reduction
method

Microemulsion
method

Incipient wetness
method

Acid

Acid

Acid

Acid

Acid

Excellent

Comparable

Excellent
(1.5-4 times high
activity)

Comparable

Comparable

Xiong and
Manthiram, 2005

Xiong et al., 2002

Yang et al., 2004

Santos et al., 2006

Hwang et al., 2007

(n.r = not reported)
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1.4.1 ORR Mechanism

The possible mechanisms given by various authors for the enhancement of the ORR
kinetics on Pt alloys than pure Pt are: (i) Jalan and Taylor (1983) extensively studied
the ORR on Pt alloys supported on carbon black and claimed the role of shortening of
Pt-Pt interatomic distances by alloying in the enhancement. (ii) Appleby (1986)
claimed that the lattice contractions due to alloying resulted in a more favorable Pt-Pt
distance for the dissociative adsorption of O,, while maintaining the favorable Pt
electronic property. (iii) Paffet et al. (1988) reported that the enhancement could be
attributed to a simple surface roughening brought about by the enhanced corrosion.
However, the data of electrocatalytic activity normalized with electrochemically
measured surface areas indicates that the enhancement does not result from such a
surface roughening. (iv) Beard and Ross (1990) claimed a particle termination with
particular vicinal planes on dispersed catalyst surfaces as a reason for the enhanced
electrocatalysis. Later it was disproved by Toda ef al. (1999) based on the peak ratio
<200>/<111> for all the alloys. (v) In a recent work with in-situ X-ray absorption
spectroscopy (XAS) studies, Mukerjee et al. (1995a and 1995b) explained the
enhanced electrocatalysis on the basis of the interplay between the electronic (Pt d-
vacancy) and geometric factors (Pt-Pt interatomic distance and Pt coordination
number) and their effect on the chemisorption behavior of OH species from the
electrolyte. They observed volcano-type behavior from the plots of electrocatalytic
activity vs. the electronic and geometric parameters. They demonstrated that Pt-Cr
located at the top of the curve than the other investigated alloy catalysts (Pt-Co, Pt-Fe,
Pt-Ni), based on the best combination of both the Pt d-band vacancies and the Pt-Pt
bond distances, i.e., 0.36 (based on XANES data) for the former and 2.71 A (based on

EXAFS data) or 2.73 A (based on XRD data) for the latter, respectively. It was
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reported that the optimum distance between Pt-Pt (determined by XRD)

corresponding to the maximum performance lies between 2.71 and 2.75 A.

The proposed mechanism for the enhancement of ORR on Ptgg-x)Fex alloys is
schematically shown in Fig. 1.5. By addition of Fe up to 30-50 atom %, the 5d
vacancies of the surface increase, because Fe has more 5d vacancies than Pt. Such an
increase of 5d vacancies led to an increased 2w electron donation from O, to the
surface Pt, resulting in an increased O, adsorption and a weakening of the O—O bond.
As a result, scission of the bond must occur instantaneously as electrons are back
donated from 5d orbitals of the surface Pt to 2n* orbitals of the adsorbed O,, that is,
the first one-electron transfer accompanied by H' binding, followed by the additional
back donation of three residual electrons and by the additional introduction of three
H" ions. When the 5d vacancy of the electrode increases or the Fermi level further
lowers by addition of the Fe beyond optimum content, the Pt—O bonding becomes
stronger and the back donation becomes difficult, resulting in the lowered O, reaction
rate. When the content of the second element becomes too large, the resulting large d-
band vacancy may contribute just to the enhancement of O—O bond scission i.e., the
surface oxide formation. Consequently, the suppression against the ORR at the large
d-band vacancies region may be the same phenomenon as a previous claim (Grgur et
al., 1997) that OH,4s impeded the ORR on a single-crystal Pt. Thus, the volcano-type
electrocatalytic behavior of Pt alloys with increasing the second element content can

be explained.

However, all these authors did not consider the differences of combinations,
compositions, or crystallographic structures among the alloys. As seen by these

studies, the role of morphology or crystallographic changes and of the electronic
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structure change brought by alloying on the electrocatalysis for the ORR still remains

elusive.
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Fig. 1.5 Schematic explanation of the proposed enhancement mechanism of the ORR
by alloying Pt with Fe-group metals (Toda et al., 1999)
By careful analysis of both the theroretical and experimental data on Pt alloys for
oxygen reduction, it can concluded that the Pt-Cr, Pt-Co, Pt-Fe and Pt-Ni have shown
good activities among the various investigated bimetallic Pt alloys compared to Pt.
Changes in short-range atomic order, particle size, Pt d-band vacancy, Pt skin effects,
and Pt-OH inhibition have been advanced as some of the reasons attributed for the
observed enhanced performance by these alloys. Inhibiting or shifting the onset
potential (approximately 800 mV vs RHE for Pt) of Pt-OH formation, providing free
sites for molecular oxygen adsorption, is generally expected to lower the overpotential
losses. A number of prior reports have provided indirect evidence to the possibility of
inhibiting the formation of anodic activation of water for Pt-OH formation. Shifting
the onset potential of OH formation on Pt is dependent on (a) the ability of the
alloying elements to modify the Pt electronic and short-range atomic order for
inhibiting activation of H,O and (b) the ability of the alloying element to attract and

hold H,O,4s more strongly than the surrounding surface Pt atoms.
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1.5 Pd and Pd Alloy Electrocatalysts

Palladium has a similar valence shell electronic configuration and lattice constant to
platinum. Moreover, it is more abundant than Pt. Considering both aspects of
performance and price, palladium based materials can be one of the alternative
material for oxygen reduction. It was also reported that the oxygen reduction takes
place in the same manner as that on Pt (Sepa et al., 1981; Vracar et al., 1987; Vralar
et al., 1989). But the less ORR activity than Pt and poor stability of Pd at high
potentials about +0.8 V vs. NHE hinders its commercial exploitation. To improve the
catalytic ORR activity of Pd, various bimetallic Pd alloys such as Pd—Co, Pd—Fe, Pd—
Ni, Pd-Ta and Pd—Cr have been investigated. It was found that their activities toward
ORR were significantly enhanced (Savadogo et al., 2004). Later Fernandez et al.
(2005a) designed bimetallic electrocatalysts for oxygen reduction based on
thermodynamic principles. They assumed a simple mechanism where one metal
breaks the oxygen-oxygen bond of molecular O, (2ZM + O, — 2MO) and the other
metal acts to reduce the resulting adsorbed atomic oxygen (2MO + 4H" + 4" — 2M +
2H,0). Analysis of the Gibbs free energies of these two reactions on various metal
combinations revealed that Pd-Co, Pd-Ti, Pd-Co-Au and Pd-Co-Mo appear to be
good. The electrocatalytic activity of these materials for the ORR in acidic medium
was examined using scanning electrochemical microscopy (SECM) in a new rapid-
imaging mode. This was used to rapidly screen arrays covering a wide range of
catalyst compositions for their activity for the ORR in 0.5 M H,SOj,. Using the SECM
technique, they have identified combinations of metals with enhanced electrocatalytic
activities when compared with the constituent, pure metals. Addition of Co to Pd
clearly decreases the ORR overpotential, in agreement with the proposed model.
Catalyst spots that exhibited enhanced electrocatalytic activity in the SECM screening

technique were then examined using classical rotating disk electrode (RDE)
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experiments. The measurements revealed that the C/Pd-Co electrodes (10-30% Co)
exhibited remarkable activity for ORR catalysis, close to that of carbon-supported Pt.
However, the good performance of Pd-Co was lost after approximately 3 h of
continuous operation, as evidenced by a noticeable increase of the ORR overpotential.
Upon addition of 10% Au or Mo to the Pd-Co mixture, the stability was greatly
improved and the electrode retained its high electrocatalytic activity. Significantly, the
agreement between RDE and SECM results is excellent. By comparing the activities
determined by both techniques, they have attributed the apparent high electrocatalytic
activity of Pd-Co-Au or Pd-Co-Mo observed in the SECM imaging to a stabilizing
effect of Au and Mo. Investigation of Pd-Co-Mo(7:2:1)/C and Pd-Co-Au(7:2:1)/C
catalysts as cathode materials in PEMFCs by Fernandez et al., (2005b) and
Raghhuveer et al., (2005 and 2006) showed the comparable performance to that of the

state-of-art commercial Pt/C catalysts.

Wang and Balbuena (2005) also attempted to design bimetallic catalysts for oxygen
reduction. They have performed density functional calculations to calculate the Gibbs
free energies of key elementary steps for the electrocatalytic oxygen reduction
reaction (ORR): O, + M + H'+ ¢ — HOO-M (AG}), HOO-M + M — HO-M + O-M
(AG,), 0+ 2M + H' + ¢ — O-M + HO-M (AG3), and HO-M + O-M + 3H' + 3¢” —
2H,0 + 2M (AG4), where M stands for the adsorption site of a metal catalyst modeled
by a single metal atom as well as by an Mj cluster. Taking Pt as a reference, AGjy is
plotted against AG, for metals from groups V to XII. It is found that no single metal
has both AG, and AG4 more negative than that of Pt, although some of them have
either more negative AG; or more negative AG,. This enables to explain
thermodynamically why no other single metal catalyzes the ORR as effectively as Pt

does. Moreover, a thermodynamic analysis reveals that the signs of AAG (the
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difference between AG of other metals and AG of Pt) strongly correlate with the
valence electronic structure of metals, i.e., AAG; < 0 and AAG4 > 0 for metals M with
vacant valence d orbitals, whereas AAG; > 0 and AAG4 < 0 for metals M’ with fully
occupied valence d orbitals. Thus, a simple thermodynamic rule for the design of
bimetallic catalysts for the ORR is proposed: couple a metal M (AAG; < 0) with a
second metal M’ (AAG4 < 0) to form an alloy catalyst MM';. The rationale behind this
selection is based on M being more efficient for the rate-determining step, i.e., for the
formation of the adsorbed species M-OOH, while M’ can enhance the reductions of O
and OH in the last three electron-transfer steps. They concluded that the Pd,Co

bimetallic system thermodynamically has similar performance to Pt to catalyze the

ORR.

Recently, Shao et al. (2006 and 2007) demonstrated that ORR activity of Pd;Fe/C was
comparable to that of the carbon-supported Pt electrocatalysts. In the continuing effort
to improve ORR catalytic activity of Pd-Fe catalyst, Wang et al. (2008) prepared Pd-
Fe-Ir/C by colloidal route and investigated the ORR activity in terms of half-cell and
PEMFC measurements. They observed comparable performance to that of the state-
of-art carbon-supported Pt electrocatalysts. The preparation methods and ORR
activity of various Pd based electrocatalysts are given in Table 1.4. Literature reports
indicated that binary Pd-M (M = Co, Fe) and ternary Pd-Co-M (M = Au, Mo and Fe)
alloys were comparable to, or slightly better than, that of commercial Pt catalysts. An
understanding of the origin of their high activities may help us in designing

inexpensive and more active catalysts.
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Table 1.4 Preparation methods, electrocatalytic activity and selectivity towards oxygen reduction of Pd based electrocatalysts
compared to Pt

Catalytic activity Methanol
Catalyst Preparation Electrolyte No. of electrons towards O, tolerance vs. Reference
method medium transferred reduction vs. Pt Pt
Pd-Ti/C and Reverse
Pd-Co-Au/C microemulsion Acid n.r Comparable n.r Fernandez et al.,
method (RME) 2005
Pd-Co-Mo/C Borohydride Acid n.r Comparable Excellent Raghuveer et al.,
reduction method 2005
Pd-Co-Au/C Borohydride Acid n.r Comparable n.r Raghuveer et al.,
reduction method 2006
and RME
Pd and Pd-Fe Hydrogen Acid nr n.r n.r Shao et al., 2006
nanoparticles reduction method
Pd.Fe,/C Pulse-microwave Acid 4 Comparable Excellent Song et al., 2008
(x=1,2,3and assisted polyol
4) and synthesis
y=0and 1)
Pd;Pt,/C Polyol reduction Acid n.r Excellent Excellent Lietal., 2004
method
Pd.Co,/C Polyol reduction Acid 4 Comparable Excellent Wang et al.,
(x=1,2,3and method 2007
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4) and
y=0and 1)

Pd75Coss
Pd
Pd-M (M = Co,
Ni and Cr)
Carbon
supported Pd,
Pd-Fe and Pd;Fe
Pd-Co/C and Pd-
Co-M/C (M =
Pt, Ag and Au)
Pd3F€111‘1/ C

Pd;Pt,/C

Pd-Co/C

Electrodeposition
method

Borohydride
reduction method

rf sputtering
method

Underpotential
deposition

method

RME

Colloidal method

Polyol reduction
method

Formaldehyde,
borohydride and
polyol reduction

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Comparable

Less

Less

Comparable

Comparable

Comparable

Comparable

Less

Excellent

Excellent

Excellent

Excellent

n.r

Tominaka ef al.,
2008

Salvador-Pascual
etal., 2007

Lee et al., 2006

Shao et al., 2007

Mathiyarasu and
Phani, 2007

Wang et al.,
2008
Lietal., 2007

Zhang et al.,
2007
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1.5.1 ORR Mechanism

Considerable research towards the fundamental understanding of the ORR catalytic
activity of Pd alloys has been undertaken. The possible reasons for enhanced activity
of Pd alloys than Pd metal given by various authors are:

(1) Induced change in the density of states (DOS) at the Fermi level of Pd sites by
alloy formation. Lee et al. (2006) considered that the decreased DOS induced by the
electron transfer from Co, Ni, or Cr to Pd may weaken the chemisorption bonds
between Pd and reactants such as O,, O/OH, O, , and H,0O,, reducing their blocking
effect in the O, reduction process. As a result, the ORR kinetics may be enhanced. For
example, an alloyed Pd showed a reduced ORR overpotential by ~50 mV at 0.2 mA
cm 2 compared to that catalyzed by pure Pd.

(i1) Induced change in ORR Gibbs free energy. Wang and Balbuena (2005) explained
that if a catalyst consists of two metals, one with a low occupancy of d-orbitals (such
as Co, Ni, Cr, or V) and the other with fully occupied d-orbitals (such as Pd, Au, and
Ag), the d-orbital coupling effect between them can significantly decrease the Gibbs
free energy of the electron transfer steps in ORR, resulting in an enhancement in ORR
kinetics.

(ii1) Pd lattice compression induced by alloy formation. A metal d-band center can be
altered by orbital overlap. The formation of the alloy can induce Pd lattice
compression (or reduction of bond lengths between metals) through the modification
of the electronic structure and orbital overlap. This will cause the shift of the d-band
center, resulting in a change in the surface activity of Pd sites. The density functional
calculations made by Hammer and Nerskov (2000) confirmed that the compression of
a Pd lattice in alloys could downshift the d-band center energy. The Pd lattice

compression can enhance the catalyzed ORR.
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(iv) Facilitated O, dissociation by alloy formation. Fernandez et al. (2005a)
interpreted the enhanced activity upon alloying through a simple thermodynamic
model. They thought that an incorporation of more active metals into Pd, such as Co,
could facilitate the dissociative adsorption of O to form dissociated oxygen atoms
(Oads), and that these Ongs could migrate from the Co site to the Pd site where the
electroreduction could occur with less polarization. The RDE experiments showed a
clear onset potential shift of ~200mV in the positive direction for ORR when Pd was
alloyed by Co; and the Pd—Co alloy with an atomic ratio of 80:20 could give a
optimum activity, which was very close to the activity exhibited by Pt catalysts.

(v) Formation of the desirable “Pd shell and alloy core” structure. Guo et al. (2007) in
their recent paper on the first principles consideration in the design of Pd alloy
catalysts for ORR, proposed that the key to improving the ORR activity of Pd-based
catalysts is to alloy Pd with elements of smaller atomic size to form a “Pd shell and
alloy core” structure, so as to take advantage of the lattice strain effect (lattice
contraction induced by the incorporation of smaller atoms, such as Co, into the Pd
lattice). This lattice strain effect can cause a downshift in the metal d-band center,
weakening the interaction between the catalyst and the adsorbate (such as O,). Three
catalysts such as Pd, Pd—Co, and Pt experimentally showed an ORR activity order of

Pt > Pd—Co > Pd, which is consistent with the theoretical interpretation.

1.6 Transition Metal Chalcogenides

Chevrel phase based on metal clusters constitute one class of materials that show
activity for oxygen reduction. Ternary chalcogenides of the formula MyMoXs (M=
Cu, Ag, Ni, Fe, Pb, rare earth, etc. and X = S, Se, or Te) have been first synthesized
by Chevrel et al. (1971) and therefore are often referred to as Chevrel compounds.

These are characterized by a central octahedral metal cluster in which the
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delocalization of electrons leads to high electronic conductivity and also these clusters
act as a reservoir for electronic charge carriers while maintaining a stable
electrochemical potential. These clusters have the ability to provide neighboring
binding sites for reactants and intermediates and also have the ability to change its
volume and bonding distances during electron transfer. The rhombohedral Chevrel
phase consists of a stacking of MosXs units and contains channels where additional
metal atoms can be inserted, forming MyMoeXg compounds where M can be a variety
of atoms from small to large ones (M= Ag, Sn, Ca, Sr, Pb, Ba, Ni, Co, Fe, Cr, Mn
etc). Electrochemical properties of ternary Chevrel phases depend on the size and
electronic configuration of the filling atoms. For example, substitution of two or four
of the Mo atoms by Ru or Re gives rise to the mixed cluster compounds e.g.,
MosRu,Xg and Mo,ResXs. It leads to a contraction of the cluster which then becomes
regular. According to molecular orbital calculations, the number of electrons in the
intracluster bonding (Valence electron count, VEC) for Mo¢Xs is (6x6)-(2x8) = 20 or
3.33e” per molybdenum atom whereas for MosRu,Xs: (4x6)+(2x8)-(2x8) = 24 or 4e’
per cluster atom. These electrons are essentially derived from the transition metal d-
states and available at the Fermi level, Er. By substitution of Mo atoms by suitable
transition metal atoms, the position of the Fermi level will alter in such a way it is

suitable to the redox potential of the O,/H,O couple (Alonso-Vante et al., 1987).

Electrocatalysis of the ORR on some Chevrel phases was reported for the first time by
Alonso-Vante and Tributsch (1986). They investigated the ORR activity of various
Chevrel type chalcogenides and observed the increment in activity from the samples
containing nonsubstituted Mo octahedra showing metallic behaviour to samples
containing Ru substituted Mo octahedra (MogxMxXs, where X = S, Se, Te) showing

semiconducting behaviour (Alonso-Vante et al., 1987). Moreover, significant changes
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in the overpotential for oxygen reduction was observed on metal, metal cluster and
mixed metal clusters. This could be explained in terms of geometric/electronic factors
through electrochemical measurements, which is supported by the density of states
(DOS) at the Fermi level. Fig.1.6 summarizes the electrocatalytic activity of Chevrel
phases in terms of the overpotential, 1} (at -0.01 mA/cm?) as a function of VEC per
cluster unit. It is observed that the overpotential for ORR on the metal cluster (Mog)

is decreased by 0.4 V in comparison to that of the metal.
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Fig. 1.6 Dependence of the overpotential, at a current density of 10” mA/cm’, as a
function of valence electron counting (VEC) per cluster for Chevrel phases
(Alonso-Vante et al., 2003).

When the catalytic center is enriched by electrons (3.3 to 4 e per metal atom in the

cluster) the overpotential is further decreased (0.76 V for MosRu,Seg and 0.6 V for

MosRu,Teg). On the binary series MogXs, the trend in the overpotential is as follows:

Te<Se<S (Alonso-Vante et al., 1989; Fischer et al., 1995). It means that the VEC

plays an important role in the ORR activity of chalcogenides. The cluster material

with highest ORR activity is MosRu,Ses. This material has high DOS at the Fermi
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level compared to the simple metal cluster and other chalcogen contained mixed metal
clusters. Its current-potential characteristics have the same shape as that of platinum
electrodes. The overpotential compared to Pt is still high. The origin of this
phenomenon is due to the fact that the open circuit potential becomes limited by the
presence of a mixed potential (corrosion potential). The corrosion process is complex
and the suggested mechanism is

MogaMXs = MogxMXs+z Mo +ze e (1.9)
zMo’ +yH,0 —» Mo,O,+3ze +2yH" (1.10)
The formation of MoOj; is dependent on the stabilization of metal clusters by the
chalcogen atom (Alonso-Vante et al., 1987). The in situ EXAFS analysis (Alonso-
Vante et al., 2002; Malakhov et al., 2002) of the Ru and Mo k-edges as a function of
the electrode potential indicated that the coordination distance between Ru-Ru was
sensitive in the oxygen saturated electrolyte than the coordination distance between
Mo—Mo. The consequence of this is that it leads to a distortion of the framework due
to a change in the co-ordination distance between Ru and chalcogen. It revealed that
dynamics of the ruthenium centers during electrocatalysis was preferentially modified
by the presence of oxygen in the electrolyte. Furthermore, there was no change in the
coordination distance between Mo and Mo (Ryo-Mm0) Observed in the potential range of
electrocatalytic current in Ar and oxygen atmospheres. However, change in the
coordination distance between Ru and Ru (Rgy.ry) Was evident and attained a value of
ca.l %. Rpyse followed the same trend as that of Rgyry, thus, assessing a certain
dynamics of the cluster unit for ORR and led to the identification of the

electrocatalytic center, namely the ruthenium.

Although the compounds (Mos.xMxXg) synthesized by Alonso-Vante and Tributsch

(1986) was thought to be related to Chevrel phases, studies by Trapp et al. (1996) on
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MoRuS showed evidence for the formation of a stable RuSy phase together with an
initially unstable MoOyx phase. This composition relates to an approximate
composition Mo,Ru,Ss.  Based on these observations, Reeve et al. (1998a and
1998b) prepared a variety of compounds Mo,Ruy,S,, Mo,Os,S,, W Ru,S,, RhyRu,S,
and Re.RuyS, supported on various surface functionalized carbon blacks and
observed the best oxygen reduction activities with RhyRu,S, ResRu,S, and
MoxRu,S,. Even though the ORR activity of these materials was lower than that of
platinum, their activity relative to Pt increased significantly in methanol containing
electrolytes. Under the DMFC conditions, the cell utilizing ReRu,S,/C cathode gave
working cell voltages at 100 mA c¢m™ within 100 and 80 mV of that obtained using a
Pt cathode for 2 and 4 M methanol feed concentrations, respectively, where methanol

permeation gave rise to appreciable degradation in Pt performance.

Later Schmidt et al. (2000) adopted the low temperature chemical precipitation
method to prepare the Mo-Ru-Se and their studies showed that a carbon-supported
Ru,Mo,SeO. had similar catalytic activity to a carbon supported Ru catalyst,
suggesting only ruthenium formed the catalytic site and both Mo and Se probably did
not participate in the electrocatalysis process. However, Bron et al. (2001)
demonstrated that the presence of selenium may have acted as a bridge to facilitate
efficient electron transfer between the Ru-complexes and the colloids, while
protecting the catalysts from the electrochemical oxidation through surface
modification of the catalyst by carbonyl and carbide—carbonyl complexes or carbon

compounds, which led to an enhanced stability.

The experience gained with the Mo,RuySe, clusters opened the possibility to examine
a family of ruthenium based chalcogenide compounds Ru, X, where X = S, Se, and

Te. The ORR measurements performed by Solorza-Feria et al. (1994 and 1997)
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showed higher electrocatalytic ORR activity and chemical stability than those of
Chevrel phase materials. The ORR activity follows the order of
Ru,S,<Ru,Te,<Ru,Se,~MosRu,Se,. Structural analysis of the active centers of Ru,Xy
(X =S, Se and Te) species by in situ EXAFS studies performed by Alonso-Vante et
al. (2002) suggests that the catalysts have a core of ruthenium atoms, which has
triangular coordination and a direct metal-metal bond. Depending on the chalcogen,
the Ru-cluster consists of two or three metal layers of different size and mutual co-
ordination with chalcogen atoms coordinated to the periphery of the metal cluster.
Variation of the chalcogen type affects the size of the Ru-cluster and the strength of
its interaction with the chalcogen. This influences the interaction of Ru-clusters with

oxygen and thus their activity in the reduction of molecular oxygen.

In order to probe active centers of Ru chalcogenide electrocatalysts during oxygen
reduction, Malakhov et al. (2002) examined the materials by in situ EXAFS
technique. The important observations are: (1) comparison of Ru,Se, and Ru,Te,
electrocatalysts shows that for the later, the Ru-O coordination numbers (CNs) are
significantly higher while Ru-Ru coordination numbers are lower. Furthermore,
oxygen has a stronger bond to the catalytic center in Ru,Te, with the bond length in
the range of 2.01-2.07 A. This is apparently due to the weaker interaction of Te with
Ru in Ru,Tey in comparison to Ru,Sey. As a result, oxygen binds Ru strongly and
produces RuOy, whose catalytic activity decreases as a function of exposure of the
sample to air. (ii) Comparison of Ru,Se, and Ru,S, electrocatalysts shows that the
coordination number (CN) of Ru to S is higher than to Se in Ru,Se, clusters. It means
that the chalcogen S is blocking the Ru active site against molecular oxygen
adsorption. This is apparently the reason for the observed lower catalytic activity of

Ru,S,. These facts supported the experimental results of Bron et al. (2001) who
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observed high current density, inhibition of formation of ruthenium oxide, negligible
amount of H,O, production and enhanced stability in the case of Ru,Se, cluster
compounds. All these facts indicate that the presence of selenium alters the electronic

factors of the active center and facilitates the electron transfer.

Based on the above observations, Ru,Se,/C material was tested as cathode material
under DMFC conditions. The important observations are the selective ORR on the
chalcogenide material in the presence of methanol, as verified with half-cell measure-
ments and the similar electrochemical behavior between Ru,Se,/C and Pt/C in the real
DMFC mode (Shukla et al., 2002; Scott ef al., 2004). Because of the high tolerance of
the chalcogenide material to methanol, this measurement proves that platinum is
depolarized by the methanol crossed over the electrolyte Nafion 117 membrane.
Recently, Campbell (2004) claimed the electrocatalytic activity of carbon-supported
Ru,Se, catalyst prepared by the NaBH4 reduction method was very close to that of
carbon-supported platinum catalysts. Various methods used to prepare most of the
investigated systems for oxygen reduction and the corresponding ORR activity are
given in Table 1.5. From the data given in this Table, one arrives at the conclusion
that there is still a margin to optimize the distribution of the supported chalcogenide
catalyst particles to obtain higher current densities and also to obtain the open circuit

voltage near to that at equilibrium.
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Table 1.5 Preparation methods, electrocatalytic activity and selectivity towards oxygen reduction of transition metal chalcogenides
compared to Pt

Catalytic activity

Catalyst Preparation method | Electrolyte medium No. of electrons towards O, Reference
transferred reduction vs. Pt
Chevrel phases High temperature Acid 4 Low Alonso-Vante et al.,
Mog.xRuxSeg solid state reaction 1987; Alonso-Vante
where x = 1.8 etal., 1989
MosRu,S,, ’ Acid nr Low Reeve et al., 1998a;
Mo,Os,S,, Reeve et al., 1998b
W,Ru,S,, Re,Ru,S,
Amorphous phases Low temperature Acid 4 Low Schimdt et al.,
MoxRu,SeO, chemical 2000; Bron et al.,
precipitation 2001
Amorphous phases Low temperature Acid 4 Low Duron et al., 2000
Ru,S,(CO), pyrolysis method
Amorphous phases Low temperature Acid 4 Comparable Campbell, 2004
Ru,Se aqueous medium
method
Amorphous phases Impregnation Acid 4 Comparable Hilgendorff et al.,
Ru,Se, method 2003
Amorphous phases Colloidal method Acid 4 Comparable Tributsch et al.,
Ru,Se, O, 2001
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Ru,S,, Ru,Tey

Ru,Cr,Se,,
Ru,Fe,Se,,

Mo,Os,Se,(CO),
W,0s,Se,(CO),

MXM0688
(M= Ag, Ba, Cd,
Zn, Sn, Pb, In, Pd)

MXMO6_XT€8
(M =Pt, Ru, Os,
Rh)

Ru858615/C

Ru,Se,/C

Ru,Se,/C

High temperature
solid state reaction

Low temperature
chemical

precipitation
method

2

29

29

Microwave assisted
polyol reduction

Colloidal method
followed by
hydrogen reduction

Thermolysis

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Acid

<4

<4

Low

Comparable

Comparable

Low

Alonso-Vante et al.,
2002

Gonzalez-Cruz and
Solorza-Feria, 2003

Solorza-Feria et al.,
1999

Schubert et al.,
1996

Fischer et al., 1995

Liu et al., 2007

Colmenares et al.,
2006

Fiechter et al., 2007
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1.6.1 ORR Mechanism

Since Mo,Ru,Se, = Ru,Se, material provides a four-electron reduction pathway for
the oxygen reduction, it has been studied thoroughly in literature. The complex
formation between the reduced oxygen molecule and the cluster must be the key to
these systems with favourable catalytic behaviour. As a consequence of electron
transfer from the transition metal cluster to the chemisorbed oxygen molecule, two
distinct phenomena were to be expected.

(1)The expected upward shift of electronic levels is due to a positive charging of the
cluster. Due to the semiconducting properties of the material with a Fermi level above
the edge of the valence band, a complete refilling of the cluster with electrons (e.g.,
by tunneling) is to be expected so that the metal cluster can donate electrons easily to
the redox couple (O,/H,O) which is just below the Fermi level of the electrode

(Alonso-Vante et al., 1987). This is schematically shown in Fig. 1.7.

E, 7 \
_\ oy ° Mﬂ, Ru
O X=8§,58e,Te
AB, =13 eV
W, e_
_______ F \ ) 0, +4H" +de > 2 H,0

i

— E° (0,/H;0)

Fig. 1.7 Schematic representation of the energy diagram and crystal structure of
Mo,Ru,Se, indicating that electron exchange occurs via the mixed metal
clusters (Alonso-Vante et al., 1987; Tributsch et al., 2001)

(i1) There is a correlation between the formal number of the valence electrons in the

cluster and the metal-metal bonding distances in the cluster. Since no cooperative
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reaction between neighboring atoms is possible in chalcogenides due to the large
interatomic distance (2.7 A), the breaking of the —0-O- bond is facilitated and leads to

the formation of water (Alonso-Vante et al., 1987). This is schematically shown in

Scheme 1.1.
Ru Ru Ru— Ru-—- Ru
0, O © e M e
|  — (I) —_— W W + 2H,0
Ru Ru” Ru—0 Ru—OH Ru

Scheme 1.1 Schematic representation of molecular oxygen reduction on the Ru,Se,
species (Alonso-Vante et al., 1987)

1.7 Transition Metal Macrocycles

Macrocyclic derivatives of transition metals constitute a unique class of
electrocatalyst for oxygen reduction. One of the characteristics of an oxygen electrode
is that it chemisorbs oxygen without degradation of the catalytically active surface.
Reversible adsorption has been observed in aqueous solution for some metal chelates
e.g., bis(salisylal) ethylene diamine cobalt(Il), heme, and Co(Il) histidine. The
possible application of these soluble compounds as cathode catalysts would lead to a
complicated engineering system, even if the kinetics was favourable. A number of
insoluble metal chelates will also chemisorb oxygen; the most chemically stable of
these are metal porphyrins, metal phthalocyanines and metal tetraazannulenes to some
extent (Vasudevan ef al., 1990). The reason for exploiting these materials as oxygen
reduction catalysts is due to their analogous structures of enzyme catalase, which
decomposes oxygen in living cells. These molecules are having square planar
structures with the metal atom symmetrically surrounded by four nitrogen atoms.
These nitrogen atoms are each members of ring systems, which in turn are connected
by carbon atoms (porphyrins) or nitrogen atoms (phthalocyanines). A number of these

are insoluble and stable in acids (8§ M H,SO4) and bases (7 M KOH). Catalytic
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activity for oxygen reduction is found only with a macrocyclic ligand, which has a

cyclic conjugation of ‘n’ electrons (Zagal et al., 1992).

Jasinski (1964) first reported oxygen electrocatalysis with an adsorbed transition
metal macrocycle, the CoPc, adsorbed on carbon and nickel structures. Shortly
thereafter, Jahnke et al. (1976) examined polymeric metal phthalocyanines and
Kozawa et al. (1970) extensively studied the adsorbed Fe and Co phthalocyanines on
pyrolytic graphite electrodes. In recent years, the desires for a low cost, catalytic
oxygen electrode for fuel cells have accelerated the examination of various transition
metal macrocycles as potential catalysts. Metal phthalocyanines, porphyrines, Schiff
bases and related derivatives are frequently investigated. All these materials display
an activity for the electroreduction of oxygen. Metal porphyrins and phthalocyanines
have the advantage, in comparison to Schiff bases, that their chemical properties can
be manipulated through substituents in the - or meso-positions. Also, electrocatalytic
activity and stability in acidic media appear to be enhanced for metal porphyrins and
metallophthalocyanines with respect to the Schiff bases. Macrocyclic M-Ng4
complexes of a great variety of metals have been tested, including Fe, Co, Ru, Pd, Pt,
Ir, Cr, Ni, Cu, Zn, vanadyl ion, Mo, Al, Sn, uranyl ion, Sb, Ga, Na, Ag. All
experimental evidences accumulated over the years have demonstrated that
macrocyclic complexes of Fe and Co appear to be the best. For some particular
complexes Fe is better, for others Co is better. Oxygen reduction on most Co chelates
gives hydrogen peroxide as the main product of the reaction (Zagal et al., 1980; Zagal
et al., 1992). Studies conducted on substituted Co chelates have shown that even
though the activity varies for each individual complex depending on the substituent,
the mechanism remains the same and peroxide is always the product (Elzing et al.,
1987; Zagal et al., 1992). The activity of Fe phthalocyanine is lower than that of Co

41



phthalocyanine. The reverse is true for porphyrins. However, they suffer from low
electrochemical stability, and they decompose either via hydrolysis in the electrolyte
or attack of the macrocycle ring by peroxy intermediates generated during oxygen
reduction. Collman et al. (1980) and Steiger et al. (1993) investigated the oxygen
reduction activity of dicobalt face-to-face porphyrins, other binuclear and polynuclear
Co phthalocyanines and found the direct reduction to water in acidic medium. In
alkali only reduction to peroxide was observed (Durand ef al., 1983). Oxygen
reduction on planar dicobalt chelates (van der Putten ef al., 1988) gives water in
alkaline solutions and peroxide in acid, which is exactly opposite of what is observed
with face-to-face Co porphyrins. This could be explained by assuming that O;" is the
intermediate: in acid it will be rapidly attacked by protons, forming hydrogen
peroxide. In alkaline solution it is more stable, enabling bridge adsorption and leading
to water formation. The difference in behaviour observed for cofacial and planar
dicobalt complexes is due to the binding of oxygen molecule in a trans- and cis-
manner respectively. They have also reported on the behaviour of a set of cobalt
porphyrines having n-acid ligands pendant to the porphyrin ring as electrocatalysts for
the reduction of O,. Four electron reduction of O, to water can also be achieved by
using two different metal centres, as proposed by Bettelheim ef al. (1990) and Steiger
et al. (1993) for electropolymerized layers of Co and Mn tetra(o-
aminephenyl)porphyrins and multilayers of Co tetra-4-pyridyl porphyrin. Tse et al.
(1997) have found that electropolymerized Co tetraaminophthalocyanines (CoTAPc)
also promotes the four electron reduction mechanism. However, it was only observed

at high polarizations. At low polarization, peroxide is formed on poly-CoTAPc.

From the studies on oxygen reduction activity of various Fe chelates it has been found

that the nature of ligand is also an important in hydrogen peroxide reduction or
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decomposition. When comparing the activity of FeTPP-Cl (Bouwkamp-Wijnoltz et
al., 1998) and FeTPyPz, the latter does not promote the reduction of peroxide. Tanaka
et al. (1989) found the formation of water at low overpotentials whereas peroxide at
high overpotentials on FeTPyPz (iron tetrapyridinoporphyrazine). A relation exists
between an increasing hydrogen peroxide decomposition rate constant and increasing
oxygen reduction activity in acid solution. All the experimental results show that iron
porphyrin and phthalocyanine derivatives exhibited highest oxygen reduction activity
with single site for O, adsorption. In order to increase the activity and stability, metal
chelates were adsorbed on carbon and investigated the oxygen reduction
measurements. It has been shown that the carbon with basic functional groups is the
most effective type of support. However, the activity and stability of these Co and Fe

chelates was far less compared to the Pt electrocatalysts.

Later it was reported (Bagotzky et al., 1977; van Veen et al., 1981; Scherson et al.,
1983; Scherson et al., 1986; Sawaguchi et al., 1990; Widelov and Larson, 1992;
Ladoucear et al., 1993; Jiang and Chu, 2000; Faubert et al., 1996; Lalande et al.,
1996; Gojkovic et al., 1998; Gojkovic et al., 1999; Schulenburg et al., 2003) that the
heat-treatment of macrocycles supported on carbon supports improves their stability
as electrocatalysts for oxygen reduction and, in some instances, enhancing their
oxygen reduction activity. Usually heat treatment is carried out in argon or nitrogen
atmosphere at temperatures between 673—1273 K. The maximum activity has been
observed in the range of 773-1073 K for most of the chelates adsorbed on carbon
support. The optimum temperature for maximum activity depends on the metal, the
ligand, and nature of support. What is left on the electrode surface after the heat
treatment consists largely of the metal atoms of the porphyrin. The distances between

such metal atoms will correspond to the diameter of the adsorbed organic.
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Correspondingly, the high temperature will have bound the atom to the carbon
surface. Thus, the individual atoms would be acting catalytically; they would not be
able to lose catalytic power by aggregating to form clusters in which most of the
atoms are hidden from reactants inside the clusters. The composition and the structure
of the electrocatalytic center formed upon pyrolysis were not clear. Still some
controversies exist. But it was accepted that the creation of M-N4 moiety on carbon

matrix or simply MN4Cy species are the active species for oxygen reduction.

Studies on iron and cobalt macrocycles adsorbed on carbon support had shown that
the reduction of oxygen is enhanced by the presence of MN,Cy (Where M= Fe and Co)
species. At first Joyner et al. (1982) proved the existence of CoN4 with Co-N distance
as ~1.95 A at medium temperatures by using EXAFS in the case of cobalt porphyrins
(CoTPP, CoTBP). Later XAS measurements performed on Co chelates by van
Wingerden et al. (1988), Martin Alves et al. (1992) also identified the existence of
CoNjy species. XRD, XPS, TEM and ToF-SIMS studies on heat-treated FeTPP/C and
CoTPP/C catalysts by Faubert et al. (1996) had shown the presence of metal-Ny part
in the temperature range of 773-973 K, where the ORR activity is maximum and
disappearance of metal-N4 moiety and presence of metal particles, metal oxides and
metal carbides at higher temperatures (>1073 K). Mossbauer spectral studies (Nath et
al., 1993) of unsupported FePc and CoPc heat-treated at 773-973 K also indicate that
the N4-M moiety is mainly retained. Lalande ef al. (1996 and 1997) also observed the
ions containing the metal bound to nitrogen using ToF-SIMS for Co and Fe
phthalocyanines pyrolyzed at temperatures upto 973 K and porphyrins pyrolyzed upto
1073 K. Several authors (Faubert ef al., 1996; Lalande et al., 1996; Wang et al., 1999)
reported the generation of active sites by using independent metal, nitrogen and

carbon precursors. Even though the results were satisfactory, valuable information
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was obtained. Choi ef al. (2002) also reported the presence of Fe-N4 at medium
temperatures and iron oxides and carbides at higher temperatures based on EXAFS
measurements. ToF-SIMS measurements studied by Lefevre et al. (2000, 2002 and
2003) on FeTMPP on carbon also proved the existence of FeNy at medium
temperatures (873 K) and FeN, at high temperatures (1073 K). Recently, the same
authors (2005) performed ToF-SIMS studies on CoTMPP adsorbed on carbon and
proved the existence of CoN4 moiety alone where the ORR activity is maximum but

not observed the CoN, moiety at any heat treatment temperature.

In literature, oxygen reduction activity was measured in terms of current density at a
potential where the oxygen reduction kinetics is more favorable and/or potential at
which maximum reduction current occurs. But in commercial point of view, one
requires a catalyst, which has the ability to reduce oxygen at higher potentials with
high current densities. Among the various substituted Fe and Co macrocycles, iron
and cobalt tetra methoxy- phenylporphyrins exhibited higher activity and stability.
Most of the authors concentrated on Fe-based catalysts because of their high activity
towards oxygen reduction compared to Co-based catalysts. The results obtained by
fabricating the electrodes with CoTcPc/C for different temperature treatments show
that the activity of the electrodes increases with temperature up to 1173 K whereas
activity was lost at 1273 K. The catalyst that is more active is comparable with that of
Pt/C. Life time tests conducted on the same catalysts show the better stability up to 20
h of cell operation and also comparable with that of Pt/C (Lalande et al., 1995).
Stability of the active sites generated by employing ployvinylferrocene as iron
precursor and acetonitrile as a source of nitrogen exhibited the stable currents upto
300 h under fuel cell conditions. The recorded current density per mg of metal is

about 1/3 of a comparable Pt containing catalyst (Lalande et al., 1997). Impressive
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activities for oxygen reduction was obtained using catalysts prepared via the pyrolysis
of nitrogen containing polymers such as polypyrrole, polyacrylonitrile on carbon
containing transition metal ions (Gupta et al., 1989). This behaviour is presumably
analogous to that of the metal chelate systems. Jiang and Chu (2000) have
investigated methanol tolerance for the performance of the oxygen cathode for a
series of heat-treated metalloporphyrins. The heat-treated CoTPP/FeTPP mixture at
873 K exhibits optimum catalytic activity for the reduction of oxygen with an onset
potential of 0.9 V vs. NHE, which is comparable with that of platinum black (1.0 V
vs. NHE). The -catalytic activity for oxygen reduction on the heat-treated
metalloporphyrin is not affected by the presence of methanol in an acidic electrolytic
solution. Under similar conditions, platinum catalysts are severely affected by the
presence of the same amount of methanol. No long-term life tests were reported but
a loss of activity during the first 20 h of operation probably occurs as reported for
other similar catalysts (Lalande ef al., 1995). Convert ef al. (2001) investigated the
catalytic activity of cobalt tetrazannulene (CoTAA) in half-cell conditions. The
activity for the reduction of oxygen of this electrode is not affected when methanol is
present in the electrolyte, whereas a noticeable decrease in activity is observed on Pt-
based cathodes under the same conditions. Moreover, stability of it was comparable
with that of Pt-based electrodes over a period of 90 min. Gupta ef al. (1998) and Sun
et al. (2001) have studied heat-treated p-oxo-iron(Ill)tetramethoxy phenyl porphyrin,
iron tetramethoxy phenyl porphyrin and iron(IIl)octaethylporphyrin adsorbed on high
surface area carbons and found high stability for oxygen reduction and insensitivity to
the presence of methanol. The activity of these electrodes is not modified after periods
of 24 h. the activity of these catalysts tested in a mini-fuel cell similar to that of
supported platinum (E-tek). The electrolyte was 85% H3PO, equilibrated Nafion 117

membrane at 398 K and hydrated Nafion membrane at 333 K. However, supported
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platinum in the presence of methanol under the same conditions of the supported
macrocycles showed decreased activity. RDE measurements show that the ORR
activity of heat-treated (at 1073 K) FeTMPP-CI/BP catalysts is about 1 order of
magnitude lower than that of commercial platinum catalysts (20% Pt/C from E-TEK)
(Lefevre et al., 2000). The percentage H>O, measured at their maximum catalytic
activity is quite low (<5%) and comparable with that observed on commercial catalyst
(Lefevre et al., 2003). ORR activity of various metal macrocyclic complexes and
pyrolyzed macrocycles is summarized in Table 1.6. The negligible amount of
hydrogen peroxide formed as an intermediate in these pyrolyzed catalysts reflects the
stability. It can be concluded that heat-treated macrocycles supported on carbon are
promising for applications in low temperature fuel cells, if the decrease in activity

with time of operation can be overcome.

1.7.1 ORR Mechanism

For a qualitative explanation of the activity of these systems, different concepts were
developed. Application of the MO theory (Jahnke et al., 1976) to these systems has
shown that the highest interaction of O, with the central metal ion is obtained with
Fe(Il) and Co(II). The higher this interaction, the more the O-O bond is weakened and
the more easily the molecule is reduced. Another approach has been given by Ulstrup
(1977). If the electronic levels of the electrode and reactant lie too far apart, the
transition of electrons is improbable. The catalysts should then act as a mediator
supplying intermediate levels thus increasing the probability of electron transport. A

third concept is that of redox catalysis developed by Beck (1977).
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Table 1.6 Electrocatalytic activity and selectivity towards oxygen reduction of transition metal macrocycles compared to Pt

Catalytic activity

Catalyst Electrp lyte No. of electrons towards O, reduction vs. Reference
medium transferred Pt
CoPc Alakli/Acid 2 n.r Zagal, 1992
Zagal et al., 1980
CoTPP Acid 2 n.r Zagal, 1992
Co-Co (face-to-face porphyrins Acid 4 n.r Collman et al., 1980
Pillared dicobalt porphyrins Acid 4 n.r Chang et al., 1984
Planar dicobalt porphyrins Alkali 4 n.r van der Putten ef al.,
1988
Poly-CoTAPc pH: 1.65-13 4 n.r Tse et al., 1997
FePc Alkali 4 nr Faubert et al., 1996;
Lalande et al., 1996
FeTSPc Alkali 4 n.r Zagal, 1992
FeTPyPz Alkali 4 n.r Tanaka et al., 1989
HT-FeTPPCl at 873 K Acid 4 n.r Bouwkamp-Wijnoltz et

al., 1998
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FeAc/pyrrole black at 1073 K
FeTMPy/VulcanXC72R at 1073 K
FeTPPS/VulcanXC72R at 1073 K

FeNPc/PrintexXE2 at 773 K
Fe(phen)s/VulcanXC72R at 1073 K

HT-CoTPP/FeTPP at 873 K

HT-FeTMPP-Cl at 1073 K

CoTAA
CoTcPc/VulcanXC72R at 973 K

FePc/VulcanXC72R at 1173 K

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Acid

Acid

3.9

2.7

2.7

3.5

3.7

Comparable

Comparable

Comparable
Comparable

Comparable

Gupta et al., 1998
Sawaguchi et al., 1990
Sawaguchi et al., 1990

Biloul et al., 1994

Bron et al., 2002

Jiang and Chu, 2000

Gupta et al., 1998;
Lefevre et al., 2000

Convert et al., 2001
Lalande et al., 1995

Lalande et al., 1995
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In this concept the redox potential of the central metal ion is crucial. In this concept,
the interaction of O, molecule with metal center in the macrocycle causes a partial
electron transfer from the frontier orbitals of metal to the frontier orbitals of the O,.
The precursor or adduct formed, undergoes further reduction to give intermediate
species like peroxide which can be the product or decomposed/reduced further to give

water. The crucial steps in the catalytic cycle are given as follows:

M-N4(III)OH + ¢ > M-N4(I) +OH (1.11)
M-Ny(II) + O, — M-Ny(IID-0,” (1.12)
M-Ny(IIT)-O;" + e — M-Ny(Il) + intermediates ~ ...........oeee. (1.13)

According to this redox mechanism, the redox potential of M(III)/M(II) must be
located within an appropriate, rather narrow window of potential values to obtain
maximum activity. When the activity for the oxygen reduction is compared with the
redox potential of the M(III)/M(II) transition of different metal chelates a volcano
shaped curve is obtained (Trasatti, 1980). However, recent studies of different
substituted Pc’s have revealed that the lower the electron density on the metal center,
the higher the catalytic activity for O, reduction. For studies conducted with
substituted Co phthalocyanines, when the logarithm of the rate constant (taken at
constant potential) of the electroreduction of O, is plotted versus the Co(III)/Co(II)
redox potential of different substituted phthalocyanines (Co-Pcs), for graphite
electrodes modified with these complexes, a straight line is obtained. Log k decreases
as the driving force of the phthalocyanines increases (the driving force is represented
by the Co(III)/Co(II) redox potential) so the greater the reducing power of the CoPcs,
the less is the activity for O, reduction. This was explained in terms of the chemical
intermolecular hardness of the system, i.e., the more the separation between the
energy of the frontier orbitals of the donor (Co-Pc) and the acceptor (O,), the less the

reactivity. These studies reveal that questions still remain open on the role of the
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redox potential in determining the catalytic activity. However, most authors agree that
the redox mechanism requires the stability of the 3+ and 2+ oxidation states of the
metal, needed for oxygen activation in the potential region of interest for O,
reduction. It has been found that Co and Fe porphyrins are active as long as the 3+
oxidation state is accessible at a given potential. However, for some Co complexes,
O, reduction takes place at potentials far removed from the potential of the
Co(III)/Co(II) (Collman et al., 1980). Most authors also agree that the Fe(Il)/Fe(I)
redox couple is the one that plays the crucial role in the activation of the O, molecule
(Zagal, 1992). Collman et al. (1980) established the mechanistic details of the oxygen
reduction process on dicobalt face-to-face porphyrins by bridge mode of adsorption of
0O-O on two cobalt metal centres followed by cleavage to form water as the main
product. Since the structure of MN4Cy species generated by the pyrolysis of the
carbon supported macrocycles was not known in literature, mechanism was not well

established.

1.8 Other Electrocatalysts

Transition metal ions in oxides, precisely because of their ability to switch between
different valencies, possess appreciable chemical and/or electrocatalytic activity,
which make them versatile materials for chemical and electrochemical reactions
(Trasatti, 1980). Transition metal ions in oxides, which can exist in various valency
states, exhibit metal-like conductivity if half-filled d-bands are present. Many oxides
have been investigated but it has been mainly focused on perovskites, spinels and
pyrochlores since these materials can be expected to provide reversible pathway for
oxygen reduction. Alternate to platinum based catalysts, various simple metal oxides
such as RuO,, IrO,, Fe;04, PbO,, NiO, Ti0,.5, CrO,, PdOy, CeO,, ZrO,, SnO,, Ta,0s,

TiO,, WO3.5 and MnO, [Matsuki and Kamada, 1986; Chang et al., 1997; Vago and
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Calvo, 1995; Manoharan and Goodenough, 1995; Kim et al., 2007; Liu et al., 2005)
were investigated for oxygen reduction. Comparison of electrocatalytic activities
towards oxygen reduction has led to the following order: RuO, and IrO,>Co and Ni
containing oxides>Fe, Pb and Mn containing oxides. MnO, shows some promise due
to its low cost and its high catalytic activity for the oxygen reduction for metal-air
battery applications (Yang and Xu, 2003). Oxygen reduction studies on various
Perovskites (Matsumoto et al., 1977), spinels (Hays et al., 1993, Nissinen et al., 2002)
and pyrochlores (Horowitz et al., 1983; Raghuveer et al., 2002) indicates that the
intrinsic activity as well as stability of these metal oxides in acidic medium is less
compared to that of the Pt based materials. Even though these materials do not exhibit
significant activity, the experience gained from the studies led to the search of new

fascinating materials for oxygen reduction.

Owing to the good electrical conductivity, corrosion resistance and eventual catalytic
activity, metal nitrides (Mazza and S. Trasatti, 1963; Giner and Swette, 1966; Zhong
et al., 2006; Zhong et al., 2007), metal carbides (Mazza and Trasatti, 1963; Voinov et
al., 1971) and metal oxynitrides (Ishihara et al., 2005; Liu et al., 2007) were exploited
for oxygen reduction in aqueous solutions. Mazza and Trasatti (1963) investigated the
oxygen reduction activity of TiN, TiC, TaC and WC in acidic solutions. They
observed superior activity of WC than other investigated systems. The order of
activity is, TaC<TiC<TiN<WC. Later Giner and Swette (1966) evaluated the oxygen
reduction activity of TiC and TiN in alkaline solutions and observed higher activity of
TiN than TiC followed by Ti. Even though WC exhibited good catalytic activity, it is
far less compared to the Pt catalysts and also not stable for long time. Recently, Lee et
al. (2004) examined the Ta-added WC in acid electrolyte and observed the reduction

current of the WC+Ta catalyst for the ORR at a potential of 0.8 V vs. dynamic
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hydrogen electrode higher than that of WC (0.35 V). The enhanced electrocatalytic
activity for the ORR might be caused by the presence of W carbide, which exists on
the surface and/or sub-surface. The stability of the WC was significantly increased by
the addition of Ta compared to the pure WC. Recently, Mo,N (Zhong et al., 2006),
W:N (Zhong et al., 2007), TaOxN,/C (Ishihara et al., 2005) and ZrO4N,/C (Liu et al.,
2007) were investigated for oxygen reduction and tested them as a cathodes for
PEMFCs. But the performance of these materials was 15-20 times less compared to

the commercial Pt electrocatalysts.

1.9 Nanomaterials and Electrocatalysis

Nanomaterials are believed to exhibit unique science. The interest in nanomaterials
arises from the fact that their physico-chemical properties are a function of their
dimensions. Nanomaterials are materials whose characteristic length scale lies in
nanometric range i.e., 1-100 nm. These materials display properties intermediate
between quantum and bulk materials because of their size and large surface area-to-
volume ratios. In comparison to bulk, materials in nano regime possess several
advantageous properties like short range ordering, enhanced interaction with
environments due to the high number of dangling bonds, great variety of the valence
band electron structure and self-structuring for optimum performance in adsorption
and electrocatalysis (Cao, 2004). The unusual physicochemical properties of
nanomaterials are due to the comparable size of nanomaterials to the Bohr radius of
the excitons as well as with the size of molecules.

(1) As a consequence of the size reduction, larger the portion of their constituent
atoms located at the surface (surface to volume ratio) and higher the surface area
(Klabunde et al., 1996). In general, increases in the surface area provide more

adsorption of reactant molecules on its surface, which results the higher catalytic
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activity. Similarly, the increase in the number of surface atoms creates more number
of active site, which ultimately results higher catalytic activity. In metallic
nanoparticles, a large surface area to volume ratio permits effective charge-transfer.
(i) Nanomaterials are characterized by a very high number of low coordination
number atoms at edge and comer sites which can provide a large number of
catalytically active sites (Bell, 2003). Such materials exhibit chemical and physical
properties characteristic of neither the isolated atoms nor of the bulk material. The
excess surface free energy makes the particles more reactive and structurally
sensitive towards their environment. Modem surface science studies indicate that,
during chemisorption and catalytic reaction, these particles restructure, and the
adsorbed molecules also possess a high degree of surface mobility. Since the atoms
in the nanoparticles have low coordination, such adsorbate-induced restructuring is
facile (Hammer and Nerskov, 2000). As any materials interact with their
environment through solid/gas, solid/liquid, and solid/solid interfaces, the nanometer
scale surface created can be modified to perform certain functions.

(ii1) As we go down in particle size, more will be surface unsaturation, defects and the
proportion of edge/corner ions to the total surface ions (Klabunde et al., 1996).
During size reduction the surface/volume ratio is enlarged and an interface is formed
which is transformed into a metastable system through a series of quasi equilibrium
states. The key issue in the field of nanomaterials is the easy functionalization of the
interface due to its high excess free energy acquired. The surface irregularities, i.e. the
presence of steps, kinks, terraces, as well as the "dangling" bonds of the atoms located
at these-sites, make it possible to create highly reactive species.

(iv) Nanosize metal particles play a crucial role in surface reactivity, chemisorption
and electrocatalysis (Hammer and Nerskov, 2000; Lima et al., 2007; van Bokhoven

and Miller, 2007). The small size significantly affects the electrochemical behavior of
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the nanocrystal materials. While going from bulk to nano size, the semiconductor
energy levels (higher and lower are the positions of CB and VB respectively) become
more separated from each other and the effective band gap increases. In the case of
metals also, the valence and conduction band energy levels are separated to certain
extent when the size of the particle is reduced. In this situation the metal does not
exhibit bulk metallic or semiconducting behavior. As a result of increase in band gap,
the conductivity as well as the density of states in the conduction and valence band
will be reduced. Because of this unusual behaviour of metals and semiconductors
while going from bulk to nano, the Fermi level and density of states at the interface
will alter. Since the Fermi level is associated with the redox ability of the system,
there will be a considerable change in the rate of redox processes. It would therefore
be possible to control the electrocatalytic activity of metals and semiconductors by

changing their size.

1.10 Methods for the Preparation of Supported Metal Nanoparticles

One of the paths in the field of electrocatalysis is the preparation of metal catalysts on
suitable support materials. It is well known that the electrocatalytic activity of a
catalyst strongly depends on particle size, morphology and particle distribution. So in
the preparation of supported metal nanoparticles, control of the metal particle size
with size distribution as narrow as possible is needed; furthermore, stability of the
originally metastable dispersion must be assured. The importance of the narrow size
distribution in nanosize range is emphasized by the fact, that in the 1-10 nm region
relatively small changes in the size can be accompanied by significant morphological
changes (viz. change in the fraction of the coordinatively unsaturated corner, kink and
edge atoms) and seriously influence redistribution in the valence band density of

states (van Bokhoven and Miller, 2007).
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In terms of experimental approaches, different synthetic methods have been used in
the synthesis of supported metal catalysts. The major focus has been the effect of
synthesis conditions on catalyst morphology and catalytic activity. In the conventional
impregnation approaches, a solution of metal salt(s) is prepared and mixed with the
carbon support. The resulting slurry is dried to remove the solvent and then usually
heat-treated and/or reduced to decompose the salt to give the desired form of the
catalyst. This is a simple and one-step preparation method, but it provides a poor
control over the particle size and size distribution, especially for the preparation of 20-
60 wt.% metal loading on supports (Chan et al., 2004). A variation of this method is
incipient-wetness impregnation. In this method, volume of the impregnating metal
solution is chosen to match the pore volume of the carbon. This method has the
advantage that metal is only deposited within the pore structure of the carbon. But the
particle size cannot be controlled. In addition, various synthesis procedures were
adopted for the preparation of support metal catalysts. It is observed that both
geometric as well as electronic factors will vary depending on the method of
preparation. The geometric factors (interatomic distance, the crystal structure, its
grain size, and concentration and types of defects and irregularities) and electronic
factors (%d character, d-band vacancies, and more general characteristic features such
as work function and latent heat of sublimation) are known to influence the
electrochemical behaviour of the prepared catalysts (Antolini et al., 2003). So the
development of techniques in order to control the size (monodisperse nanoparticles
are preferred) and composition of the supported catalyst has been a major area of

research.

In the last few years, polyol reduction method and reverse microemulsion method

(RME) have been chosen as versatile methods to generate metal colloids and/or
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clusters on the nanoscale with greater uniformity and controllable composition.
Subsequently, the prepared nanoparticles will be added to the dispersed support and

dry/activate under different conditions to prepare the supported metal nanoparticles.

Polyol reduction method (Sun et al., 2000) involves the preparation of metal colloids
by the reduction of metal precursor by polyol in the presence of capping agents. This
method also has been used to prepare bimetallic catalysts with narrow particle size
distributions, controllable composition and alloy structures. The reduction of metal
precursor by polyol is represented below.
R-CH,(OH)-CH,(OH) — R-CH,CHO
R-CH,CHO + M"™" — R-CH(CO)CH(CO)-R + M’

where R — alkyl chain and M — metal.

Binary metallic alloys can be prepared either by the reduction of corresponding metal
precursors with polyol (like ethylene glycol or glecerol or hexadecanediol or
octanediol) or reduction of one metal precursor with polyol and decomposition of

second metal in high temperature solutions.

The size and shape of the nanoparticles can be controlled by varying the reducing
agent (polyol), capping agents, reaction temperature, metal precursors (Li et al., 2001;
Shevchenko et al., 2003). This method has been employed to prepare a variety of
nanomaterials, include metal alloys (Sun et al., 2000), metal oxides (Hyeon et al.,

2001) and metal sulfides (Liu et al., 2007).

Reverse micellar solutions are transparent, isotropic, thermodynamically stable water-
in-oil microemulsions with nanosized water droplets which are dispersed in a
continuous oil phase and stabilized by surfactant molecules at the water/oil interface

(Hoar and Schulman, 1943). The surfactant-stabilized water pools not only act as
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nanoreactors for processing reactions but also inhibit the excess aggregation of
particles because the surfactants could adsorb on the particle surface when the particle
size approaches that of water pool. Consequently, the particles obtained in such a
medium are generally very fine and uniform. Spherical reverse micelles, which
minimize surface energy, are the most common form (Capek, 2004; Eriksson et al.,

2004).

This method involves the preparation of two separate microemulsions, incorporating
the different reactants. Upon mixing, nucleation occurs on the micelle edges as the
water inside them becomes supersaturated with reactants. Growth then occurs around
this nucleation point, with the arrival of more reactant fed via intermicellar exchange.
It would appear that growth initially begins at the interface and then moves into the
core of the micelle. The rate limiting step for particle growth is intermicellar exchange
(Capek, 2004). Control of this exchange via interfacial fluidity of the surfactant is
believed to be a significant factor. Particle growth has shown to be strongly dependent
on intermicellar exchange rates. The resultant particle size appears to be dependent on
dominant parameters: type of solvent, type of surfactant/co-surfactant, concentration
of the reagents, ionic additives and composition via [water]:[surfactant] ratio, W
(Eastoe et al., 2006). A number of nanoparticle systems have been prepared in reverse
micelles, including metals (Taleb et al., 1997), metal alloys (Raghuveer et al., 2006),

metal oxides (Raghuveer ef al., 2002) and metal chalcogenides (Haram et al., 1996).

1.11 Motivation and Objective of the Present Investigation

At present, carbon supported platinum is the best and commercially exploited
electrocatalyst for oxygen reduction. But the overpotential of 300-400 mV under
typical experimental conditions, corrosion at high potentials of +0.8 V vs. NHE and

sluggish kinetics for oxygen reduction on Pt, limit its practical application. Moreover,
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Pt is expensive and less abundant. One of the possible ways to overcome these

difficulties is the dispersion of Pt on carbon support or alloying it with suitable metal

and supported on carbon. Another way is the replacement of Pt by possible Pd or Ru

or Fe or Co- based electrocatalysts.

The main objective of the present work is to develop carbon supported Pt and non-Pt

electrocatalysts for oxygen reduction reaction. Conventional metals and metal alloys,

chalcogenide and macro-cycle based systems have been examined for the oxygen

reduction reaction in this study. The thesis work is focused on the following aspects.

Synthesis of carbon supported Pt nanoparticles of different sizes by polyol
reduction method and evaluation of the optimum size of Pt for oxygen
reduction.

Synthesis of carbon supported Pt alloy (Pt-Cr, Pt-Co and Pt-Fe) nanoparticles
by polyol reduction method and examining the role of the alloying element on
the enhanced oxygen reduction activity.

Synthesis of carbon supported Pd and Pd alloys (Pd-Co-M; M = Mo and Au)
by reverse microemulsion method and identifying the role of the alloying
element on the enhanced oxygen reduction activity.

Synthesis of carbon supported Ru,Sey (x =1 and y =0, 0.2, 0.4, 0.6, 0.8 and
1.0) catalysts by reverse microemulsion method and study of the optimum
composition of Ru/Se for maximum oxygen reduction activity.

Studies on the facile reduction of oxygen on MN4 (M = Fe and Co) clusters
using Density Functional Theory (DFT).

Preparation of MN4Cx (M = Fe and Co) clusters in nano-size range by
pyrolyzing macrocyclic complexes supported carbon and study of the oxygen

reduction activity.
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CHAPTER 2

EXPERIMENTAL METHODOLOGY

2.1 CHEMICALS AND MATERIALS USED

The chemicals used for the preparation of Pt, Pt-Fe, Pt-Co and Pt-Cr nanoparticles are
Platinum(II) acetylacetonate, Fe(Il) chloride, Co,(CO)s, Cr(CO)s, diphenyl ether
(99%), Octyl ether (99%), 1,2-hexadecanediol (97%), Oleic acid (99%), Oleylamine
(98%), nonanoic acid (96%) and nonylamine (98%) which were obtained from

Sigma-Aldrich.

H,PdCly, HAuCly and MoCls from Sigma-Aldrich, CoCl,, Triton-X-100 and
hydrazine from Merck were used as received for the preparation of carbon supported
Pd-Co-M (M = Au and Mo) alloys. Ruthenium(IIl) chloride and selenous acid
obtained from Sigma-Aldrich, AOT obtained from Acros Organics and sodium
borohydride obtained from Merck were used as received for the preparation of carbon

supported Ru,Sey (x =1 and y = 0-1).

Fe(IT)chloride, Co(Il)acetate and pyrrole (99%) from Sigma-Aldrich, anisaldehyde
and benzaldehyde from Merck were used as received for the preparation of Fe and Co

macrocyclic complexes.

Water purified by a Milli-Q water purification system was used through out the
experimental work. Carbon black (CDX975), received from Columbian Chemicals
Company, USA was used as the support for the catalysts. Glassy Carbon (GC) disc
(0.07 cm?) and polishing kit were purchased from Bio Analytical System, USA. 5
wt% Nafion solution was purchased from Aldrich. All other chemicals and solvents
used in the investigation were of analytical (AR) grade and were obtained from S. D.

Fine chemicals, India. These chemicals were used as such without further purification.



2.2 PURIFICATION OF GASES

2.2.1 Purification of Argon

High pure argon from M/s. Karnataka Oxygen Ltd., was bubbled though a series of
gas washing bottles. The first two of the wash bottles contained 50 g of amalgamated
zinc and 200 ml of 0.1 M ammonium metavanadate in hydrochloric acid. The next
two traps had distilled water and concentrated sulphuric acid respectively to remove
vanadium and moisture from the gas stream. Finally, the gas was passed through a
silica gel column to absorb traces of moisture and thus dry argon gas free of oxygen

was obtained.

2.2.2 Purification of Oxygen
Oxygen gas used for the electrochemical reduction of oxygen reaction was obtained

from M/s Indian Oxygen Ltd. and the gas was used as-received.

2.3 ELECTROCHEMICAL MEASUREMENTS

Electrochemical activity of the catalysts was determined by cyclic voltammetry using
a potentiostat (BAS 100 electrochemical analyzer). All experiments were performed
at room temperature in a conventional one-compartment electrochemical glass cell
assembled with glassy carbon (GC) disk as the working electrode, Ag/AgCl, 3.5 M
KCI (+0.205 V vs. NHE) as the reference and Pt foil as the counter electrodes,

respectively.

2.4 CHARACTERIZATION OF THE CATALYSTS

2.4.1 X-Ray Diffraction Study

X-ray diffraction (XRD) patterns for the powder samples were recorded on a Rigaku
Miniflex X-ray diffractometer using a Ni filtered Cu Ko source operated at 30 kV at a

scan rate of 0.05° s_'. Calculation of the lattice constants and the metal crystallite
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sizes were based on the angle position and on the full width at half maximum
(FWHM) of the peaks, respectively. The values of the lattice constants were

determined by means of the least-square method.

For crystallite size measurements, X-ray diffraction patterns were recorded at scan
rate of 0.025° s~' and metal crystallite size was calculated by X-ray line broadening
technique employing Debye-Scherrer equation (Patterson, 1939).

094

where L is the crystallite size, A is the wavelength of the X-ray (1.5406 A), 0 is the
angle at the position of the peak maximum and f;,, is the width (in radians) of the

diffraction peak at half height.

2.4.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements of the as-synthesized
Pt/CDX975 was carried out with Omicron nanotechnology instrument using an Mg
monochromatic X-ray (hv = 1253.6 eV) at a power of 350 W operated under the base
pressure of <2 x 10” mbar. The spectra were referenced to Cu 2ps» (932.7 eV), Ag
3dspn (368.2 eV), and Au 415, (84.0 eV) lines. The powder samples were mounted
onto the holder using the conductive double-side adhesive tape. The catalyst surface
was scraped in situ to remove any surface contamination that could arise from
atmospheric components like water and CO,. Due to the conductive nature of the
samples, charging effects were not observed. The energy resolution of the
spectrometer was set at 1.1 eV at pass energy of 50 eV. The binding energy (BE) was

calibrated with respect to Ag 3ds), core level at 368.2 eV.
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2.4.3 Estimation of Metal(s) Loading

Platinum in carbon supported Pt or Pt alloys, cobalt in carbon supported Pt-Co alloy
or CoN4Cx clusters and Chromium in carbon supported Pt-Cr alloy catalysts were
extracted from the catalyst by suitable extracting method and analyzed by UV-Vis
spectrophotometer (Perkin-Elmer spectrophotometer) calibrated with standard

solutions containing known metal contents.

Iron content in carbon supported Pt-Fe alloy or FeN4Cy clusters were extracted from
the catalyst by suitable extracting method and analyzed by standard titration

procedure.

2.4.4 Scanning Electron Microscopy (SEM)

Scanning electron microscope with EDX (FEI, Model: Quanta 200) was used to
observe the surface morphology and composition of the catalysts. The sample
powders were dispersed on a carbon tape before mounting on a sample holder. In
order to reduce the charge developed on the sample, gold sputtering was done for 3
min on all the samples. Elemental analysis was performed with the energy dispersive
X-ray (EDX) method on the energy-dispersive X-ray spectrometer equipped with Si

(L1) detector with energy resolution 130 eV.

2.4.5 Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) images were obtained by using a high-
resolution JEOL 2010 TEM system with lattice resolution 1.4 A and accelerating
voltage 200 kV. The sample for TEM analysis was prepared by placing a drop of
dispersed catalyst onto the carbon coated copper grid and drying it in air at room

temperature.
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2.4.6 UV-Visible Spectroscopic Analysis

UV-Visible absorption spectra were recorded using a Perkin-Elmer spectrophotometer
in the spectral range of 200-800 nm. The absorption spectra for macrocyclic
complexes were recorded in appropriate solvent using 4 cm quartz cell at room

temperature. Prior to that, background correction was done with the same solvent.

2.4.7 Elemental Analysis

The C, H and N analysis was done using the Heracus CHN analyzer.

2.4.8 Surface Area Measurements

Surface area and pore size distribution of carbon black (CDX975) were investigated
by Brunauer—Emmett-Teller (BET) analyses with nitrogen adsorption—desorption
isotherms on a Carlo—Erba sorptometer (Model 1800) instrument at 77 K. The
samples were outgassed at 423 K and 10 torr vacuum for 12 h. For adsorption
experiments, ultrahigh pure nitrogen was used at liquid nitrogen temperature. BET
method was used to evaluate the surface area and pore volume evaluated at the p/po of

0.999.
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CHAPTER 3

SYNTHESIS, CHARACTERIZATION AND
ELECTROCHEMICAL STUDIES OF CARBON SUPPORTED
Pt CATALYSTS FOR OXYGEN REDUCTION

3.1 INTRODUCTION

Conventional carbon supported platinum is the active, efficient, applicable and
successful catalyst for oxygen reduction (Ralph and Hogarth, 2002; Gasteiger et al.,
2005). But Pt is expensive and less abundant. So research efforts are concentrated on
the reduction of the amount of Pt in the electrodes by preparing Pt in nanosize range
on suitable support material (e.g., carbon) to enhance the oxygen reduction activity as

well as to reduce the cost.

There has been great interest in the relationship between the activity of carbon
supported Pt catalysts toward ORR and the size of the supported Pt particles.
Although efforts were made, the conclusions varied among the different researchers.
One of the first investigations towards elucidating particle size and structural
dependence was by Zeliger (1967) and Bett et al. (1973). Zeliger’s work involved Pt
deposited on asbestos (Pt crystallite sizes around 5-10 nm), while Bett’s study was on
commercial Pt blacks and Pt supported on graphitized carbon (Pt crystallite sizes
around 3-40 nm). The ORR measurements performed in sulphuric acid electrolyte
showed that the specific activity for oxygen reduction was independent of Pt
crystallite size. Further support to this conclusion was provided by Kunz and Gruver
(1975) and Vogel and Baris (1977) who showed a similar independence of particle
size on ORR activity. On the other hand, Blurton et al. (1972) and Bregoli (1978)
found a decrease in the specific activity for oxygen reduction with diminishing
particle size from 12 nm to 3 nm and 2 nm, respectively. The studies reported by

Blurton et al. (1972) involved highly dispersed Pt on carbon in 20% H,SO, at 343 K.



He found a 20-fold decrease in activity with a particle size range of 2-12 nm and
attributed the results to either a particle size effect or an effect of the support
interaction or a combination of both these factors. The study by Bregoli (1978)
involved highly dispersed catalysts in 99% H;PO, at 450 K. He found the specific
activity for oxygen reduction to vary by a factor of two in the range of particle size
studied (12-2 nm). Peuckert et al. (1986) in their investigations with highly dispersed
5, 10, 20 and 30 wt% Pt on carbon catalysts (particle sizes in the range 12-1 nm) in
0.5 M H,SO4 found the maximum ORR activity in the case of 3-4 nm sized Pt
particles on carbon. However, a 20-fold decrease in ORR activity as the particle size
decreased from 3 to 1 nm is observed, which was in contrast to expectations based on
changes in surface area (or dispersion). Sattler and Ross (1986) also observed the
same phenomenon in their investigations with dispersed Pt catalysts of crystallite size
range 2.8-11.2 nm in 97% H3PO,4. Later, ORR measurements were performed on
carbon supported Pt catalysts with different Pt loading by several research groups
(Giordano et al.,1991; Giordano et al., 1994; Gamez et al., 1996; Tamizhmani et al.,
1996; Antoine et al., 2001; Min et al., 2000; Maillard et al., 2002) also observed the
decrease in specific activity (mA cm™ of Pt) with a decrease in particle size (d<3 nm)
while specific activity for large (d>5 nm) particles is approximately the same as for
bulk platinum. In all the reports, the authors prepared a series of catalysts with
5,10,15,20 and 30 wt.% Pt on carbon and studied the effect of particle size on oxygen
reduction based on potentiodynamic rotating ring disk electrode (RRDE)
measurements. Usually, supported catalysts contain a wide distribution of particle
sizes, so experimental evidence for a particle size effect is often difficult to obtain.

Hence, the inconsistent results and conclusions are most probably caused by the
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existence of Pt particles in different sizes and uncontrollable shapes by the
procedures adopted for the preparation of catalysts. These studies also suggest that the
kinetics of oxygen reduction on Pt is not only affected by the particle size but also by
the particle shape which may modify the distribution of oxygen adsorption sites on
the Pt surface. So if one were able to prepare monodispersed Pt nanoparticles of
different sized nanoparticles on carbon and investigate the ORR activity under
potentiostatic measurements, it will provide information on the optimum size of Pt for

maximum ORR activity.

By means of conventional preparation techniques, namely wet impregnation method
and chemical reduction of the metal precursors using reducing agents, achieving
desired sizes of Pt nanoparticles (2-5 nm) with homogeneous dispersion on the carbon
support appears to be difficult (Cushing et al., 2004). Hence, in order to produce
desired sizes of Pt nanoparticles with uniform dispersion on the carbon support, some
kind of stabilizing agents, such as surfactants, ligands or polymers, are usually
employed during the preparation process (Bonnemann et al., 1996; Prabhuram et al.,
2003). Polyol reduction method is one of the suitable methods to generate metal
colloids and/or clusters on the nanoscale with greater uniformity (Sun et al., 2000; Liu

et al., 2004, Nisha Shukla et al., 2006).

In the present study, monodispersed Pt nanoparticles of different sizes 2-6 nm are
synthesized by employing polyol reduction method and loaded onto carbon support to
achieve 20 wt.% Pt. The prepared catalysts are characterized by XRD, TEM, EDX
and XPS. Steady-state linear sweep voltammetric measurements are performed to

investigate the optimum size of Pt for maximum ORR activity.
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3.2 SYNTHESIS OF Pt NANOPARTICLES OF DIFFERENT SIZES

Monodispersed Pt nanoparticles of different sizes (around 2.0, 2.5, 3.5, 4.0, 5.0 and
6.0 nm) are synthesized by reduction of platinum(Il)acetylacetonate with 1,2-
hexadecanediol in the presence of long chain carboxylic acid and long chain alkyl
amine as protecting agents. To prepare different sized Pt nanoparticles, either the
combination of oleic acid and oleylamine or nonanoic acid and nonylamine are used.
The used reactants and conditions employed for the preparation of Pt nanoparticles
are given in Table 3.1. The synthesis was carried out using standard Schlenk line
technique under dry nitrogen. Scheme 3.1 represents the synthesis of Pt nanoparticles

and preparation of carbon supported Pt nanoparticles.

Table 3.1 Reactants and conditions employed for the preparation of Pt/CDX975

catalysts

Catalyst Reactants Tempe?ature Reference

and time
Pt1C Pt(acac),, 1,2-hexadecanediol, oleic acid, 563-573 K | Nisha Shukla

oleylamine, octyl ether 30 min etal., 2006

Pt2C ” 563-573 K This work
45 min

Pt3C ’ 563-573 K This work
60 min

Pt4C Pt(acac),, 1,2-hexadecanediol, nonanoic 523-533 K This work

acid, nonylamine, diphenylether 30 min

Pt5C ’ 523-533 K This work
45 min

Pt6C ” 523-533 K This work
60 min

68




. ¢ o
Purification
s g
Reactanis ® ®

(Pt(acac),, 1,2-hexadecanediol Pt nanoparticles
and ether solvent)

0
TUltrasonic
Ultrasumcatmn . agitation
Pt sol i

= Carbon hlack = Rolvent (hexane) rich adsorption layer =Pt

Scheme 3.1 Preparation of carbon supported Pt catalysts
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In a typical synthesis, a mixture of 0.5 mmol of Pt(acac), and 2 mmol of 1,2-
hexadecanediol were taken under nitrogen atmosphere into a 100 ml three-necked
round-bottom flask equipped with a N in/outlet, PTFE coated magnetic stir bar, septa
rubber and a thermal probe. Ether solvent (25 ml) was then transferred into the flask
and the contents stirred while purging with N, at room temperature. The flask was
then heated to 373 K and held at 373 K for 20 min. During this hold, 0.5 mmol of
long chain alkylamine and 0.5 mmol of long chain carboxylic acid are injected drop
wise with syringe into the flask while continuing the N, gas purge. Then the
suspension was refluxed for different time intervals before cooling down to room
temperature under the N, atmosphere. Afterwards, all handlings are performed under

atmospheric conditions.

The Pt nanoparticles obtained are purified as follows: 25 ml of the suspension taken
from the flask is added to 100 ml of ethanol (EtOH) and the mixture was centrifuged
for 15 min. The supernatant was discarded and the precipitate is dispersed
in 40 ml of hexane and 20 ml of EtOH. Additional small amount of capping agents is
added to aid in dispersing the nanoparticles. This suspension is centrifuged for 15
min. The supernatant is transferred to a new centrifuge tube, discarding any
precipitate that separated. An additional 50 ml of EtOH is added to this suspension
and centrifuged again. The supernatant was discarded and the remaining black

precipitate dispersed in hexane is used for further work.

3.3 PREPARATION OF THE CARBON SUPPORTED Pt CATALYSTS
The purified nanoparticles are loaded onto carbon support by scheme 3.1. To make
carbon-supported 2.0 nm, 2.5 nm, 3.5 nm, 4.0 nm, 5.0 nm and 6.0 nm Pt catalysts

with 20% loading, 100 mg of as-prepared Pt particles dispersed in hexane are mixed
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with 400 mg of dispersed carbon black (CDX975). Particles are deposited on carbon
support by ultrasonication agitation for 2 h. Finally it is dried at room temperature in

vacuum to avoid the oxidation of Pt nanoparticles.

3.4 CHARACTERIZATION OF THE CARBON SUPPORTED Pt

CATALYSTS

3.4.1 Salient Features of Carbon Black Support (CDX975)

The features of the carbon black (CDX975) particles used for electrode support were
characterized by SEM, TEM and XRD. Specific surface area and pore size
distribution were investigated by Brunauer—Emmett-Teller (BET) analysis. SEM and
TEM images of carbon black particles (CDX975) are shown in Fig. 3.1. SEM images
show that the carbon black is made of spherical aggregates about 150-200 nm in size
(Fig. 3.1(a)) and TEM image reveal that each aggregate being made of elementary
particles of about 50-80 nm (Fig. 3.1(b)). Fig. 3.1(c) shows the XRD pattern of carbon
black (CDX975) particles. The carbon particles exhibit polyaromatic, turbostatic
structural features with (002) and (101) peaks. The broad diffraction peak (002) with
large FWHM (full width at half maximum) and low intensity indicates the amorphous
nature of carbon black. The fact that the (004) peak is nearly absent relates to the poor
crystallinity of the material and specifically to the low average number of graphenes
stacked within the coherent domains. The BET specific surface area of the carbon
sample is about 260 m” g'. The pore diameter distribution is shown in Fig. 3.1(d) and
shows that the dominant pore diameter of the carbon particles is in the range of 2-50
nm, which is in the mesopore range. In fact, a mesoporous structure is a key factor

contributing to the feasibility of carbon supports in electrocatalysis (Pietron et al.,

2002).
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Fig. 3.1 (a) SEM image, (b) TEM image, (c) XRD pattern and (d) pore size
distribution of the carbon black (CDX975) support

3.4.2 X-ray Diffraction Analysis

Powder X-ray diffraction patterns of the as-synthesized and commercial Pt/C catalysts
recorded at a scan rate of 0.025° s in the 20 range of 10°-90° are shown in Fig.
3.2(a)-(e). All the catalysts exhibited five characteristic diffraction peaks at 20 values
around 40°, 46°, 68°, 81° and 87° corresponding to the (111), (200), (220), (311) and
(222) planes respectively. These peaks indicated that the Pt is present in the face-
centered cubic (fcc) structure (JCPDS card 4-802). The broad diffraction peaks of Pt
in the Pt/C catalysts are indicative of the nano-sized Pt. The gradual increase of ful
width half maximum (FWHM) from (a) to (e) indicates the decrease of Pt crystallite

size. The diffraction peak at around 20 value of 25° corresponds to the (002)
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diffraction peak of the hexagonal structure of the carbon support. The average
crystallite sizes of Pt particles supported on carbon are calculated from line
broadening of the (220) diffraction peak (Gaussian-Lorentzian peak) according to

Scherrer’s equation (Patterson, 1939) and the values are given in Table 3.2.

Intensity (a.u)
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Fig. 3.2 Powder XRD patterns of the as-synthesized Pt/CDX975 catalysts; (a) Pt1C
(b) Pt2C (c) Pt3C (d) Pt4C (e) Pt5C and (f) Pt6C

3.4.3 TEM and EDX Analysis

Fig. 3.3 presents the low- and high-magnification TEM images of the as-synthesized
Pt/CDX975 catalysts. Uniform size and spherical shaped Pt nanoparticles on the
carbon support can be seen in all the prepared Pt/CDX975 catalysts. The particle sizes
obtained by TEM are given in Table 3.2. Well dispersed and well-separated spherical
shapes of Pt fringes of 2.0 nm, 2.5 nm, 3.5 nm, 4.0 nm, 5.0 nm and 6.0 nm in size
were observed in the Pt1C, Pt2C, Pt3C, Pt4C, Pt5C and Pt6C catalysts respectively.
The similarity of the particle sizes and the crystallite sizes suggest that most of the

existing particles are single crystallites.
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Fig. 3.3 TEM images of the as-synthesized Pt/CDX975 catalysts (a) Pt1C (b) Pt2C (c) Pt3C (d) Pt4C (e) Pt5C and (f) Pt6C (First and
second rows corresponds to the low and high magnification images respectively)
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Fig. 3.4 Histogram of the Pt particles supported on carbon catalysts (a) Pt1C (b) Pt2C (c) Pt3C (d) Pt4C (e) Pt5C and (f) Pt6C
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The particle size distributions obtained by random counting from the HRTEM
micrographs are shown in Fig. 3.4. As can be seen, around 60-70% of the Pt particles
have a size 2.0 nm, 2.5 nm, 3.5 nm, 4.0 nm, 5.0 nm and 6.0 nm for Pt1C, Pt2C, Pt3C,
Pt4C, Pt5C and Pt6C catalysts respectively. EDX spectra of the Pt1C, Pt2C, Pt3C,
Pt4C, Pt5C and Pt6C catalysts are shown in Fig. 3.5. It confirms the presence of Pt
and C with a small amount of oxygen in all the catalysts. TEM image, histogram of Pt
particles on carbon and EDX spectrum of commercial (E-TEK) catalyst are shown in
Fig. 3.6. Both dispersion as well as agglomeration of Pt particles on carbon support
can be seen from the TEM images (Fig. 3.6(a) and 6(b)). The average particle size of
Pt in commercial catalyst is 3.7 nm with a standard deviation of 0.4 nm. EDX

spectrum shows the presence of Pt and C (Fig. 3.6(d)).
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Fig. 3.6 (a and b) low and high magnification TEM images, (c) histogram of particle
size distribution and (d) EDX spectrum of the commercial Pt/C catalyst
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3.4.4 X-ray Photoelectron Spectroscopy (XPS) Analysis

Fig. 3.7 shows the XPS of Pt 4f spectrum for the Pt4C catalyst prepared by polyol
reduction method. The Pt 4f spectrum shows a doublet containing a low-energy band
(Pt 4f7,,) and a high-energy band (Pt 4fs;) at 71.2 and 74.6 eV, respectively. These
binding energy values are in good agreement with the literature data for Pt (Hufner

and Wertheim, 1975). These peaks indicated that Pt is present in metallic state, Pt(0).

Intensity (cps)

[
T L]
7% 75 4 T3 72 M 0 6
Binding energy (eV)

Fig. 3.7 XPS spectrum of Pt4C catalyst

3.4.5 Estimation of Pt Loading on the Carbon Support

Platinum in carbon supported Pt catalysts was determined by spectrophotometric
method (Balcerzak et al., 1999). In this method, a known weight (20 mg) of the Pt/C
catalyst was placed in a quartz crucible and calcined at 1173 K for 12 h to remove
carbon. The residue was treated with hot aqua regia and evaporated to dryness. Then

conc. HCl was added to convert platinum into soluble chloride complexes and the
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solution was evaporated almost to dryness. This process is repeated 3-4 times for the
complete extraction of Pt. Finally the solution was made up to known volume with 2
M HCI (25 ml). To the 5 ml of this solution, 5 ml of freshly prepared 10% SnCl,
solution was added to form yellow complex, [PtCl,(SnCls),>] and the solution was
made up to 25 ml with 2 M HCI. The absorbance of the solution was measured at 403
nm against the blank. The amount of platinum was calculated by comparing the
measured absorbance value to the absorbance of standard solutions. The estimated

amount of Pt in the as-prepared Pt/C catalysts is given in Table 3.2.

3.5 ELECTROCHEMICAL PERFORMANCES OF Pt/C CATALYSTS

3.5.1 Electrode Fabrication

The electrode was fabricated as described by Schmidt et al. (1998). In this process, 5
mg of Pt/C catalyst was dispersed in 5 ml of isopropanol by ultrasonication for 20
min. Subsequently, 20 ul of the catalyst suspension was pipetted on a mirror-finished
glassy carbon electrode with 3 mm diameter. It was dried at room temperature under
argon stream to avoid the oxidation of Pt nanoparticles. Then the catalyst was covered
with 10 pl of a diluted Nafion” solution (Aldrich, 5 wt.% in 15-20% water/low
aliphatic alcohols) and dried at room temperature. The glassy carbon disk was
polished with slurry of 0.5 and 0.03 pum alumina successively and washed
ultrasonically in distilled water prior to use. The apparent surface area of the glassy
carbon disk was 0.07 cm?; thus, the Pt metal loading was 56 pug cm™. The metal
loading was found to be reproducible within £5% based on a series of experiments in
which cyclic voltammogramms are evaluated. Current densities are normalized to the

geometric area of the glassy carbon substrate (0.07 cm?).
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3.5.2 Electrochemical Reduction of Oxygen

Electrochemical oxygen reduction measurements are performed at room temperature
in a three electrode; one compartment cell containing 0.5 M H,SOy as the electrolyte.
After fabrication, the electrode is immersed in 0.5 M H,SO,4 and purged with Ar gas
for 30 min to deaerate the solution. Owing to slight contamination from the Nafion®
solution, the electrode potential was cycled 2-3 times between +0.0 and +1.2 V vs
NHE in order to produce a clean electrode surface. Then the linear sweep
voltammogram (LSV) was recorded between +0.2 V and +1.2 V vs NHE at a scan
rate of 5 mV s™'. For the oxygen reduction experiments, the electrolyte was saturated
with pure oxygen and the linear sweep voltammogram (LSV) were recorded between
+0.2 and +1.2 V vs NHE at a scan rate of 5 mV s'. Current densities are normalized

to the geometric area of the glassy carbon substrate (0.07 cm?).

Fig. 3.8 shows the linear sweep voltammograms (LSVs) of Pt1C, Pt2C, Pt3C, Pt4C,
Pt5C and Pt6C catalysts in Ar- and O,-saturated 0.5 M H,SO4 between +0.2 and +1.2
V vs NHE at a scan rate of 5 mV s™'. For comparison, LSVs of commercial Pt/C (E-
TEK) are also shown in figure. It shows that the ORR on all the catalysts is diffusion-
controlled when the potential is less than +0.65 V and is under mixed diffusion-
kinetic control (or surface reaction control region) in the potential region between
+0.65 and +0.95 V vs NHE. For all the Pt/C catalysts, when the potential was swept
from +1.2 to +0.2 V single oxygen reduction peak is observed in the potential region
of ca. 1.0-0.7 V. Moreover, the steep increase in peak current at +0.7 V indicates the
facile kinetics of ORR. The activity obtained in O, atmosphere is a sum of oxygen
reduction current, current due to Pt oxide formation or reduction, and double layer
charging current. So in order to eliminate the back ground currents, oxygen reduction

activity was calculated by taking the difference in activity at +0.7 V vs. NHE in Ar-
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and O;- saturated 0.5 M H,SO4. This method of determination of background current
assumes that currents for Pt oxide formation and reduction are the same in Ar and O,
atmosphere. It is evident from Fig. 3.8 that the Pt3C and Pt4C catalysts exhibited
higher oxygen reduction activity than other Pt1C, Pt2C, Pt5C and Pt6C catalysts.

Moreover, their ORR activity is comparable to that of commercial Pt/C (E-TEK).
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Fig. 3.8 Linear sweep voltammograms of the carbon supported Pt catalysts in Ar- and
O,- saturated 0.5 M H,SOy4; Scan rate — 5 mV s! (Empty and full symbols
corresponding to the LSVs in Ar- and O»- saturated 0.5 M H,SO4 respectively)

The onset potential for oxygen reduction and ORR activity of the as-prepared

catalysts are given in Table 3.2. The onset potential for oxygen reduction on PtIC is

about 930 mV and Pt6C is about 870 mV. A gradual reduction of onset potential for

ORR is observed when going from Pt1C to Pt6C. It is believed that the differences in

ORR onset reduction potentials are caused by the differences in the surface activation

of various catalysts, which are related to the size and distribution of the metal

nanoparticles (Sattler and Ross, 1986; Kinoshita, 1990).
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Table 3.2 Size of Pt (from XRD and TEM), Pt loading, onset potential and ORR
activity of Pt/CDX975 catalysts

. ORR
c slt)atlli te Size of Pt | Pt metal O?Z?toiowggal activity at
Catalyst Y from TEM | loading e +0.7 V vs.
size from (nm) (Wt.%) reduction NHE
XRD (nm) (mV vs. NHE) (mA cm?)
Pt1C 1.8 2.0+0.1 19.3 +930 1.9
Pt2C 2.3 2.5+0.2 19.5 +930 2.5
Pt3C 34 3.5+0.1 19.3 +925 4.3
Pt4C 3.8 4.0+0.1 19.1 +915 3.4
Pt5C 4.7 5.0+0.2 19.3 +880 2.8
Pt6C 5.8 6.0+0.2 19.6 +865 2.2
Pt/C -- 3.7£0.4 19.8 +915 3.1
(E-TEK)

These results obtained agreed with those reported in literature (Peuckert et al., 1986;
Giordano et al.,1991; Giordano et al., 1994; Gamez et al., 1996; Antoine et al., 2001;
Maillard et al., 2002). 3-5 nm is the optimum size of Pt for obtaining maximum ORR
activity. The relatively higher oxygen reduction activity of the Pt3C and Pt4C
catalysts can be correlated with the homogeneous distribution of Pt particles and
orientation of surface atoms in the crystal planes, alteration of redox energy levels as

a function of Pt particle size and anion (sulphate) effect.

The oxygen reduction reaction (ORR) on Pt surfaces has been widely studied in
electrochemistry, but the details of the mechanism still remain elusive. The overall
ORR is a multistep process involving four-electron transfer during which bonds are
broken and formed. Oxygen reduction on the platinum surface is a structure sensitive

reaction due to structure-sensitive adsorption of spectator species, such as O s,
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OH,gs, and OOH,q. The OH radical is one of the important intermediates of the ORR
and is formed in large amounts during the processes of oxygen reduction and water
oxidation (Teliska et al., 2005). It is shown that oxygen reduction generally increases
as the surface area decreases and this effect is explained by variation of the different
Pt crystal planes exposed to the electrolyte as a function of the particle size. The
crystal planes of Pt(110), Pt(111) and Pt(100) can facilitate adsorption of oxygen
molecules via the bridge model on the surface of the Pt particles and favour
dissociation of adsorbed oxygen during the ORR (Markovic et al., 1997; Panchenko
et al., 2004). In general, oxygen reduction activity on different low-index Pt surfaces
increases in the sequence (100) < (110) < (111) in the potential range (E > 0.75 V)
where O, reduction is under kinetic diffusion control. But in aqueous H,SO4
solutions, the ORR rate increases in the sequence Pt(111) < Pt(100) < Pt(110)
(Markovic et al., 1997). An exceptionally large deactivation is observed at the (111)
surface probably due to competition of the strongly adsorbing (bi)sulfate anion
(Markovic et al., 1995; Markovic et al., 1997). The decrease of the activity on (100)
surface is related to a high affinity of (100) sites for the adsorption of hydroxyl
species, leading to a lack of active centers for O, adsorption on Pt(100) as it is
covered with OH,q4s. It was proposed that the bridge mode of adsorption of oxygen
molecule on the (110) surface is the most favorable one for the oxygen molecule
among the three low-index planes of platinum, suggesting that it is the preferred
adsorption site on a polycrystalline Pt substrate (Panchenko et al., 2004). In spherical
shaped Pt particles, there should be the probable distribution of all planes. It means
that all the planes have the same probability to react with oxygen molecular species.
Kinoshita (1990) has correlated the specific activity (mA cm™ of Pt) of highly

dispersed Pt electrocatalysts based on the change in the fraction of surface atoms on
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the crystal facets of Pt particles, which results from the change in surface coordination
number with a change in the average particle size. Under the operating conditions,
especially in the presence of electric potential there should be a drastic change in the
geometries, charges, and adsorption energies of the species on a catalyst surface and
preferential exposure of Pt in particular orientation (Panchenko et al., 2004). As a
result, population of the anti-bonding n* orbitals in oxygen molecule increases and
facilitates the reduction of oxygen to water. All these reports support the higher
performance of the Pt3C and Pt4C catalysts where there should be a optimum number
of Pt atoms on various crystal facets and separated with optimum interatomic distance

than the other catalysts.

The observed low ORR activity of PtIC and Pt2C at +0.9 V vs NHE (kinetically
controlled region) compared to the other catalysts implies the strong adsorption of
(hydr)oxy species on small sized (<3 nm) Pt nanoparticles. Takasu et al. (1996) also
observed the same phenomenon and attributed the particle size effect in ORR to a
stronger interaction of oxygen with smaller Pt particles. Density functional
calculations performed by Xu et al. (2006) on a series of Pty, Pt,Ox and Pt,Oy clusters
(x =1, 2, 3,4, 5, and 10) reveal that the discrete Pt clusters are more readily oxidized
than bulk Pt and smaller the Pt cluster, the more readily it is oxidized. So it is believed
that the small sized Pt nanoparticles, below 3 nm oxidize more readily than other
sized (>3 nm) Pt nanoparticles. As a result, the surface may be covered with more
(hydr)oxy species and leads to low ORR activity. The most widely accepted rate
limiting step in oxygen reduction is: active site + O, + H +¢e — [HO3]ags, the
strength and susceptibility of the surface oxygenated species play an important role in
determining the overall ORR activity. As a result of the strong Pt-OH bonds with high

coverage on smaller particles (<3nm), there should be less availability of oxygen to
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the Pt sites so that low ORR activity was observed. The results obtained are also
supported by in-situ XAS measurements preformed on Pt/C catalysts which indicate
the stronger adsorption of H and OH on small particles of size <3 nm in the
kinetically controlled potential region (0.55 to 0.9 V) and account for the decline in

specific activity for oxygen reduction (Mukerjee and McBreen, 1999).

The high catalytic activity could be explained, too, taking into consideration the
concept of Hammer and Nerskov (2000) of the metal reactivity changes, through the
changes in adsorbate—surface interaction energy due to the attraction of the local d-
band position relative to the Fermi level. Since the Pt particles are anchored on the
surface of carbon in the case of as-synthesized catalyst (evident from TEM images),
restructuring of particles which can induce steric and electronic differences among the
catalytic sites was more favorable and facilitates the oxygen reduction. As a result,
there should be a better interaction between the adsorbate valence states and the metal
d-orbitals and consequent electron transfer from the metal d-orbital to the antibonding

21* orbital of molecular oxygen.

The high ORR activity of 3-5 nm sized particles than other sized Pt particles can be
viewed from the alteration of redox energy levels as a function of Pt particles size.
Adsorption and dissociation of O, occurs only when there exists a resonance
(energetically and symmetrically) between metal cluster HOMO orbital and the
acceptor orbital of oxygen molecule. In one of the reports, Heiz et al. (1999)
investigated the chemical interaction of Pt clusters with oxygen in terms of the
frontier orbitals. It is believed that the d-band position is the most decisive parameter,
when describing molecule-surface bonding. The HOMOs (or d-band centers) of Pt

clusters are found to be between the atomic limit (-9.00 eV, IP of the Pt) and the bulk
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limit (-5.32 eV) and the acceptor orbital of molecular oxygen is -6.16 eV. It was
proposed that the energy of the highest occupied orbitals (HOMO) of the clusters,
associated with the energy of the center of the d-band, can be tuned from -9.0 eV, the
ionization potential (IP) of the atom, to -5.32 eV, the Fermi energy of bulk platinum
by changing the cluster size. Based on these observations, the high ORR catalytic
activity of Pt3C and Pt4C catalysts can be assigned with the suitable energy of
HOMOs (or position of the center of the d-band) and the concomitant enhanced
resonance with the anti-bonding n* state of O,. As a result, there should be facile
transfer of electrons from the HOMO to the anti-bonding n* state of O, and causes
the dissociation of O, molecule. For the small particles (<3 nm), the energies of the
frontier orbitals may not match to cause the dissociation of O, molecule. So the
alteration of the position of d-band center as a function of Pt particles size may be one
of the reasons for the observed different kinetic behaviour of investigated carbon

supported Pt catalysts.

In addition, the anion (sulfate) effect on the specific activity at a given potential is
comparatively stronger for the smaller (d<3 nm) Pt nanoparticles (Gamez et al., 1996;
Gojkovic et al., 1998; Paulus et al., 2001). This effect is generally ascribed to the
impeding effect of specific anion adsorption on different crystal faces, the distribution
of which changes with Pt particle size. As a result, there should be a less availability
of oxygen at the surface Pt atoms (mass transfer limitations) and consequently lower
oxygen reduction activity on small size Pt particles present in the Pt1C and Pt2C

catalysts compared to that of the Pt3C and Pt4C catalysts.
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CHAPTER 4

SYNTHESIS, CHARACTERIZATION AND
ELECTROCHEMICAL STUDIES OF CARBON SUPPORTED
Pt-M (M = Fe, Co and Cr) ALLOY CATALYSTS FOR
OXYGEN REDUCTION

4.1 INTRODUCTION

Even though conventional carbon supported Pt is the commercially exploited
electrocatalyst for oxygen reduction reaction (ORR) in electrochemical devices; it is
associated with several drawbacks besides the cost issue. The main drawback is the
high overpotential (0.3-0.4 V) as a result of sluggish kinetics of ORR on Pt surface
(Ralph and Hogarth, 2002; Gasteiger et al., 2005). In order to lower the overpotential,
to increase the oxygen reduction activity and to reduce the amount of Pt in the
electrodes, significant research has been focused on platinum alloys. Pt has been
alloyed with a variety of elements including V, Cr, Ti, Mn, Fe, Co, Ni, W, Mo, Ir, Pd,
Zn. An enhancement in activity (1.5 - 5 times) for ORR on the alloy catalysts in
comparison to pure Pt has been reported using potentiodynamic RRDE measurements
(Mukerjee and Srinivasan, 1993; Mukerjee et al., 1995; Toda et al., 1999; Paulus et
al., 2002a and 2002b; Xiong et al., 2002; Antolini et al., 2002; Shukla et al., 2004;
Yang et al., 2004; Li et al., 2004; Antolini et al., 2006; Ioroi and Yasuda et al., 2005;
Sode et al., 2006; Huang et al., 2006; Gong et al., 2007; Grinberg et al., 2007; Li et
al., 2007; Qian et al., 2008;). It was also reported that the overpotential for the ORR
on Pt alloys is 20-40 mV less compared to Pt. The improvement in the ORR
electrocatalysis on Pt alloys has been explained by several factors, such as geometric
and electronic effects (Jalan and Taylor, 1983; Paffet et al., 1988; Beard and Ross,

1990; Watanabe et al., 1994; Mukerjee et al., 1995; Toda et al., 1998; Toda et al.,



1999; Antolini et al., 2005a). Based on these investigations and in the context of the
ORR mechanisms, the principle explanations for the enhanced ORR activity could be
attributed due to (i) modification of the electronic structure of Pt (5d-band vacancies);
(i1) changes in the physical structure of Pt (Pt-Pt bond distance and coordination
number); (ii1) adsorption of oxygen containing species (oxy or hydroxy species) from
the electrolyte on to the Pt or alloying element; and/or (iv) redox type processes
involving the first row transition alloying element. Still, what aspect of the ORR
mechanism is affected by Pt-M alloy catalysts remains unclear. It is certainly true that
the move toward Pt alloys as the catalyst for ORR is necessary, but many issues still

need to be resolved.

Among the various Pt bimetallic alloys, Pt-Cr, Pt-Co and Pt-Fe appear to be good.
Usually, the carbon-supported Pt alloy catalysts were prepared by the impregnation of
the second metal on Pt/C and then alloying at temperatures above 973 K under
reducing Ar-H, gas atmosphere (Salgado et al., 2005b). But the heat-treatment at high
temperatures gives rise to an undesired particle growth of the alloy; induce the
sintering of particles and causes the loss of surface area, which results in the decrease
in specific activity for ORR. Another issue is the change in the hydrophilic nature of
the catalyst particles, making them more susceptible to flooding due to the increased
hydroxide content on the surface. It is known that the particle size, dispersion,
differences in surface characteristics (e.g., crystallographic plane) and compositional
homogeneity of the alloy clusters resulting from the conditions employed in the
synthesis procedures play an important role in the ORR catalysis. Therefore, it is of
significance to prepare uniform size and shape with controllable composition of Pt-M

alloys by a low temperature chemical reduction method and investigate the ORR
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activity. In this context, polyol reduction method (Sun et al., 2000) appears to be one

of the choices for the preparation of Pt bimetallic nanoparticles.

The formation potential of OH,qs and maximum ORR activity was found to depend
significantly on the sub-surface composition. Various authors reported that the
bimetallic Pt-M in 1:1 or 2:1 or 3:1 as optimum for good performance. For example,
Mukerjee et al. (1993) reported bulk Pt-Co, Pt-Ni and Pt-Fe alloys with atomic ratio
1:1 exhibited good ORR activity. According to Xiong et al. (2002), who prepared
various carbon supported Pt—M electrocatalysts by a low temperature reduction
procedure with sodium formate, reported that the Pt—Co electrocatalyst showed the
best performance with the maximum catalytic activity and minimum polarization at a
Pt:Co atomic ratio of around 1:7. Toda et al. (1999) investigated the electrocatalytic
ORR activity of Pt alloys with Co, Fe and Ni, formed by sputtering, and observed
maximum activity at ca. 40, 50 and 30% content of Co, Fe and Ni, respectively. They
also observed an increase in kinetic current densities by which 10, 15 and 20 times
larger than that of pure Pt. Kinetic analysis of the data in comparison to pure Pt,
revealed an activity enhancement of a factor of 2 to 3 for the 50 at.% Co-catalyst
(Paulus et al., 2002a; Paulus et al., 2002b). Huang et al. (2006) prepared carbon
supported Pt—Co alloy catalysts with different Pt/Co atomic ratios, 1:1, 2:1, 3:1, 4:1
and 5:1 by the carbonyl complex route followed by H, reduction in the temperature
range of 423-573 K and reported the maximum activity with a Pt/Co atomic ratio of
2:1. Shukla et al. (2004) prepared Pt-Fe(1:1)/C by alloying method and found the
better ORR activity than Pt/C. Gong et al. (2007) synthesized Fe-modified carbon-
supported platinum electrocatalysts by colloidal route and observed good catalytic
activity at atomic compositions of Pt/Fe = 9:1 and Pt/Fe = 1:1 than the Pt/Fe = 3:1.

Yang et al. (2004) prepared carbon-supported Pt-Cr alloy catalysts with different
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Pt/Cr atomic ratios (1:1, 2:1 and 3:1) by Pt-carbonyl route and observed the good
performance in the case of Pt-Cr (1:1). Antolini et al. (2005) prepared carbon
supported Pt-Cr alloy nanoparticles in 1:1, 3:1 and 9:1 atomic ratios by NaBH4
reduction method and observed good performance in the case of 1:1 and 3:1. Grinberg
et al. (2007) prepared carbon supported Pt-Co and Pt-Cr alloys in 1:1 atomic ratio by
the thermal decomposition of organometallic complexes of Pt and Co or Cr and found
good ORR activity than Pt alone. The inconsistency is due to the variation of
geometric factors (degree of alloying and Pt-Pt interatomic distance) and electronic
factors (Pt d-band vacancies) resulting from the preparation methods and heat-

treatments.

In this study, Pt-M (M = Fe, Co and Cr) alloy nanoparticles of atomic ratio 1:1 are
prepared by polyol reduction method and supported on carbon black (CDX975) to
achieve 20 wt% metal loading.. The prepared catalysts are characterized by XRD,
TEM and EDX. Electrochemical measurements are performed to investigate the role

of alloying elements towards the enhancement of ORR activity.

4.2 SYNTHESIS OF Pt-M (M = Fe, Co and Cr) ALLOY NANOPARTICLES

Uniform size and shaped Pt-M (50:50 atom%) alloy nanoparticles are synthesized by
polyol reduction method by employing platinum(II)acetylacetonate as Pt precursor,
FeCl, as Fe precursor, Cr(CO)s as Cr precursor, Coy(CO)s as Co precursor, 1,2-
hexadecanediol as reducing agent and nonylamine and nonanoic acid as stabilizing
agents. The synthesis is carried out using standard Schlenk line technique under dry

nitrogen.

In a typical synthesis of Pt-Fe alloy nanoparticles, a mixture of 0.5 mmol of Pt(acac),,

0.5 mmol of FeCl, and 2 mmol of 1,2-hexadecanediol were taken under nitrogen
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atmosphere in a 100 ml three-necked round-bottom flask equipped with a N, in/outlet,
PTFE coated magnetic stir bar, septa rubber and a thermal probe. 25 ml of diphenyl
ether (DPE) solvent is then transferred into the flask and the contents stirred while
purging with N, at room temperature. The flask is then heated to 373 K and held at
373 K for 20 min. During this hold, 0.5 mmol of nonylamine and 0.5 mmol of
nonanoic acid are injected into the flask while continuing the N, gas purge. Then the
dark brown suspension is heated to 523 K. The flask is maintained at the refluxing
temperature of 523-533 K for 30 min before cooling down to room temperature under
the N, atmosphere. Afterwards, all handling are performed under atmospheric

conditions. Similarly, Pt-Co and Pt-Cr alloy nanoparticles are synthesized.

Following synthesis, the nanoparticles are subjected to additional washing cycles to
remove excess surfactant from the synthesis solution. The ‘excess surfactant’ is the
fraction of surfactant in solution that is not bonded to the Pt-M alloy nanoparticles.
The original mixture of surfactant coated nanoparticles in diphenylether solvent is
first mixed with 10 parts of ethanol causing the particles to precipitate. The mixture is
centrifuged to separate the particles from the solution. The supernatant solvent
consisting of diphenylether was then discarded and the nanoparticles are redispersed
in non-polar solvent, hexane. This sequence of precipitation in ethanol, centrifuging to
separate the solvent and redispersion in hexane was then repeated three times. Finally,

the nanoparticles are dispersed in hexane and used for further work.

4.3 PREPARATION OF THE CARBON SUPPORTED Pt-M ALLOY
CATALYSTS
To make carbon-supported Pt-M (M = Fe, Co and Cr) alloy catalysts with 20 wt.%

metal loading, 100 mg of as-prepared Pt alloy nanoparticles dispersed in hexane are
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mixed with 400 mg of dispersed carbon black (CDX975). Particles are deposited on
carbon support by ultrasonication agitation for 2 h. Finally it is dried at room

temperature in vacuum to avoid the oxidation of nanoparticles.

4.4 CHARACTERIZATION OF THE CARBON SUPPORTED Pt-M ALLOY
CATALYSTS

4.4.1 X-ray Diffraction Analysis

Fig. 4.1 shows the XRD patterns of the carbon-supported Pt-M (50:50 atom%) alloy
catalysts (with a metal loading of 20 wt.%) recorded in the range of 10°-90° at a scan
rate 0.025° s”'. For the sake of comparison, the commercial Pt/C catalyst (E-TEK)
with 20 wt.% metal loading is also shown in the figure. As indicated in Fig. 4.1, all
the catalysts exhibited five characteristic peaks at 20 values around 40°, 47°, 68°, 82°
and 87° corresponding to the (111), (200), (220), (311) and (222) planes of face-
centered cubic (fcc) structure of Pt (JCPDS No. 87-0640). In the case of Pt-
M/CDX975 catalysts, these five diffraction peaks are shifted to higher 26 values with
respect to the corresponding peaks in the Pt/C (E-TEK) catalyst. It indicates the
contraction of lattice by the incorporation of base metal (Cr or Co or Fe) in the fcc
structure of Pt due to alloy formation. This shift also suggests that the interatomic
distance of Pt is decreased due to the substitution of a smaller atom, such as a
transition metal, Fe, Co or Cr. (Hwang and Chung, 1993; Mukerjee et al., 1995). No
peaks for pure base metal or its oxides are observed, but their presence cannot be
discarded because they may be present in a small amount or even in an amorphous
form. The broad peak observed at around 26 = 24-26° is due to the hexagonal

structure of carbon support.

It is known that oxygen is adsorbed on Pt surface by dual site mode, therefore the Pt-

Pt nearest-neighbor distance plays the key role to determine the adsorption behavior.
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Jalan and Taylor (1983) have studied the effect of Pt—Pt nearest-neighbor distance and
oxygen reduction activity of various platinum alloys. They claimed that the short Pt—
Pt nearest-neighbor distance in alloys compared to that of the pure Pt causes the facile
reduction of oxygen. So the contraction of Pt lattice observed in the case of as-

prepared catalysts may be favourable for dissociation of oxygen and enhance the

kinetics.
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Fig. 4.1 Powder X-ray diffraction patterns of (a) commercial Pt/C (E-TEK) (b) Pt-
Co(1:1)/CDX975 (c¢) Pt-Cr(1:1)/CDX975 and (d) Pt-Fe(1:1)/CDX975
catalysts

4.4.2 TEM and EDX Analysis

Fig. 4.2 shows the TEM images of the carbon-supported Pt-M alloy catalysts. A good

spatial distribution of spherical shaped Pt alloy particles over the carbon support with

a narrow particle size distribution is observed. Particle size around 5 nm in the case of

Pt-Cr/CDX975 and Pt-Co/CDX975 and 6 nm in the case of Pt-Fe/CDX975 catalysts

1s observed.
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Fig. 4.2 Transmission electron microscopic (TEM) images of carbon supported Pt
alloy catalysts; (a) Pt-Fe(1:1)/CDX975 (b) Pt-Co(1:1)/CDX975 and (c) Pt-
Cr(1:1)/CDX975

Fig. 4.3 shows the particle size distribution histograms of the carbon-
supported Pt-M alloy catalysts. These histograms are based on the observation of 500

nanoparticles. The mean particle diameter (d) is calculated according to the equation

4.1),

> nd,
d=——r— (4.1)

where n; is the frequency of occurrence of particles of the size d;.
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TEM analysis reveals that the as-prepared carbon supported Pt-Fe, Pt-Co and Pt-Cr
alloy nanoparticles have a mean diameter of 5, 5 and 6.5 nm with a standard deviation

0f 0.1-0.2 nm respectively.
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Fig. 4.3 Histograms of Pt alloy particle size distribution in carbon supported catalysts;
(a) Pt-Fe(1:1)/CDX975 (b) Pt-Co(1:1)/CDX975 (c) Pt-Cr(1:1)/CDX975

Fig. 4.4 shows the EDX spectra of the carbon-supported Pt-M alloy catalysts. It

confirms the presence of respective elements and a small amount of oxygen in the

catalysts. Average composition of the catalysts obtained by EDX analysis by the

collection of data for 50 nanoparticles is found to be approximately 1:1 in all the

catalysts.
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Fig. 4.4 EDX spectra of carbon supported Pt alloy catalysts; (a) Pt-Fe(1:1)/CDX975
(b) Pt-Co(1:1)/CDX975 and (c) Pt-Cr(1:1)/CDX975

4.4.3 Estimation of Pt in the Catalysts

The amount platinum in carbon supported Pt-M alloy catalysts is determined by

spectrophotometric method (Balcerzak et al., 1999) described in section 3.4.5. The

estimated amount of Pt in the as-synthesized Pt/CDX975 catalysts is given in Table

4.1.

4.4.4 Estimation of Iron (Fe) in the Catalysts
The presence of iron in the carbon supported Pt-Fe catalyst was estimated by
following a standard redox titration procedure (Vogel, 1985). A known weight of

sample is dissolved in hot conc. HCI to release the iron as Fe™ ions. After that it is
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cooled, filtered and made up to a known volume with de-ionized water (stock
solution). Then 10% SnCl, solution was added to reduce the Fe" in the solution to
Fe™. Finally, the Fe™ solution was titrated against K,Cr,O- using 1% diphenylamine
as indicator until the colourless solution becomes bluish violet. In this process, excess
SnCl, was is destroyed by adding mercuric chloride so that the reducing agent SnCl,
does not react with K,Cr,O7. From the burette reading, concentration and weight of
iron present in the stock solution was calculated. Finally, the weight (%) of iron in the
sample was calculated by dividing the weight of iron with weight of sample taken for

measurements. Estimated amount of iron is given in Table 4.1.

4.4.5 Estimation of Cobalt (Co) in the Catalysts

Cobalt content in carbon supported Pt-Co catalyst was estimated using absorption
spectroscopy (Faubert et al., 1996). This technique involves a nitric acid digestion of
the catalyst to release the cobalt as Co®" ions. After that it is cooled, filtered and made
up to a known volume with de-ionized water. Then, the addition of ammonium
thiocyanate (NH4SCN) to this solution causes the formation of a blue complex,
Co(SCN),. This complex is then extracted with methyl isobutyl ketone and its
absorbance was measured at 620 nm. By comparing the measured absorbance value to
the absorbance of standard solutions, the amount of cobalt in the original sample was

calculated. Estimated amount of cobalt is given in Table 4.1.

4.4.6 Estimation of Chromium (Cr) in the Catalysts

Chromium content in carbon supported Pt-Cr catalyst was estimated by
spectrophotometric method (Malik and Ramesh, 1975). In this method, a known
weight of sample is dissolved in hot concentrated HCI to release chromium as Cr”

ions. For the spectrophotometric determination of Cr(Ill), potassium
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hexacyanoferrate(Il) is used as a complexing agent to form brown coloured complex,
KCr™ [Fe(CN)sOH]. To 5 ml of sample (contain approximately 10 ppm Cr(III)), 1 ml
of 0.001 M K4Fe(CN)g solution and 4 ml of HCl-acetate buffer of pH 4.0 are added
and allowed to stand in the dark for 24 h at room temperature. The absorbance is
measured at 235 nm. The amount of chromium in the sample is calculated by
comparing the measured absorbance value to the absorbance of standard solutions
prepared using K4Fe(CN)s and CrCl1;. Estimated amount of chromium in the catalyst

is given in Table 4.1.

4.5 ELECTROCHEMICAL PERFORMANCE OF Pt-M(1:1)/CDX975 (M = Fe,
Coand Cr) CATALYSTS

4.5.1 Electrode Fabrication

The electrode is fabricated as described by Schmidt et al. (1998). 5 mg of the catalyst
was dispersed in 5 ml of isopropanol by ultrasonication for 20 min. Glassy carbon
disk electrode (Bas electrode, 0.07 cm?) was polished to a mirror finish with 0.05 pum
alumina suspensions before each experiment and served as an underlying substrate of
the working electrode. An aliquot of 20 pl catalyst suspension was pipetted onto the
carbon substrate. After evaporation of the isopropanol in an argon stream, the
deposited catalyst was then covered with 10 pl of a diluted Nafion® solution (Aldrich,
5 wt.% in 15-20% water/low aliphatic alcohols) and dried at room temperature. Each
electrode contained about 56 pg cm™ of the metal. The metal loading was found to be
reproducible within +5 % based on a series of experiments in which cyclic
voltammogramms are evaluated. Current densities are normalized to the geometric

area of the glassy carbon substrate (0.07 cm?).
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4.5.2 Electrochemical Reduction of Oxygen

Electrochemical measurements are performed at room temperature in a three
electrode; one compartment cell containing 0.5 M H,SO4 (or) oxygen saturated 0.5 M
H,SO, as the electrolyte. After fabrication, the electrodes are immersed in deaerated
0.5 M H,SO4. Owing to slight contamination from the Nafion® solution, the electrode
potential was cycled 2-3 times between 0.0 and 1.0 V vs NHE in order to produce a
clean electrode surface. The catalysts are first characterized electrochemically by
cyclic voltammetry. Fig. 4.5 shows the cyclic voltammograms of Pt-M/CDX975 (M =
Fe, Co and Cr) and commercial Pt/C (E-TEK) catalysts in deaerated 0.5 M H,SO4 at
the scan rate of 25 mV s'. In the case of Pt/C catalyst, well-defined reversible
hydrogen desorption/adsorption peaks and irreversible preoxidation/reduction peaks
are observed. During the anodic scan, hydrogen is desorbed between -0.05 and +0.3 V
vs NHE and surface platinum oxides are formed beyond +0.8 V vs NHE. During the
cathodic scan, the surface platinum oxides are reduced between +1.0 and +0.5 V vs
NHE and hydrogen is asdsorbed at potentials more cathodic than +0.3 V vs NHE. It is
thought that, in acid solution, OH,qs is formed from oxidation of water on platinum
surfaces at around +0.8 V and blocks surface sites for O, adsorption; thus resulting in
low ORR activity (Murthi et al., 2004). However, not well-defined hydrogen
adsorption/desorption peaks on the carbon supported Pt-M alloy catalysts is observed,
suggesting the high dispersion of the catalysts with the disordered surface structure.

A comparison of the voltammetry of carbon supported Pt and Pt-M alloy catalyst
shows the difference in the onset of oxide formation on Pt (accepted as Pt-OH). Pt-
M/CDX975 catalysts exhibit a significantly lower extent of oxide formation. For Pt/C,
oxide formation starts at +0.8 V and for Pt-M/CDX975 the onset can be observed at

around +0.85-+0.90 V. It indicates that the alloying of Pt with base metal inhibits the
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chemisorption of (hydr)oxy species on the Pt sites at high potentials (above 0.8 V) by
the change in electronic structure. This may have a beneficial effect on the oxygen
adsorption at low overpotentials and thus may lead to an enhancement of the ORR

kinetics (Mukerjee et al., 1995b; Murthi et al., 2004).
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Fig. 4.5 Cyclic voltammograms (CVs) of Pt-M(1:1)/CDX975 (M = Fe, Co and Cr)
and commercial Pt/C (E-TEK) catalysts in Ar-saturated 0.5 M H,SOy4; Scan
rate — 25 mV s™

Fig. 4.6 shows the linear sweep voltammograms (LSVs) of Pt-M/CDX975 (M = Fe,

Co and Cr) and commercial Pt/C (E-TEK) catalysts in Ar- and O,- saturated 0.5 M

H,SO4 between +0.2 and +1.2 V vs NHE at a scan rate of 5 mV s™'. It is evident that

the oxygen reduction on all the catalysts is diffusion-controlled when the potential is

less than +0.7 V and is under mixed diffusion-kinetic control in the potential region
between +0.7 and +1.0 V vs NHE. For all catalysts, when the potential was swept
from +1.2 to +0.2 V, single oxygen reduction peak is observed in the potential region

of ca. 1.0-0.7 V. The steep increase in peak current at +0.7 V indicates the facile
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kinetics of ORR. Oxygen reduction activity of the catalysts is calculated by taking the
difference in activity at +0.7 V vs. NHE in Ar- and O,- saturated 0.5 M H,SO4 and

given in Table 4.1.
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Fig. 4.6 Linear sweep voltammograms (LSVs) of Pt-M(1:1)/CDX975 (M = Fe, Co
and Cr) and commercial Pt/C (E-TEK) catalysts in Ar- and O,- saturated 0.5
M H,SO04; Scan rate — 5 mV s (Empty and full symbols corresponding to the
LSVs in Ar- and O,-saturated 0.5 M H,SOy)
The results of linear sweep voltammetry indicate that the Pt-M/CDX975 (M = Fe, Co
and Cr) catalysts exhibited 1.5-1.7 times higher ORR activity than the commercial
Pt/C (E-TEK) catalyst. The high ORR activity is attributed to the inhibition of
formation of (hydr)oxy species on Pt surface. Among the investigated Pt-M/CDX975

catalysts (M = Fe, Co and Cr), maximum ORR activity is observed for the Pt-

Cr(1:1)/CDX975 and Pt-Co(1:1)/CDX975.

Moreover, oxygen reduction proceeded in a relatively positive potential region for the

Pt-M/CDX975 (M = Cr, Co and Fe) catalysts compared to the Pt/C (E-TEK). The
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overpotential for ORR of the Pt alloys is about 40-70 mV less compared to that of Pt.
This may be due to differences in the surface activation which is related to the size
and distribution of the metallic nanoparticles. Similar shape of LSVs and high current
density of Pt alloy catalysts to that of Pt/C catalyst indicate that the oxygen reduction
takes place in the same manner on the catalysts but with facile kinetics on Pt alloys.

Table 4.1 Metal loading, particle size, onset potential for oxygen reduction and ORR
activity of carbon supported Pt alloys and commercial Pt/C catalysts

Metal Particle Onset potential | ORR activity
loading size for oxygen at +0.7 V vs
Catalyst (Wt.%) (nm) reduction NHE
e (mV vs. NHE) (mA cm™)
20% Pt-Cr(1:1)/CDX975 Pt—15.3 | 5.0+£0.2 +990 5.2
Cr-4.1
Pt—15.1 | 5.0£0.1 +975 5.0
0 _ .
20% Pt-Co(1:1)/CDX975 Co_45
Pt—154 | 6.5+0.2 +955 4.2
) _ .
20% Pt-Fe(1:1)/CDX975 Fe_ 4.4
Commercial 20% Pt/C Pt—19.8 | 3.7£0.4 +915 3.1
(E-TEK)

4.5.3 Chronoamperometric Response

Fig. 4.7 shows the current density—time plots of Pt-M(1:1)/CDX975 (M = Fe, Co and
Cr) and commercial Pt/C (E-TEK) catalysts in oxygen saturated 0.5 M H,SO4 at +0.7
V vs NHE. The percentage degradation of activity for the carbon supported Pt-Cr, Pt-
Co, Pt-Fe after 3 h are calculated to be 10, 22 and 24, respectively, which are less than
the commercial Pt/C (E-TEK) catalyst (35%). It is indicates the better performance of

carbon supported Pt alloys compared to that of Pt/C (E-TEK).
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Fig. 4.7 Current density-time plots of (a) commercial Pt/C (E-TEK) (b) Pt-

Fe(1:1)/CDX975 (c¢) Pt-Co(1:1)/CDX975 (d) Pt-Cr(1:1)/CDX975 catalysts
in oxygen saturated 0.5 M H,SO4 at +0.7 V vs NHE for 3 h
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CHAPTER 5

SYNTHESIS, CHARACTERIZATION AND
ELECTROCHEMICAL STUDIES OF CARBON SUPPORTED
Pd AND Pd-Co-M (M = Mo and Au) ALLOY CATALYSTS
FOR OXYGEN REDUCTION

5.1 INTRODUCTION

In the effort to reduce the cost of platinum based catalysts, there has been increasing
interest in developing alternative electrocatalysts for oxygen reduction reaction
(ORR). Next to Pt, Pd appears to be one of the choices. Moreover, Pd is more
abundant and cheaper than Pt. But the intrinsic catalytic activity of Pd for the
reduction of oxygen is lower than that of Pt and the long-term stability at high
potentials is also not as good as that of Pt. It has been proven that the oxygen
reduction takes place in the same manner as that on Pt (Sepa et al., 1981; Vrac¢ar et
al., 1987; Vracar et al., 1989). As like Pt, intermediate oxygen species will be covered
on Pd surface at technically relevant potential region of 0.7-0.9 V vs. NHE and
hinders oxygen reduction (Will and Knorr, 1960a; Will and Knorr, 1960b; Kinoshita,
1992). So the development of Pd alloy electrocatalysts that inhibits the adsorption of
oxy species and enhances the ORR activity has been of interest. Recent reports have
shown that the ORR activity of Pd-based catalysts can be improved significantly by
adding elements like Co, Ni, Cr and Fe (Fernandez et al., 2005a; Wang and Balbuena,
2005; Shao et al.,, 2006; Lee et al., 2006). Considerable research towards the
fundamental understanding of the ORR catalytic activity of Pd alloys has been
undertaken and hypotheses have been put forward to explain the enhanced ORR
activity of Pd alloys compared to that of Pd (Hammer and Nerskov, 1990; Fernandez

et al., 2005a; Lee et al., 2006; Shao et al., 2007; Guo et al., 2007). It is assumed that



the observed enhancement in the ORR activity for the Pd alloys might be related to
the electronic property of Pd like the Pt alloys. But still the reason for enhanced ORR

activity of Pd-Co-M (M = Mo and Au) alloys is not clear.

Among the various bimetallic Pd alloy systems, Pd-Co appears to be best. The ORR
activity of the Pd-Co/C catalysts with a Co content of 10-30% was found to be close
to that of Pt/C. Even though the ORR activity was comparable, the overpotential on
Pd-Co alloy is 70-80 mV high compared to the Pt/C catalyst (Fernandez et al., 2005a;
Wang et al., 2007). Moreover, the long-term stability of Pd-Co alloy catalysts is an
anticipated fundamental issue since dissolution of non-noble metal components would
result in a significant decrease in ORR activity (Zhang et al., 2007a; Zhang et al.,
2007b). In recent years, Fernandez et al. (2005a and 2006) proposed suitable Pd metal
combinations with optimum compositions that exhibit good activity for ORR using a
scanning electrochemical microscope (SECM)-based combinatorial approach. Rapid
screening of various Pd metal combinations over a wide range of compositions in 0.5
M H,SO4 by SECM led to the identification of Pd-based compositions, Pd-Ti (50:50
atom %), Pd-Co-Au (70:20:10 atom%) and Pd-Co-Mo (70:20:10 atom%) as good
catalysts for oxygen reduction. Subsequently, Fernandez et al. (2005b) and Raghuveer
et al. (2005 and 2006) prepared the identified compositions on carbon support and
investigated them as cathode materials for PEMFC applications. They observed
comparable activity of Pd alloys with that of commercial Pt/C for ORR in proton
exchange membrane fuel cells (PEMFCs) at 333 K. In view of high ORR activity, Pd-
Co-Mo(7:2:1)/C and Pd-Co-Au(7:2:1)/C appears to be promising. Raghuveer et al.
(2005) prepared 20 wt.% Pd-Co-Mo(7:2:1)/C by three step procedure: (i) preparation
of Pd-Co/C by NaBH, reduction method, (ii) Mo incorporation by an impregnation

method, and (iii) heat-treatment in reducing atmosphere at high temperature. As a
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result, the size of Pd-Co-Mo particles on carbon support was found to be around 20
nm. Raghuveer et al. (2006) prepared carbon supported Pd-Co-Au alloy catalysts by
reverse microemulsion method using sodium bis(2-ethylhexylsulfosuccinate (AOT) as
the surfactant and NaBH, as the reducing agent followed by heat-treatment in
reducing atmosphere at high temperature. It was reported that the heat-treated Pd-Co-
Au/C at 773 K exhibited comparable activity with that of Pt/C but the stability was
not good. It may be due to the poor degree of alloying. The size of Pd-Co-Au particles
on carbon support was reported to be around 15-30 nm. Thus the synthesis procedures
that can give catalysts with desirable composition and small particle size have the

possibility of improving the ORR activity further.

In the present study, 20 wt.% Pd/CDX975 and Pd-Co-M(7:2:1)/CDX975 (M = Mo
and Au) catalysts are prepared by reverse microemulsion method (RME) using non-
ionic Triton-X-100 as a surfactant and investigated the role of alloying elements
toward the increment of oxygen reduction activity by cyclic voltammetry. Finally,
ORR activity of the prepared catalysts is compared with that of commercial Pt/C (E-

TEK) catalyst.

5.2 PREPARATION OF 20 wt.% Pd/CDX975 AND Pd-Co-M/CDX975 (M = Mo
and Au) CATALYSTS

Carbon supported Pd and Pd-Co-M (M = Mo and Au) alloy catalysts were prepared
by water-in-oil reverse microemulsion technique. The microemulsion system used in
this study consisted of non-ionic Triton-X-100 as a surfactant, propanol-2 as a co-
surfactant, cyclohexane as the continuous oil phase, and either the Pt—-Co—-M (M = Mo
and Au) precursor solution or hydrazine solution as the dispersed aqueous phase.

Composition of the microemulsions used for the preparation colloidal Pd-Co-M
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(7:2:1) nanoparticles is indicated in Table 5.1. Microemulsion 1 and 2 were prepared
separately by mixing by volume 10% surfactant, 35% cyclohexane, 40% propanol-2
and 15% of the aqueous phase. The amount of hydrazine is in stoichiometric excess
compared with the equal volume of Pd—Co—M precursor solution in microemulsion I.
A small additional amount of propanol-2 is then titrated slowly into each of the
microemulsion system with stirring until the microemulsion system turned
transparent. The two stable microemulsions are then mixed together and
ultrasonicated for 2 h. Pd—Co-M nanoparticles are formed upon contact between the
precursor containing droplets and the hydrazine containing droplets. The reductions of

H,PdCly, CoCl,, MoCls and HAuCly are as follows:

2H,PdCl, + N,HsOH — 2Pd + 8HCI + N, + H,0 e (5.1)
2CoCl, + N,HsOH — 2Co + 4HCI + N, + H,0 SURTOON ¢ ) |
4MoCls + 5N,HsOH — 4Mo + 20HCI + 5N, + 5H,0 SURTORN € )|
4HAuCl, + 3N,HsOH — 4Au + 16HCI + 3N, + 3H,0 e (5.4

Subsequently, an appropriate amount of carbon black (CDX975) is added to the
mixture to give a metal(s):C weight ratio of 20:80. The resultant slurry is kept under
constant stirring for 2 h, filtered, washed with acetone followed by deionized water
and finally dried in an air oven at 348 K for 2 h. The powder samples thus obtained
are heat-treated at different temperatures 973, 1073 and 1173 K in a flowing mixture
of 10% H>—90% Ar for 1 h and cooled to room temperature. Similarly, 20 wt.%
Pd/CDX975 was prepared to investigate the effect of alloying elements of Pd towards

the oxygen reduction activity.
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Table 5.1 Compositions of microemulsion system used for the synthesis

Microemulsion 1 Microemulsion 2 | Vol%
Aqueous 7 mM H,PdCly + 2 mM CoCl, + 1 Hydrazine 15
phase mM MoCls or HAuCly
Surfactant Triton-X-100 Triton-X-100 10
Co-surfactant Propanol-2 Propanol-2 40
Oil phase Cyclohexane Cyclohexane 35

5.3 CHARACTERIZATION OF THE CATALYSTS

5.3.1 X-ray Diffraction Analysis

X-ray diffraction (XRD) patterns for the carbon supported Pd and Pd-Co-M (M = Mo
and Au) alloy catalysts are recorded at a scan rate of 0.025° s~' over the 20 range of
10°-90°. The corresponding XRD patterns are shown in Fig. 5.1 and 5.2. Both
Pd/CDX975 and as-synthesized Pd-Co-M/CDX975 (M = Mo and Au) catalysts show
peaks at 20 values around 40°, 47°, 68°, 82° and 87" corresponding to the (111), (200),
(220), (311) and (222) planes of face-centered cubic (fcc) structure of Pd (JCPDS No.
88-2335). The broad peaks indicate that the particles are in nanocrystalline range. The
diffraction peak at 20 value of 25° corresponds to the (002) plane of the hexagonal
structure of the carbon support. No appreciable change in the X-ray diffraction pattern
of the as-synthesized Pd-Co-M/CDX975 (M = Mo and Au) compared to the
Pd/CDX975 is observed. It indicates that the metal nanoparticles are not transformed
into alloy. In order to improve alloying, it is heat-treated at different temperatures
from 973 to 1173 K. As evidenced from XRD, with increasing temperature, the
diffraction peaks are shifted to higher angles compared to the Pd/CDX975 catalyst

indicating the contraction of lattice due to alloy formation.
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Fig. 5.1 Powder X-ray diffraction patterns of (a) Pd/CDX975 (b) as-synthesized Pd-
Co-Mo(7:2:1)/CDX975; heat-treated Pd-Co-Mo(7:2:1)/CDX975 at (c) 973 K
(d) 1073 K and (e) 1173 K respectively
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Fig. 5.2 Powder X-ray diffraction patterns of (a) Pd/CDX975 (b) as-synthesized Pd-

Co-Au(7:2:1)/CDX975; heat-treated Pd-Co-Au(7:2:1)/CDX975 at (c) 973 K
(d) 1073 K and (e) 1173 K respectively
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The extent of shift increases and the lattice parameter decreases with increasing heat-
treatment temperature (Table 5.2), suggesting an increase in the degree of alloying.
By using lattice parameter values, degree of alloying D4 is calculated by using the

equation (5.5),

_ {an _aalloy(T)} y

D,=
{an - aalloy(900)}

100 SOOI ¢ )

where apg, aailoy(t), and aanoy900) refer to the cell parameter values of Pd, Pd—Co-M
alloy heat-treated at various temperatures (T = 973, 1073 and 1173 K), and Pd—Co—M
alloy heat-treated at 1173 K, respectively (Cullity, 1978; Raghuveer et al., 2006). The
calculated values are given in Table 5.2. The crystallite size for all the catalysts is
calculated from broadening of the (220) diffraction peak using Scherrer’s equation

(Patterson, 1939).
Surface area of the catalysts is calculated by using the equation (5.6),

6000

p I X0

Ay

where p is the metal density, d is the particle size (in nm) with Ay, given in m’ g’
(Raghuveer et al., 2005). The density values used for Pd, Pd-Co-Mo (70:20:10 atom
%) and Pd-Co-Au (70:20:10 atom %) are 21.5, 11.2 and 12.2 g cm™ respectively. The
results obtained are given in Table 5.2. It shows that surface area decreases with
increasing heat-treatment temperature for the Pd-Co-M (M = Mo and Au) alloys due

to the increase in crystallite size.
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Table 5.2 Structural parameters of Pd/CDX975 and Pd-Co-M/CDX975 catalysts

Heat- Lattice Degreg of Crystallite Surface
Catalyst treatment | parameter | alloying size (nm) agea_ |
temp (K) | (nm) (%) (m’ g
Pd/CDX975 As-syn 0.3898 -- 1.2 232
Pd-Co-Mo(7:2:1)/CDX975 As-syn 0.3897 -- 1.6 --
Pd-Co-Mo (7:2:1)/CDX975 973 0.3858 66 7.1 75
Pd-Co-Mo (7:2:1)/CDX975 1073 0.3847 85 9.4 57
Pd-Co-Mo(7:2:1)/CDX975 1173 0.3838 100 13.5 39
Pd-Co-Au(7:2:1)/CDX975 As-syn 0.3896 -- 2.1 --
Pd-Co- Au (7:2:1)/CDX975 973 0.3854 59 6.3 78
Pd-Co- Au (7:2:1)/CDX975 1073 0.3839 79 8.7 56
Pd-Co- Au (7:2:1)/CDX975 1173 0.3824 100 10.4 47
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5.3.2 TEM and EDX Analysis

Transmission electron microscopic (TEM) image and EDX spectrum of heat-treated
Pd-Co-M(7:2:1)/CDX975 (M = Mo and Au) catalysts are shown in Fig. 5.3 and 5.4.
Broad distribution of metallic nanoparticles of average size 9 nm (in the case of heat-
treated Pd-Co-Mo(7:2:1)/CDX975 at 973 K) and 8 nm (in the case of heat-treated Pd-
Co-Au(7:2:1)/CDX975 at 1073 K) on the carbon support can be seen from the TEM
images (Fig. 5.3(a) and 5.4(a)) respectively. Elemental analysis performed by EDX
confirms the presence of respective elements Pd, Co, Mo (or Au), C and a very small
quantity of oxygen (Fig. 5.3(b) & 5.4(b)). Elemental composition (Pd:Co:Mo) in heat-
treated Pd-Co-Mo(7:2:1)/CDX975 at 973 K is about (wt.%) 77.7:12.3:10.0
corresponding to approximate atomic ratio of 7:2:1. Elemental composition
(Pd:Co:Au) in heat-treated Pd-Co-Au (7:2:1)/CDX975 at 1073 K is about (wt.%)
71.3:11.6:17.1 corresponding to approximate atomic ratio of 7:2:1. The calculated
elemental composition (Pd:Co:M) in all the catalysts is given in Table 5.3. It is
observed that the average compositions are nearly in agreement with those of the

initial metal salt solutions.

5.4 ELECTROCHEMICAL PERFORMANCE OF CARBON SUPPORTED Pd
AND Pd-Co-M (M = Mo and Au) ALLOY CATALYSTS

5.4.1 Electrode Fabrication

The electrode is fabricated as follows: 5 mg of catalyst is dispersed in 5 ml of
isopropanol by ultrasonication for 15 min. Glassy carbon (GC) disk polished to a
mirror finish with 0.05 um alumina suspensions before each experiment and served as
an underlying substrate of the working electrode. An aliquot of 20 pl catalyst

suspension was then transferred onto the mirror polished glassy carbon substrate,
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Fig. 53 (a) TEM image and (b) EDX spectrum of heat-treated Pd-Co-
Mo(7:2:1)/CDX975 at 973 K
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Fig. 54 (a) TEM image and (b) EDX spectrum of heat-treated Pd-Co-
Au(7:2:1)/CDX975 at 1073 K
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leading to a metal loading of 56 pgmew cm™ and dried in flowing argon at room
temperature. Then 10 pl of a diluted Nafion® (Aldrich, 5 wt.% in 15-20% water/low
aliphatic alcohols) was pipetted on the electrode surface in order to attach the catalyst
particles onto the GC disk. The current densities are referenced to the geometric area

of the glassy carbon substrate (0.07 cm?).

5.4.2 Electrochemical Reduction of Oxygen

Fig. 5.5 shows the cyclic voltammograms (CVs) of the carbon black (CDX975)
supported Pd and Pd-Co-Mo alloys in deaerated 0.5 M H,SOj, solution at a scan rate
of 25 mV s”. The Pd/CDX975 electrocatalyst exhibited a large anodic peak at +0.25
V vs NHE. This is caused by dissolution of the adsorbed hydrogen into the bulk of the
Pd catalyst (Bard, 1976; Enyo et al., 1983). As in the case of Pd, the formation of
surface palladium oxides (Pd-OH or PdOy species) at the potentials of +0.8 V vs NHE
during anodic scan and the corresponding reduction peaks of surface palladium oxides
are observed at around +0.7 V vs NHE during the cathodic scan. With increasing
OH,qy formation/surface oxidation, the ORR activity decreases and also it has been
reported that the PdOy species at the metallic Pd surface is inactive towards oxygen
reduction (Lipkowski and Ross, 1998). For the as-synthesized Pd-Co-Mo/CDX975
catalyst anodic peak is shifted to lower potentials ca. 0.15 V vs NHE compared to the
Pd/CDX975. It shows that the modification of the electronic structure of Pd by the
presence of Co and Mo. In the case of heat-treated Pd-Co-Mo/CDX975 catalysts at
different temperatures, the hydrogen adsorption/desorption peaks on the surface of the
Pd alloys are observed at potentials of +0.04 V vs NHE showing a similar behavior to
that of Pt (Lee et al., 2006). This result is due to the interruption of the dissolution of

hydrogen into the Pd lattice by alloying elements (Hoare and Schuldiner, 1958; Enyo
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Fig. 5.5 Cyclic voltammograms (CVs) of carbon supported Pd and Pd-Co-Mo
catalysts in Ar-saturated 0.5 M H,SOg; Scan rate — 25 mV st
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Fig. 5.6 Cyclic voltammograms (CVs) of carbon supported Pd and Pd-Co-Au
catalysts in Ar-saturated 0.5 M H,SOy; Scan rate —25 mV s™
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et al., 1983). Moreover, the formation of surface oxy species which are the poisoning
species for oxygen reduction are not observed and this may be beneficial to the
oxygen adsorption at low overpotential and thus the ORR kinetic enhancement. A
similar phenomenon is observed in the case of Pd-Co-Au/CDX975 catalysts also (Fig.

5.6).

For oxygen reduction measurements, linear sweep voltammograms (LSVs) are
recorded between +0.2 V and +1.2 V vs. NHE at a scan rate of 5 mV s in both Ar-
and Oj-saturated 0.5 M H,SOs. Fig. 5.7 and 5.8 shows the linear sweep
voltammograms (LSVs) of Pd-Co-Mo/CDX975 and Pd-Co-Au/CDX975 catalysts
inrespectively. For comparison, LSVs of as-synthesized Pd/CDX975 and Pt/C (E-
TEK) are also shown. As can be seen, at the applied potential lower than ca. 0.6 V,
the ORR is under diffusion-controlled regime where mass transfer of O, to the
electrode determines the ultimate current density. The ORR falls into the kinetics-
controlled regime at the potential at or above +0.7 V at which the catalytic activity of
the catalysts will be benchmarked. When the potential is swept from +1.2 to +0.2 V
vs NHE, single oxygen reduction peak is observed in the potential region of ca. 1.0—
0.6 V in all the catalysts. The steep increase in peak current indicates the facile
kinetics of oxygen reduction. Oxygen reduction activity of the catalysts is calculated
by taking the difference in activity at +0.7 V vs. NHE in Ar- and O;- saturated 0.5 M

H,SO4 and given in Table 5.3.

The important points emerged from LSV results are, (i) Pd-Co-M/CDX975 (M = Mo
and Au) catalysts exhibited the good activity to oxygen reduction compared to the
Pd/CDX975. The propensity of Pd to form PdOy species, the reaction inhibitor that

does not take part in the reaction, may be the reason of its low activity for the ORR.
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Fig. 5.7 Linear sweep voltammograms (LSVs) of O, reduction on carbon supported
Pd, Pd-Co-Mo and commercial Pt/C (E-TEK) catalysts in 0.5 M H,SOy4; Scan
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Fig. 5.8 Linear sweep voltammograms (LSVs) of O, reduction on carbon supported
Pd, Pd-Co-Au and commercial Pt/C (E-TEK) catalysts in 0.5 M H,SO4; Scan

rate - 5 mV s” (Empty and full symbols corresponding to the LSVs in Ar-
and O;- saturated 0.5 M H,SOy)

118



Table 5.3 EDX composition, onset potential for oxygen reduction and ORR activity of
Pd/CDX975, Pd-Co-M/CDX975 (M = Mo and Au) and commercial Pt/C

catalysts

EDX Onse‘t act(i)\il}{/ at

Catalyst composition Izg;[s]nszl +0.7 V vs

Pd:Co:M NHE) (mif(l:]ri_z)
Pd/CDX975 100 :-:- +840 1.6
Pd-Co-Mo(7:2:1)/CDX975 at 973 K | 77.7:12.3:10.0 | +875 33
Pd-Co-Mo(7:2:1)/CDX975 at 1073 K | 78.3:12.6:9.1 | = +910 3.9
Pd-Co-Mo(7:2:1)/CDX975 at 1173 K | 78.7:12.5:8.8 | +880 2.9
Pd-Co-Au(7:2:1)/CDX975 at 973 K | 70.2:11.2:18.6 | = +920 4.1
Pd-Co-Au(7:2:1)/CDX975 at 1073 K | 71.3:11.6:17.1 1 +905 3.0
Pd-Co-Au(7:2:1)/CDX975 at 1173 K | 71.8:11.3:16.9 | = +865 2.6
Commercial Pt/C (E-TEK) Pt—19.8 +I1S 3.1

Among the heat-treated Pd-Co-M/CDX975 catalysts (M = Mo and Au), maximum
ORR activity is observed for the heat-treated Pd-Co-Mo/CDX975 at 973 K and Pd-
Co-Au/CDX975 at 1073 K. Moreover, their activity is higher than that of commercial
Pt/C catalyst. (i1) Oxygen reduction proceeded in a relatively positive potential region
for the Pd-Co-M/CDX975 (M = Mo and Au) catalysts compared to the Pd/CDX975.
The overpotential for ORR of the Pd alloys is about 50 mV less compared to that of
Pd. This is due to the modification of electronic structure and alteration of redox
energy levels of Pd by the presence of Co and Mo/Au. The differences in the onset
potential for oxygen reduction at various heat-treated Pd-Co-M/CDX975 (M = Mo
and Au) catalysts may be due to differences in the surface activation, which are
related to the size and distribution of the metallic nanoparticles. (iii) Onset potential
for oxygen reduction (around +910 mV vs. NHE) and shape of LSVs indicate that the
ORR pathway and rate-determining step are the same on Pd-Co-M/CDX975 (M = Mo

and Au) and Pt/C catalysts.
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It is known that both the electronic factors arising from the alloy content and
geometric factors arising from particle size are known to influence the chemisorption
behavior of oxygenated species and consequently the catalytic activity for ORR
(Mukerjee et al., 1995b; Toda et al., 1999; Xiong and Manthiram, 2005b). Fig. 5.9
shows the effect of heat-treatment temperature on the surface area and on the catalytic
activity for ORR of the Pd—Co—Mo/CDX975 catalysts prepared by the reverse
microemulsion method. A nearly linear correlation is observed between ORR current
density and the surface area as a function of the heat-treatment temperature. The high
ORR activity observed for Pd-Co-Mo/CDX975 catalyst obtained at a heat-treatment

temperature of 973 K is due to the small crystallite size and high surface area.
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Fig. 5.9 Effect of heat-treatment temperature on the ORR activity and surface area of
the carbon supported Pd—Co—Mo (Pd:Co:Mo = 70:20:10 atom%) catalysts
prepared by the reverse microemulsion method

Fig. 5.10(a) shows the effect of heat-treatment temperature on the degree of alloying

and on the surface area of the Pd—Co—Au/CDX975 catalysts, derived from XRD. It
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shows that the degree of alloying (D,) increases while the surface area decreases with
increasing heat-treatment temperature. The decrease in the surface area is due to an
increase in the crystallite size (Table 5.2). The ORR activity of the catalysts at +0.7 V

as a function of heat-treatment temperature is presented in Fig. 5.10(b).
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Fig. 5.10 Effect of heat treatment temperature on the (a) degree of alloying and
surface area and (b) catalytic activity for ORR of the carbon supported Pd—
Co—Au (Pd:Co:Au = 70:20:10 atom%) catalysts prepared by the reverse
microemulsion method

121



The ORR catalytic activity increases with increasing heat-treatment temperature
reaches a maximum at 1073 K and then decreases on going to 1173 K. The initial
increase is due to an increase in the degree of alloying while the decrease at higher

temperatures is due to an increase in particle size and a decrease in surface area.

5.4.3 Chronoamperometric Response

The performance of Pd and Pd-Co-M alloy electrocatalysts is examined at +0.7 V vs
NHE in Oj-saturated 0.5 M H,SOs solution for 3 h. The corresponding current
density-time plots are shown in Fig. 5.11 and 5.12. During the test, oxygen gas is

bubbled continuously into the solution.
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Fig. 5.11 Current density-time plot of (a) Pd/CDX975; heat-treated Pd-Co-
Mo(7:2:1)/CDX975 at (b) 973 K (¢) 1073 K and (d) 1173 K respectively
in oxygen saturated 0.5 M H,SO4 at +0.7 V vs NHE for 3 h

It can be seen that the performance of Pd-Co-M/CDX975 catalysts is better than the

Pd/CDX975. In the case of heat-treated Pd-Co-M/CDX975 catalysts at 973 K, current
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density declines slowly by the dissolution of alloying components. This may be due to
the poor degree of alloying. Among all the carbon supported Pd-Co-M alloy catalysts,
heat-treated Pd-Co-M/CDX975 (M = Mo and Au) obtained at 1073 and 1173 K

exhibited good performance possibly due to high degree of alloying.
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Fig. 5.12 Current density-time plot of (a) Pd/CDX975; heat-treated Pd-Co-

Au(7:2:1)/CDX975 at (b) 973 K (¢) 1073 K and (d) 1173 K respectively
in oxygen saturated 0.5 M H,SO4 at +0.7 V vs NHE for 3 h
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CHAPTER 6

RuxSey/C CATALYSTS FOR OXYGEN REDUCTION - A

REVERSE MICROEMULSION METHOD OF
FABRICATION OF ELECTRODE MATERIAL

6.1 INTRODUCTION

Carbon supported Ru,Se, catalysts constitute one class of materials that show activity
for oxygen reduction (Alonso-Vante and Tributsch, 1986; Alonso-Vante et al., 2000).
Numerous electrochemical investigations have proven that oxygen reduction occurs
on Ru,Se, catalysts predominantly via four electron reduction path with negligible
amount of hydrogen peroxide intermediate compared to the Pt catalysts (Colmenares

et al., 2006; Zaikovskii et al., 2006; Colmenares et al., 2007; Fiechter et al., 2007).

Many methods have been reported for carbon supported Ru,Se, catalysts preparation,
including chemical precipitation method (Trapp et al., 1996; Reve et al., 1998),
NaBH, reduction method (Campbell, 2004), impregnation method (Hilgendorff et al.,
2003), colloidal method (Tributsch et al., 2001) decomposition of organometallic
precursors (Vogel et al., 2007) and microwave-assisted polyol process (Liu et al.,
2007). However, these preparation methods result in the difficulties of controlling
chemical composition and particle size regardless of metal content. Trapp et al.
(1996) proposed a low temperature chemical precipitation method by refluxing metal
carbonyls and the corresponding chalcogen in an organic solvent such as xylene or
1,2-dichlorobenzene in Ar atmosphere. The reaction products consist of nano-scale
Ru metals and octahedral clusters of Ru, which contain carbon in the centre,
surrounded by carbonyl groups. Since this method involved some complex chemical

reactions, a mixture containing several polynuclear compounds with amorphous



structures could be produced, depending on the synthesis temperature. It was difficult
to separate and characterize this mixture by traditional chemical methods due to their
poor solubility, which was probably one of the drawbacks of this synthesis method.
Another disadvantage of this method could be that the yield of the final product was
40-60%. Reeve et al. (1998) also carried out the synthesis using Ru-based
electrocatalysts for oxygen reduction. But the activity of the synthesized catalysts is
low compared to Pt. Campbell (2004) disclosed an environment friendly aqueous
method for preparing active catalysts such as RuySe by eliminating the carbonyl
precursors and toxic solvents like xylene. In this method, the stoichiometric amounts
of active carbon, ruthenium (III) chloride and selenium dioxide were taken in a
water/propanol solvent and stirred at 353 K for 1 h. The resulting mixed solution was
then allowed to cool at room temperature. An aqueous solution of NaOH containing
NaBH,4 was then added to the solution to carry out the chemical reduction. In this
way, a carbon-supported catalyst, which has a chemical formula of RuySe, was
produced. They claimed that the electrocatalytic ORR activity of prepared catalysts
was very close to that of carbon-supported platinum catalysts. Even then, the onset
potential is 100 mV less compared to that of commercial Pt/C catalyst. Hilgendorff et
al. (2003) attempted to synthesize RuySey by impregnation process. One possible
drawback of this method is that the temperature used to sinter the catalyst particles is
relatively high, which could reduce the catalyst active surface area. In this process, a
solution of ruthenium oxalate or carbonyl complex was mixed with a carbon support
to form slurry, which was then dried to remove the solvent. The formed solid was
then heated to decompose the salt, in order to produce the desired form of solid
carbon-Ru salt. For selenium incorporation, the solid was dispersed in a solution

containing H,SeOs. After the chemical reaction between the carbon-Ru salt and
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H,SeOs, a RuySey catalyst was produced. The low temperature chemical precipitation
method described has the advantage of allowing the reaction performed in a solution
to form bimetallic catalysts at low temperature and the prepared catalysts normally
have a higher active area. However, this method was limited to those reactants with
similar precipitation chemistry or property, which are easily reduced chemically to
metals. In order to minimize this limitation, Tributsch et al. (2001) followed the
colloidal method described by Bonnemann et al. in 1996. But the reproducibility was
relatively low. The first step for the catalyst synthesis was to make colloidal Ru
nanoparticles through RuCls reduction in a solution of tetrahydrofuran (THF)
containing N(CsH;7)4sBEt;H, followed by addition of absolute ethanol. After that, the
mixture was centrifuged (4500 rpm, 15 min) to obtain the solid powder. After the
incorporation of selenium, Ru,Se,O, nanoparticles were prepared. The produced
catalyst was tested for O, reduction and a fairly high electrocatalytic activity was
observed. The high catalytic activity has been attributed to its large surface area,
narrow particle size distribution, and ability to prevent particle aggregation. All the
methods described involve the difficulty in the control of the composition. As a result,
various authors obtained Ru,Se, catalysts of different Ru and Se compositions with
different sizes. So the oxygen reduction activities observed were not comparable.
Recently, Colmenares et al. (2007) synthesized Se-modified Ru/C catalysts of
controllable compositions by two steps process: synthesis of Ru/C by borate route
followed by adding controllable amounts of selenium via reductive annealing of the
H,SeOs impregnated catalysts at 473 K in a H, gas flow. This method results in
Ru,Se,/C catalysts with a mean Ru particle diameter of 4 nm with varying amounts of
Se and small amount of oxygen content. Even though they were able to control the

composition, particle size was not the same in all the catalysts. The results obtained
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by various authors were encouraging, but the ORR activity was not comparable with
that of commercial Pt/C. All the electrochemical studies indicate that there is
optimum Ru:Se composition for the maximum ORR activity. If one is able to control
composition and size of Ru,Se,/C catalysts and measure ORR activity, it will shorten

the path of search of efficient electrocatalysts for oxygen reduction.

In the present study, Ru,Se,/C (x = 1 and y = 0-1) catalysts with similar size and
controllable composition have been synthesized by a simple and reproducible reverse
microemulsion method (RME) at room temperature. The resultant catalysts are
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy-dispersive X-ray analysis
(EDX). The as-synthesized catalysts are investigated for oxygen reduction and the

activity obtained is compared with that of commercial Pt/C (E-TEK).

6.2 SYNTHESIS OF 20 wt% Ru,Se,/CDX975 CATALYSTS

Carbon supported Ru,Se, catalysts (where x = 1 and y = 0-1) with a metal(s) loading
of 20 wt% are prepared by the reverse microemulsion method (RME) with the use of
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) as the surfactant and heptane as the
oil phase. Aqueous solutions of RuCls;, H,SeO; and NaBH, are used to form the
reverse micelle. The size of the particles is controlled by adjusting the molar ratio of
surfactant to water (W = [H,O]:AOT]). Microemulsion 1 is prepared by mixing
required amounts of RuCl;, selenous acid, AOT, deionized water and heptane under
constant stirring followed by ultrasonication for 20 min. Microemulsion 2 is prepared
by mixing sodium borohydride with small amount of NaOH, AOT, deionized water
and heptane under constant stirring followed by ultrasonication for 20 min. In both the

microemulsions, the molar ratio of water to AOT was kept at 10:1. Microemulsions 1
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and 2 are then mixed together and ultrasonicated for 2 h. Subsequently, an appropriate
amount of carbon (CDX975) is added to the mixture to give a metal(s):C weight ratio
of 20:80. The resultant slurry is kept under constant stirring for 2 h, filtered, washed

with acetone and deionized water and dried in an air oven at 348 K for 2 h.

6.3 CHARACTERIZATION OF THE RuxSey/CDX975 CATALYSTS

6.3.1 X-ray Diffraction Analysis

XRD measurements are performed on all the catalysts at a scan rate of 0.05° s ' over
the 20 range of 10°-90°. Fig. 6.1 shows the powder X-ray diffraction patterns of the
Ru,Se,/CDX975 catalysts. All the as-synthesized Ru,Se,/CDX975 catalysts show the
peaks at 20 values around 38°, 42°, 44°, 58°, 69°, 78" and 85° corresponding to the
(100), (002), (101), (102), (110), (103) and (112) planes of ruthenium respectively.
These characteristic peaks can be assigned to hcp ruthenium. The positions and
intensities of hcp ruthenium diffraction lines are in good agreement with that of
JCPDS powder diffraction data file no. 89-4903. With increasing the Se to Ru atomic
ratio, Ru diffraction lines shift slightly to higher 20 values with respect to the

corresponding peaks in Ru/CDX975 catalyst.

To check the solubility of Se in Ru lattice, the lattice parameters (a, ¢) and cell
volumes are calculated from XRD patterns and given in Table 6.1. The variation of
lattice parameters and cell volume with Se content in RuxSe, catalysts is plotted and is
shown in Fig. 6.2. It can be seen that both the lattice parameters (a, ¢) and the cell
volume of Ru,Se, decrease linearly with increasing Se content (obeying Vegard’s
law) indicating the solubility of Se in Ru lattice. The broad peaks indicate that the
particles are in nano-crystalline range. The broad diffraction peak observed at around
20 = 25° corresponds to the (002) diffraction plane of the hexagonal structure of the

carbon support.
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Fig. 6.1 Powder X-ray diffraction patterns of as-synthesized Ru,Se,/CDX975
catalysts; (a) Ru/CDX975 (b) Ru;Se(,/CDX975 (¢) Ru;Seys/CDX975 (d)
Ru;Se)¢/CDX975 (e) Ru;Seps/CDX975 and (f) Ru;Se;/CDX975

Table 6.1 Lattice parameters (a, ¢) and cell volume of Ru,Se,/CDX975 catalysts

Catalyst C (A) a(A) 0.866 a’c (A”)
Ru/CDX975 427 2.713 27.22
Ru;Sey»/CDX975 4263 2.708 27.07
Ru;Sey4/CDX975 4257 2.700 26.87
Ru;Seos/CDX975 4251 2.697 26.78
Ru;Seos/CDX975 4.245 2.694 26.68
Ru;Se/CDX975 4.239 2.687 26.50
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Fig. 6.2 Variation of lattice parameters and cell volume with Se content in
Ru,Se,/CDX975 catalysts

For crystallite size measurements, XRD spectra are recorded in the 26 range of 63-75°

at a scan rate of 0.02° s_'. The average crystallite size for the Ru,Se,/CDX975

catalysts is calculated from the broadening of the (110) diffraction peak (shown in

Fig. 6.3) using Scherrer’s equation (Patterson, 1939). The obtained results are given in

Table 6.2. The average crystallite size is estimated to be around 3.0 nm in all the

Ru,Se,/CDX975 catalysts.
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Fig. 6.3 Slow scan XRD spectra for the (110) peak of Ru,Se,/CDX975 catalysts; (a)
Ru/CDX975 (b) Ru1 Seo,z/CDX975 (C) Ru1 Seo,4/CDX975 (d)
Ru;Seps/CDX975 (e) Ru;Seps/CDX975 and (f) Ru;Se;/CDX975

Table 6.2 Elemental composition, Se/Ru atomic ratio, crystallite size, onset potential
for oxygen reduction and ORR activity of 20 wt% Ru,Se,/CDX975 (x = 1
and y = 0-1) and commercial 20 wt% Pt/C (E-TEK) catalysts

Crystallite | 01 ORR
Elemental | Se/Ru Y potential activity at
I . size from
Catalyst composition | atomic XRD (mV vs. +0.65 V vs.
by EDX ratio (nm) NHE) for NHE
ORR (mA cm™)
Ru/CDX975 100:- 0.0 3.0 +850 1.3
Ru;Se(,/CDX975 | 87.7:12.3 0.18 3.0 +875 2.1
Ru;Sep+/CDX975 | 76.6:23.4 0.38 3.1 +890 3.0
Ru;Sep«/CDX975 | 68.5:31.5 0.59 3.1 +905 4.2
Ru;Ses/CDX975 | 62.2:37.8 0.78 3.1 +885 1.6
Ru;Se/CDX975 56.2:43.8 1.00 3.1 +870 1.4
Pt/C (E-TEK) - - - +930 4.0
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6.3.2 SEM, EDX and TEM Analysis

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
energy dispersive X-ray analysis (EDX) are used to observe the morphology, particle
size and composition of Ru;Seys/CDX975 catalyst respectively. Fig. 6.4 shows the
SEM image and corresponding EDX spectrum of Ru;Seo¢/CDX975 catalyst.
Agglomeration of spherical shaped carbon with metallic particles can be seen from
SEM image (Fig. 6.4(a)). Elemental analysis performed by EDX confirms the
presence of Ru, Se, C and a very small quantity of oxygen (Fig. 6.4(b)). The
calculated elemental composition (Ru:Se) in Ru;Seo¢/CDX975 is about (wt %)
68.5:31.5 corresponding to Se/Ru atomic ratio of 0.59. Similarly the other catalysts of
different Ru and Se composition are analyzed. For each molar ratio of Ru/Se, some
regions are chosen randomly to analyze the composition by EDX attached to a SEM.
The results are given in Table 6.1. The slight deviation of composition among
different particles at each [RuCl;]/[H,SeOs] ratio might result from the detection
errors. The deviation could be due to the detection errors and the fact that fewer
regions were chosen for analysis. In addition, it is observed that the average

compositions were roughly in agreement with those of the initial metal salt solutions.

Fig. 6.5 represents the TEM images of the as-synthesized Ru;Seos/CDX975 and
commercial Pt/C catalysts. Well dispersed, uniform size and spherical shaped metallic
nanoparticles with an average size of 3.1 nm on the carbon support can be seen from
both the low- and high-magnification TEM images (Fig. 6.5(a) and 6.5(b)). The
average crystallite size calculated from the XRD peak width was found to be
consistent with those obtained from the TEM result. Fig. 6.5(c) shows the narrow size

distribution of Ru;Se( ¢ nanoparticles on carbon support.
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Fig. 6.4 (a) SEM image (inset shows the high magnification image) and (b) EDX
spectrum of Ru;Sey ¢/CDX975
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Fig. 6.5 TEM images of (a) Ru;Sep¢/CDX975 at low magnification (b)
Ru;Seys/CDX975 at high magnification. (c¢) Histogram of Ru;Segg
particles on CDX975

6.4 ELECTROCHEMICAL PERFORMANCE OF RuSe,/CDX975
CATALYSTS

6.4.1 Electrode Fabrication

The electrode is fabricated as follows: 5 mg of the catalyst, 0.5 ml of diluted Nafion®
solution (Aldrich, 5 wt.% in 15-20% water/low aliphatic alcohols) and 0.5 ml of
isopropanol are ultrasonically blended for 20 min. GC disk (0.07 cm?) was polished to
a mirror finish with 0.05 pm alumina suspensions before each experiment and served

as an underlying substrate of the working electrode. An aliquot of 5 pl catalyst
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suspension was pipetted onto the mirror polished glassy carbon substrate, leading to a

metal loading of 70 ugmet cm™ and dried in flowing argon at room temperature.

6.4.2 Electrochemical Reduction of Oxygen

Activity of the as-synthesized Ru,Se,/CDX975 (where x = 1 and y = 0-1) and
commercial Pt/C catalysts is determined by cyclic voltammetry (CV). All experiments
are performed at room temperature in a conventional one-compartment
electrochemical glass cell assembled with glassy carbon (GC) disk as the working
electrode, Ag/AgCl, 3.5 M KCl (+0.205 V vs. NHE) as the reference and Pt foil as the
counter electrodes, respectively. Oxygen saturated 0.5 M H,SOy, is the electrolyte.
Linear sweep voltammetry (LSV) is performed to measure the oxygen reduction
activity of as-synthesized Ru,Se,/CDX975 and commercial Pt/C (E-TEK) catalysts.
For oxygen reduction measurements, linear sweep voltammograms (LSVs) are
recorded between +0.2 V and +1.2 V vs. NHE at a scan rate of 5 mV/s in both Ar-
and Os-saturated 0.5 M H,SO,. The obtained voltammograms are shown in Fig. 6.6.
Oxygen reduction activity is calculated by taking the difference in activity at +0.65 V
vs. NHE in Ar- and O,- saturated 0.5 M H,SOy4. Current densities are normalized to
the geometric area of the glassy carbon substrate (0.07 cm?). The calculated ORR
activity of Ru,Se,/CDX975 catalysts is given in Table 6.2. It is clear that the electrode
fabricated by using as-synthesized Ru;Se(s/CDX975 shows higher oxygen reduction
activity than other Ru catalysts. A high oxygen reduction current is paramount for an

efficient electrochemical power device.

Fig. 6.6 represents that the ORR kinetics is not the same on all the catalysts. Oxygen
reduction is facile in the case of Se to Ru atomic ratios of 0.2, 0.4 and 0.6 compared to

the Se to Ru atomic ratios of 0, 0.8 and 1.0. In the case of RuXSey/C catalysts with x
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=1 and y = 0.2 to 0.6, ORR is diffusion-controlled at potentials below +0.6 V and
diffusion and kinetic controlled in the potential region between +0.6 and +0.95 V vs.

NHE. In the case of RuXSey/C catalysts with x = 1 and y = 0, 0.8 and 1.0, ORR is

diffusion-controlled at potentials below +0.4 V and diffusion and kinetic control in
the potential region between +0.4 and +0.9 V vs. NHE. The reason for the different

curve shapes for RuXSey/C catalysts with different Se/Ru atomic ratio may be due to

the variation of geometric and electronic factors like Ru-Ru interatomic distance, Ru-
Se distance, Ru coordination number and binding capacity of Se towards Ru active
species (Zaikovskii et al., 2006; Fiechter et al., 2007). For all the Ru based catalysts,
when the potential was swept from +1.2 to +0.2 V vs. NHE, single oxygen reduction
peak is observed in the potential region of ca. 1.0-0.4 V. The steep increase in peak
current at +0.65 V indicates the facile kinetics of ORR. At the lower amounts of Se to
Ru atomic ratio of 0.2, the formation of —OH species is inhibited to some extent
compared to the Ru/CDX975. As a result both the onset potential and activity are
increased. This is more prominent in the case of Se to Ru atomic ratio of 0.4 and 0.6.
At Se/Ru atomic ratio of 0.6, the formation of —OH species on Ru surface was
completely inhibited. At the Se/Ru atomic ratio of 0.6, the geometric and electronic
factors and Ru-Ru interatomic distance may be optimum so that it favours the
dissociation of oxygen molecule and facile transfer of electrons; consequently steep
increase of oxygen reduction peak current. At the Se contents beyond 0.6, even
though the formation of —OH species was inhibited, the Ru active species are blocked
by the presence of Se. As a result, oxygen reduction is starts at potentials of +0.85 V

vs. NHE and complete reduction took place at potentials of +0.4 V vs. NHE.
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Fig. 6.6 Linear sweep voltammograms (LSVs) of O, reduction on 20 wt%
Ru,Se,/CDX975 and commercial Pt/C (E-TEK) catalysts in 0.5 H,SOy;
Scan rate — 5 mV s™ (Empty and full symbols corresponding to the LSVs in
Ar- and O;- saturated 0.5 M H,SO4 respectively)

The obtained oxygen reduction current density is plotted as a function of the Se/Ru
atomic ratio in Fig. 6.7. It shows that the current density exhibits a maximum for the
Ru;Se/C catalyst. Further increase in Se content results in a decrease of the ORR
activity, which however still exceeds the catalytic activity of the Ru/C catalyst.
Recently Fiechter et al. (2006) also observed the higher selectivity (98-99%) for
oxygen reduction to water at moderate Se loadings (y = 0.3-0.6). Moreover, oxygen
reduction activity of the as-synthesized Ru;Sep¢/CDX975 (4.2 mA cm'z) was

comparable to that of the commercial Pt/C (E-TEK) catalyst (4.0 mA cm™).

Fig. 6.8 represents the cyclic voltammograms (CVs) of Ru/CDX975 and
Ru;Se/CDX975 in de-aerated 0.5 M H,SOy at a scan rate of 20 mV s™'. It is revealed
that the commencement of oxide/hydroxide species on the Ru surface at potentials of
+0.25 V. The cathodic broad counter peak between +0.15 and +0.45 V can be thus
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attributed to the surface oxide/hydroxide reduction and the negative shift of
oxide/hydroxide reduction suggests an increased irreversibility of the surface
oxidation (Marinkovic et al., 2001; Zaikovskii et al., 2006). It is reported in the
literature that the ORR activity decreases with increasing OH,q formation/surface
oxidation (Zaikovskii et al., 2006; Colmenares et al., 2006) and also it has been
shown that a pure oxide such as RuO; at the metallic ruthenium surface, which would
be encountered at potentials of practical oxygen electrodes (0.7-0.9 V vs. NHE) is

inactive toward oxygen reduction (Anastasijevic et al., 1986).

3.0 4

ORR current density ( mAz‘cmz)

Lo T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Se/Ru atomic ratio

Fig. 6.7 Se/Ru atomic ratio vs. ORR current density of as-synthesized
Ru,Se,/CDX975 catalysts
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Fig. 6.8 Cyclic voltammograms (CVs) of (m) Ru/CDX975 and (e) Ru;Se«/CDX975
catalysts in Ar-saturated 0.5 HySOy4; Scan rate — 20 mV st

In the case of Ru;Sep¢/CDX975 catalyst, the redox peaks corresponding to the
formation and reduction of oxide or hydroxide species was not observed. It indicates
that the presence of Se is inhibiting the electrochemical oxidation of Ru and
stabililizing the Ru active centers in such a way, it exhibited high ORR activity.
Recent studies have shown that similar ORR rate enhancement can be reached by
modifying Ru nanoparticles with Se (Colmenares et al., 2006; Zaikovskii et al., 2006;
Colmenares et al., 2007; Fiechter et al., 2007). Despite numerous investigations on
the structure and electrochemical properties of Ru,Sey cluster materials (Solorza-Feria
et al., 1994; Alonso-Vante and Solorza-Feria, 1995; Dassenoy et al., 2002; Le Rhun
and Alonso-Vante, 2002), the role of Se in the enhancement of the catalytic activity is
not fully understood yet. Our studies indicate that the presence of selenium in the

prepared catalysts is stabilizing the Ru active centers upon electrochemical oxidation
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and the optimum selenium content is 0.6. At this optimum Se to Ru atomic ratio, there
may be a facile interaction between the metal d-orbitals and adsorbate valence states
so that electron transfer takes place from the metal d-orbital to the anti-bonding 2m*

orbital of molecular oxygen.

In comparison with Pt/C catalyst, the kinetically controlled region of the ORR is
shifted negatively by ~100 mV on the Ru/CDX975 catalyst. This shift of the ORR is
attributed to the onset of OH,q formation and Ru surface oxidation at lower potentials
(+0.3 V vs. NHE) than on the Pt electrode (+0.68 V vs. NHE). In the case of
Ru,Se,/CDX975 catalysts, a noticeable shift of the ORR in the kinetic region to more
positive values is observed for moderate amounts of Se (0.4-0.6) to the Ru. For higher
Se/Ru ratios, the onset of the ORR is shifted back to lower potentials. Qualitatively
similar shifts were also observed in potentiodynamic R(R)DE measurements

performed by Zaikovskii et al. (2006).

All these measurements indicate that the Ru;Se)s/CDX975 catalyst show a
significantly comparable ORR activity with that of the Pt/C catalyst in the technically
relevant potential regime between +0.6 and +0.8 V. But the overpotential for the O,

reduction is about 20-30 mV higher than for the Pt/C catalyst.

6.4.3 Chronoamperometric Response

The current density — time plots of as-synthesized 20 wt% Ru,Se,/CDX975 and
commercial 20 wt% Pt/C catalysts in oxygen saturated 0.5 M H,SO4 at +0.65 V vs.
NHE are shown in Fig. 6.9. It is seen that the performance of Ru,Se,/CDX975
catalysts is better than the Ru/CDX975. This is due to the inhibition of (hydr)oxide

formation and stabilization of Ru active centers by the addition of Se. Among all the
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carbon supported Ru,Se, catalysts, Ru;Se)«/CDX975 exhibited high performance and
it is quite similar to that of the commercial Pt/C (E-TEK) catalyst. The increasing
order of the performance of Ru based electrodes is as follows: Ru/CDX975 <

Ru1Se1/CDX975 < RujSe( 8/CDX975 < Ru1Se( 2/CDX975 < RujSe( 4/CDX975 <

Ru;Se( ¢/CDX975 = commercial Pt/C (E-TEK).

3

Current density (mA/cm’)

7 T~ r°r~1T 771 17
20 4l 6l L1 ({11 120 1400 160 150

Time (min)

Fig. 6.9 Current density vs. time curves of as-synthesized 20 wt% Ru,Se,/CDX975
catalysts; (a) Ru/CDX975 (b) Ru;Sep2/CDX975 (¢) Ru;Seo4/CDX975 (d)
Rulseo.6/CDX975 (e) RU1SG(),3/CDX975 (f) Rulsel/CDX975 and (g)
commercial Pt/C (E-TEK) measured in oxygen saturated 0.5 M H,SO, at
+0.65 V vs. NHE
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CHAPTER 7

MN4Cx CLUSTERS (M = Fe and Co) - POTENTIAL

OXYGEN REDUCTION ELECTRODES FOR PROTON
EXCHANGE MEMBRANE FUEL CELL (PEMFC)
APPLICATIONS

7.1 INTRODUCTION

Heat-treated transition-metal organic macrocycles (Ns-metal chelates) adsorbed on
carbon which generate MN4C clusters, appear to be one of the choices to replace Pt
for oxygen reduction. Jasinski (1964) first reported oxygen electrocatalysis with
transition metal macrocycle, cobalt(Il)phthalocyanine (CoPc) adsorbed on carbon.
Shortly thereafter, Jhanke et al. (1976), Collman et al. (1980), Steiger et al. (1994),
Zagal et al. (1980) and Zagal et al. (1992) investigated a variety of macrocyclic
complexes as oxygen reduction electrodes for -electrochemical devices. All
experimental evidences accumulated over the years have demonstrated that
macrocyclic complexes of Fe and Co appear to be the best. However, they suffer from
low electrochemical stability and decompose either via hydrolysis in the electrolyte or
attack of the macrocycle ring by peroxy intermediates generated during oxygen
reduction (van Veen et al., 1981). The results were not satisfactory in terms of both
the activity and stability of these Co and Fe chelates. Moreover activity was far less

compared to the state-of-art Pt electrocatalysts.

Later several research groups (Bagotzky et al., 1977; van Veen et al., 1981; Scherson
et al., 1986; Sawaguchi et al., 1990; Widelov and Larson, 1992; Ladouceur et al.,
1993; Rongzhong Jiang and Deryn Chu, 2000; Faubert et al., 1996; Lalande et al.,

1996; Gojkovic et al., 1998; Schulenburg et al., 2003) have reported that the heat-



treatment of transition metal macrocycles adsorbed on carbon support improves their
stability without substantial degradation and, in some instances, enhancing their
overall catalytic activity. It was concluded that the optimum temperature for
maximum activity depends on the metal, the ligand and nature of support. Although
effort has been devoted to determine the composition and the structure of the
electrocatalytic center formed upon pyrolysis, some controversies still exist and a
number of hypotheses have been put forward to explain the increased activity and
stability of the pyrolyzed material. The most widely accepted model to explain the
improvement in activity and stability is the creation of M-N4 moiety on carbon matrix
or simply MN4Cy cluster species during the pyrolysis (Joyner et al., 1982; van
Wingerden et al., 1988; Choi et al., 2002; Lefévre et al., 2000, Lefevre et al., 2002;
Lefévre et al., 2003; Lefevre et al., 2005; Lalande et al., 1996; Martin Alves et al.
1992). Among the various substituted Fe and Co macrocycles, iron and cobalt
tetramethoxyphenylporphyrins appear to be best. Their ORR activity is found to be
3/4™ of commercial Pt/C catalyst and the tests in fuel cell showed that they lack
stability (Lefevre et al., 2000; Lefévre et al., 2005). This is due to the existence of less
number of active sites, large particle size and weak bonding interactions between the
carbon and active species responsible for oxygen reduction. These results indicate that
there is a possibility of increasing activity by increasing the dispersion of cluster
species on carbon support. It is reported in literature that the surface properties of the
carbon influences dramatically the degree of dispersion of supported active species
and in turns its catalytic activity. Wang et al. (1999) showed that pre-treatment of
carbon with HNOj and/or NH; resulted in an improvement in the performance of Fe-
based non-precious metal catalysts for oxygen reduction reaction (ORR). Ehrburger et

al. (1983) reported that the oxygen surface functionalities on carbon improve the
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dispersion of iron phthalocyanine (FePc) particles. Gouérec et al. (1998) studied the
activity and stability of cobalt tetraazaannulene (CoTAA) on two different carbon
supports varying in the amount of surface oxygen complexes and concluded that
strong interactions between the metal complex and the carbon support are established
via the surface oxygen complexes thus increasing the sintering resistance of these
particles. Recently, Nalini Subramanian et al. (2006) exploited the oxidized carbon as
support for cobalt-ethylene diamine complex and observed improved activity and

selectivity towards the four electron reduction of oxygen to water.

In the present study, density functional calculations have been carried out to study the
facile reduction of oxygen on MN4 (M = Fe and Co) species. Experimentally, MN4Cy
clusters have been prepared by the heat-treatment of carbon black (CDX975)
supported FeTPP, FePc, FeTMPP and CoTMPP macrocyclic complexes. Optimum
conditions for the maximum ORR activity of carbon supported FeTPP and FePc
complexes have been investigated by cyclic voltammetry. In order to investigate the
role of surface functionalities created on carbon support toward ORR activity of
macrocyclic complexes, both untreated and heat-treated metal tetramethoxyphenyl
porphyrins (M-TMPP; M = Fe and Co) supported on as-received as well as HNO;
treated carbon black have been prepared and investigated. Finally, single-cell PEMFC
tests are performed on the as-synthesized catalysts and compared with that of the

commercial Pt/C (E-TEK) catalyst.

7.2 THEORETICAL STUDIES ON MN; CLUSTERS FOR OXYGEN
REDUCTION
Cerius2 software is used for Force Field calculations. The optimization of MNy (M =

Fe and Co) and O, geometries have been obtained by using Universal Force Field
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approach (UFF1.02). Using Force Field optimized parameters, DFT single point
energy calculations are carried out by Becke’s three-parameter hybrid function with
LYP correlation function (B3LYP) (Becke, 1988) and an effective core potential basis
set LanL.2DZ (Hay and Wadt, 1985). This basis set utilizes a double zeta description
and an effective core potential (ECP) for atoms. ECP approach is simple and
calculates by considering the relativistic effects of inner shell electrons so that one can
hope to obtain accurate and reliable values. Calculations for energy levels are carried
out using the Gaussian 98 program (Frisch et al., 1998). A singlet state is chosen for
MN;, and a triplet state for O,. The frontier orbitals are visualized by using MOLDEN

software.

In the study of chemical reactivity, Klopman (1968) classified electron transfer
reactions as a charge-controlled reaction when little transfer occurs and a frontier
orbital-controlled reaction when an extensive electron transfer occurs. The first type
of reaction is characterized by a large difference in energy between the frontier
orbitals of the donor and acceptor molecules. The second type reaction occurs when
the two frontier orbitals of the donor and acceptor have energy values close to each
other. The reactivity in the latter case is essentially determined by the electron density
and/or symmetry. Based on this description, the essential criteria for the reduction of
oxygen by MN, species are: (i) energies of frontier orbitals should match, (ii)
symmetry of frontier orbitals should be similar, and (iii) the electron transfer should

be facile.

When O, is adsorbed on MN4 (M = Fe and Co) electrode, the surface may contain
different geometries of MNy4 with different bond lengths and bond angles between M

and N. Hence, the geometry of MN4 may not be an important parameter in the case of
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O, adsorption and reduction by electron transfer. Since there can be a number of
possibilities, the calculations have been restricted for tetrahedral geometry with the
hope that the trends for other geometries may be similar. MNy (M = Fe and Co)
species alone is considered in the present calculations. The geometries of MNy (M =

Fe and Co) and O, are shown with bond distance and bond angle in Fig. 7.1.

N

//M\\ 0=0

N N
N

where M = Fe and Co
Co-ordinates: Fe — N distance: 2.00 A O — O distance: 1.26 A
Co — N distance: 2.01 A
ZN-M-N: 109°47'

Fig. 7.1 Model systems with geometric parameters

Since the O, molecule in its ground state possesses two unpaired electrons in a doubly
degenerate m* anti-bonding orbital (HOMO), reduction takes place by the transfer of
electrons from the HOMO of MN4 (M = Fe and Co) species. This can be possible
only when the symmetry and energy of these frontier orbitals match with those of
oxygen orbital wave functions. The calculated energies of orbitals with percentage
atomic orbital contributions are given in Table 7.1. The results suggest that the (i)
HOMO energy of FeNy is at -7.56 eV and main contribution to its wave function is
from d-orbital of Fe (30.8%) and p-orbital of N (69.1%) and (ii)) HOMO energy of
CoNy is at -7.78 eV and main contribution to its wave function is from d-orbital of Co

(21.1%) and p-orbital of N (75.4%). The acceptor orbital energy of oxygen is at -8.18
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eV and main contribution to its wave function is from p-orbital of each oxygen atom
(50%). It shows that the energy of HOMO of MN4 (M = Fe and Co) is nearly equal to
the m* orbital of O,. So the electron transfer can take place easily from the HOMO of
MN,4 (M = Fe and Co) to the ©* orbital of O, as compared to the HOMO of metal
alone. This indicates that the presence of nitrogen atoms around metal in MNy plays

an important role in attaining the same energy with the n* orbital of O, molecule.

Table 7.1 Percentage atomic orbital contributions to HOMO and LUMO of MN, and
O, by DFT method using Gaussian 98

M (F N
Model Energy (V) (Fe or Co)
System s D d s D
FeNy HOMO: -7.56 0.0 0.0 30.8 0.0 69.1
LUMO: -7.00 0.0 0.0 0.0 0.0 100.0
CoNy HOMO: -7.78 23 0.0 21.1 1.1 75.4
LUMO: -7.01 0.0 1.6 3.2 1.6 93.4
O 0)
N p N p
0, HOMO: -8.18 0.0 50.0 0.0 50.0
LUMO: +6.41 28.3 21.7 28.3 21.7

The situation considered here is a surface phenomenon. Activation of molecules on
surfaces has to be treated in many ways. Individual bonding and overlap may not be
sufficient. Frontier orbital wave functions energy and symmetry are the main criteria.
It is proposed that in this model all the surface atoms participate in giving rise to a
certain molecular wave functions with a particular shape and charge distribution in
space. The total wave function of the surface especially involved in bonding with the
gaseous molecules can have special charge densities concentrated at particular
locations (which are usually termed as active center) and also geometries accounting

for the generation of certain type of species. This favoured situation in terms of
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frontier orbital wave functions with respect to charge density distribution may be
responsible for the bonding. As a result, electron transfer takes place from the HOMO
wave function of MN4 (M = Fe and Co) to the ©* orbital wave function of O,. The
electron density maps of the frontier orbitals of MN4 (M = Fe and Co) and O are
shown in Fig. 7.2, which indicate that the HOMO of MN, have the right symmetry to

interact with the ©* orbital of O,.

L2l a MOLDEN b

-0.2328 02328 -0.2531 -0.2531

MOLDEN 143935 05936 C

-0.5936 +0.5936

Fig. 7.2 Electron density maps of (a) HOMO of FeN4 (b) HOMO of CoNy and (c) w*
orbital of O,

The mode of activation of oxygen on MNy (Fig. 7.3) shows the directional nature of

the HOMO wave function and interaction with the ©* orbital wave function of O,. As
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a result, facile electron transfer takes place and the adsorbed O, leaves the electrode
as free oxide species but not incorporated into the MN, (M = Fe and Co) lattice. Since
the charge transfer to the oxygen has to be first through the n* orbital and hence this
alone has been considered in this study. It is considered that the electron transfer to
the o* orbital of O, may be the crucial step and subsequent rearrangement of electrons

and dissociation of oxygen can be a facile process.

HOMO wave a* arbital of O,
function of MIN;

0, —» 0.7 20"

Fig. 7.3 Mode of activation of O, on MN4 (M = Fe and Co) species

7.3 EXPERIMENTAL SECTION

7.3.1 Synthesis of Iron Tetraphenylporphyrin (FeTPP)

Iron and cobalt tetraphenylporphyrin complexes are synthesized and purified
according to the method described by Adler et al. (1970). Metal-free
tetraphenylporphyrin (H,TPP) is synthesized by refluxing benzaldehyde (0.5 mole)
and pyrrole (0.5 mole) in propionic acid (1 1) for 30 min. Then it is filtered, washed
with methanol and dried at 373 K for 4 h. Finally, it is purified by column
chromatography by employing benzene-chloroform mixture (1:1 v/v) as the eluant.

FeTPP was synthesized by adding 10 moles of anhydrous FeCl, and 5x10~ moles of
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H,TPP to a solution composed of 40 ml of anhydrous pyridine, 5 ml of triethylamine
and 0.5 ml of tributylphosphine (added to remove oxygen from the solution) and then
refluxed under argon for 2 h. The FeTPP is precipitated by adding 60 ml of distilled
water. The precipitate is filtered, washed twice with distilled water and then dried at

348 K for 3 h. Finally, FeTPP is purified by vacuum sublimation at 643 K.

7.3.2 Synthesis of Iron Phthalocyanine (FePc)

Iron phthalocyanine (FePc) is synthesized and purified according to the literature
procedure (Lalande et al., 1996). The reaction is carried out under Ar. Briefly, FeCl,
(2.54 g), phthalonitrile (10.2 g) and tributylphosphine (5 ml) are dissolved in 100 ml
of anhydrous ethylene glycol. The solution is refluxed for 30 min and cooled down to
room temperature. The crystalline solid is filtered and rinsed with methanol. It is then
suspended in a mixture of 150 ml of methanol and 8 ml of formic acid (96%) to be
refluxed for 30 min before being hot filtered, rinsed and dried in air at 343 K. Finally,

FePc is purified by vacuum sublimation at 793 K.

7.3.3 Synthesis of Iron and Cobalt Tetramethoxyphenylporphyrin Complexes
(FeTMPP-CI and CoTMPP)

Iron and cobalt tetramethoxyphenylporphyrin complexes are synthesized according to
the method described by Adler et al. (1970). At first, metal free
tetramethoxyphenylporphyrin (H,TMPP) is synthesized by refluxing p-anisaldehyde
(0.4 mole) and pyrrole (0.4 mole) in propionic acid (500 ml) for 30 min. Then it is
filtered, washed with methanol and dried at 383 K for 72 h. It is purified by column
chromatography by employing benzene-chloroform mixture (1:1 v/v) as the eluant.
Metal tetramethoxyphenylporphyrin complexes are synthesized by refluxing 56 ml of

N,N'-DMF containing 0.67 g H,TMPP and 0.25 g metal salt (10% extra) under Ar
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atm for 2 h. Then it is cooled in ice bath and a portion of ice-water mixture was
added. Finally it is filtered, washed with deionized water and dried at 383 K for 24 h.
The complexes are purified by dissolving the porphyrin crystals in a minimum
amount of chloroform followed by chromatography in a silica column using a

benzene-chloroform mixture (1:1 v/v) as the eluant.

7.3.4 Preparation of FeTPP/CDX975 and FePc/CDX975

FeTPP is adsorbed onto carbon black (CDX-975) according to the following
procedure: 0.17 g of FeTPP is dissolved in 40 ml of anhydrous pyridine. To this
solution, 0.54 g of carbon black is added and refluxed for 12 h under Ar. FeTPP is
precipitated onto the carbon black by pouring the suspension into 1 1 of distilled
water. The resulting material was then filtered, rinsed with distilled water and dried
overnight at 348 K in air. FePc/CDX-975 is also prepared in the same manner. The
catalysts are then heat-treated under Ar for 2 h at temperatures ranging from 373 to

1273 K. The nominal iron loading on the carbon black was 2 wt%.

7.3.5 Modification of Carbon Black (CDX975) Support

The HNO; treatment of the carbon support consists of mixing 0.5 g of carbon black
with 20 ml of 70 wt % HNOj solution. The suspension is refluxed for 7 h until the
colour of the gas in the reflux column became very light. Then the suspension is
filtered, washed with deionized water and methanol, dried in an oven at 348 K and
finally ground into fine powder. For convenience, as-received carbon (CDX975) and
modified (oxidized) carbon are designated as CDX1 and CDX2 respectively. The
purpose of the modification is to increase the quinone/hydroquinone groups which

will increase the dispersion of metal complexes.
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7.3.6 Preparation of FeTMPP/CDX975, CoTMPP/CDX975 and MN4Cy Clusters

The synthesized Fe and Co tetramethoxyphenylporphyrin complexes are adsorbed on
both the as-received (CDX1) as well as modified (CDX2) carbon black by dissolving
the suitable amount of metal complex (FeTMPPCl or CoTMPP) in chloroform
followed by impregnation. Then the resultant suspension was filtered, washed with
distilled water and dried at 348 K. Finally it is ground into fine powder and heat
treated at 1073 K under Ar atm for 2 h to generate MN4Cx (M = Fe or Co) cluster
species responsible for oxygen reduction (Lefévre et al., 2000; Lefévre et al., 2005).
The nominal metal content in the catalysts is 2 wt%. For brevity, the untreated M-
TMPP complexes adsorbed on as-received (CDX1) and oxidized (CDX2) carbon are
designated as CDX1-MTMPP(UT) and CDX2-MTMPP(UT) respectively. The heat-
treated M-TMPP adsorbed on as-received (CDX1) and oxidized (CDX2) carbon are
designated as CDX1-MTMPP(HT) and CDX2-MTMPP(HT) respectively. In these

designations, ‘M’ represents Fe and Co.

7.3.7 Estimation of Iron in the Catalysts
The presence of iron in the catalysts is estimated by following a standard redox

titration procedure (Vogel, 1985) described in section 4.4.4.

7.3.8 Estimation of Cobalt in the Catalysts
Co determination is performed using absorption spectroscopy (Faubert et al., 1996)

described in section 4.4.5.

7.3.9 Estimation of Nitrogen in the Catalysts

Nitrogen content in the catalysts is determined by CHN analyzer.

152



7.4 CHARACTERIZATION OF THE IRON AND COBALT BASED
CATALYSTS

The elemental composition of the synthesized complexes is given in Table 7.2. The
good agreement of the calculated and experimentally determined values indicates the

purity of the synthesized complexes.

Table 7.2 Elemental composition of the synthesized complexes

Elemental composition

Complex calculated (Wt.%) found (Wt.%)
H,TPP C, 85.95;H,4.92; N, 9.12 C, 84.8; H, 4.85; N, 9.07
(C44H30Na4)
FeTPP C,79.05; H, 4.22; N, 8.38; C,78.12; H,4.31; N, 8.57;
(C44H28N4Fe) Fe, 8.35 Fe, 8.49
FePc C, 67.56;H, 2.83; N, 19.7, C, 62.88; H, 2.54; N, 19.8,
(C32H16N8Fe) Fe, 9.82 Fe, 9.71
H,TMPP C,78.47;H,5.18; N, 7.63 C,78.13; H,5.07; N, 7.54
(C4sH33N404)
FeTMPPCI1 C, 66.95;H, 4.18; N, 6.51; C, 66.81; H, 4.07; N, 6.43;
(C48H36N4O4FGC1) Fe, 6.49 Fe, 6.57
CoTMPP C, 72.82; H, 4.55; N, 7.08; C,7190;H,4.41;N, 6.97;
(C48H36N404C0) CO, 7.46 CO, 7.49

Bulk Fe and N concentrations in untreated and heat-treated FeTPP/CDX975 and
FePc/CDX975 catalysts are given in Table 7.3 and 7.4 respectively. It indicates that
the Fe content of the FeTPP/CDX975 and FePc/CDX975 catalysts remains about 2.0
and 1.85 wt%, respectively for the entire range of temperatures investigated. Contrary
to the bulk metal behaviour, the bulk nitrogen content in the FeTPP/CDX975 and
FePc/CDX975 catalysts gradually decrease with heat-treatment temperature. This is

due to the decomposition of the macrocyclic complexes and release of nitrogen
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containing fragments from the carbon surface as a function of heat-treatment

temperature.

Bulk metal (Fe or Co) and N concentrations in the untreated and heat-treated M-
TMPP/CDX975 (M = Fe and Co) catalysts are given in Table 7.5. Within the error
limits, the calculated composition of metal (Fe or Co) and N in the catalysts is found
to be around MN3 7.0,. To check the effect of oxidized carbon towards the dispersion

of MNy clusters, TEM images are recorded and are shown in Fig. 7.4.

Fig. 7.4 TEM images of (a) CDX1-FeTMPPCI(HT), (b) CDX2-FeTMPPCI(HT), (c)
CDX1-CoTMPP(HT) and (d) CDX2-CoTMPP(HT)

Well dispersed MNy cluster species are observed in the case of oxidized carbon
compared to that of as-received carbon supported catalysts. The average size of

cluster species in CDX2-FeTMPPCI(HT) is 11 nm compared to 32 nm for CDX1-

154



FeTMPPCI(HT). Similarly, The average size of cluster species in CDX2-

CoTMPP(HT) is 15 nm compared to 38 nm for CDX1-CoTMPP(HT). These catalysts

are characterized qualitatively by EDX and are shown in Fig. 7.5. EDX patterns

confirmed the presence of Fe, N and C in CDXI1-FeTMPPCI(HT) and CDX2-

FeTMPPCI(HT) catalysts (Fig. 7.5(a) and 7.5(b)) and Co, N and C in CDXI-

CoTMPP(HT) and CDX2-CoTMPP(HT) catalysts (Fig. 7.5(c) and 7.5(d)).
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Fig. 7.5 EDX spectra of (a) CDX1-FeTMPPCI(HT), (b) CDX2-FeTMPPCI(HT), (c)

CDX1-CoTMPP(HT) and (d) CDX2-CoTMPP(HT)



7.5 ELECTROCHEMICAL PERFORMANCE OF IRON AND COBALT
BASED CATALYSTS

7.5.1 Electrode Fabrication

The working electrode is fabricated as follows: Briefly, 16 mg of finely ground
catalyst, 0.4 ml of H,O and 0.4 ml of a 5 wt % Nafion in alcohol-water solution
(Aldrich) are ultrasonically blended for 10 min. Then 10 pl of this suspension was
pipetted onto the glassy carbon disk and dried under Ar atmosphere. Current densities
are normalized to the geometric area of the glassy carbon substrate (0.07 cm?) and the

potentials are represented with respect to normal hydrogen electrode (NHE).

7.5.2 Electrochemical Reduction of Oxygen

The electrochemical ORR activity of the untreated and heat-treated FeTPP/CDX975
and FePc/CDX975 catalysts is investigated by linear sweep voltammetry and the
calculated ORR activity at +0.7 V vs NHE is given in Table 7.3 and 7.4 respectively.
It shows that the heat-treated FeTPP/CDX975 at 873 K and FePc/CDX975 at 773 K
exhibited good activity for oxygen reduction. The calculated compositions of Fe and
N in the heat-treated FeTPP/CDX975 at 873 K and FePc/CDX975 at 773 K are FeNs 5
and FeN,¢ respectively. But the activity is less compared to that of commercial Pt/C

catalyst.

It is reported that the heat-treatment of M-TMPP/C (M = Fe and Co) at 1073 K
generates MN4Cy cluster species based on ToF-SIMS measurements (Lefévre et al.,
2000; Lefevre et al., 2005). The ORR activity of those MN4Cyx (M = Fe and Co)
clusters was found to be slightly less compared to that of commercial Pt/C catalyst. In
order to improve the ORR activity and study the role of surface functionalities on
carbon, untreated and heat-treated MTMPP complexes supported on as-received and

oxidized carbons are prepared and oxygen reduction studies are performed.
156



Table 7.3 Estimated iron loading, nitrogen content and ORR activity of untreated and

heat-treated FeTPP/CDX975 catalysts

Heat-treatment | Iron loading Nitrogen ORR activity at +0.7 V
temp (K) (Wt.%) content (wt.%) vs NHE (mA cm™)

Untreated 1.96 23 0.0
373 n. m 2.2 0.0
473 n. m 2.1 0.0
573 n. m 2.1 0.1
673 n. m 1.9 1.1
773 n. m 1.7 1.8
873 1.97 1.7 3.8
973 n. m 1.6 2.7
1073 n. m 1.3 1.6
1173 n. m 1.1 1.2
Pt - - 4.9

(n. m = not measured)

Table 7.4 Estimated iron loading, nitrogen content and ORR activity of untreated and

heat-treated FePc/CDX975 catalysts

Heat-treatment Iron loading Nitrogen ORR activity at +0.7 V
temp (K) (wt.%) content (wt.%) vs NHE (mA cm?)
Untreated 1.86 2.0 0.0
373 n. m 1.6 0.0
473 n. m 1.6 0.0
573 n. m 1.5 0.1
673 n. m 1.5 0.4
773 n. m 1.4 2.4
873 1.85 1.2 2.2
973 n. m 1.1 0.4
1073 n. m 0.4 0.3
1173 n. m 0.2 0.2

(n. m = not measured)
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As-received, CDX1 and modified (oxidized), CDX2 carbon black supports are
electrochemically analyzed to check the nature of the surface functional groups
present. Cyclic voltammograms obtained for carbons, CDX1 and CDX2 in Ar-
saturated 0.5 M H,SO4 are shown in Fig. 7.6. It can be seen that the as-received
carbon (CDX1) and oxidized carbon (CDX2) exhibit well-defined redox peaks at
~0.55 V vs. NHE. These redox peaks are characteristic of the quinone/hydroquinone
groups present on the carbon surface (Kinoshita and Bett, 1973). The higher
electrochemical activity of the carbon sample treated with HNO; (CDX2) compared
to the as-received carbon (CDX1) indicates the presence of more number of quinone

groups.
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Fig. 7.6 Cyclic voltammograms of (o) CDX1 and (e) CDX2 in Ar- saturated 0.5 M
H,SO4; Scan rate - 10 mV s~

The electrocatalytic ORR activity of untreated and heat-treated Fe(III)TMPP-CI
supported on as-received and oxidized carbons is investigated by linear sweep

voltammetry (LSV). Fig. 7.7(a) represents the LSV profile of CDX1-FeTMPPCI(UT)
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recorded in Ar- and O,- saturated 0.5 M H,SO, solution in the negative sweep
direction at a scan rate of 10 mV s™' At first, the CDX1-FeTMPPCI(UT) electrode is
placed in an Ar- saturated 0.5 M H,SO. electrolyte and the linear sweep
voltammogram is recorded at a scan rate of 10 mV s ranging from +1.0 to +0.0 V.
Then pure oxygen gas is purged for 2 h and linear sweep voltammogram is recorded
at a scan rate of 10 mV s ranging from +1.0 to +0.0 V. The steep increase in peak
current at +0.7 V vs. NHE represents the electrochemical reduction of oxygen.
Oxygen reduction activity is calculated by taking the difference in activity at +0.7 V
vs. NHE in Ar- and O;- saturated 0.5 M H>SO4 where the oxygen reduction kinetics is
more favourable. The same procedure is followed for CDX2-FeTMPPCI(UT) to
calculate the ORR activity (Fig. 7.7(b)). The results obtained are given in Table 7.5. It
is clear that the electrode, CDX2-FeTMPPCI(UT) exhibited higher specific
electrocatalytic activity than CDX1-FeTMPPCI(UT) towards the ORR. Fig. 7.7(c)
and 7.7(d) illustrate the LSVs of heat treated Fe(III) TMPP-CI adsorbed on as-received
and oxidized carbons at 1073 K, namely CDXI1-FeTMPPCI(HT) and CDX2-
FeTMPPCI(HT) in Ar- and O;- saturated 0.5 M H,SO, at a scan rate of 10 mV s,
The electrocatalyst CDX2-FeTMPPCI(HT) exhibited good activity than CDX1-
FeTMPPCI(HT). In the case of Co-based catalysts also, a similar trend is observed.
The corresponding LSVs are shown in Fig. 7.8. Linear sweep voltammograms show
an increase in ORR activity of oxidized carbon supported catalysts compared to the
as-received carbon supported catalysts. All these results indicate that the presence of
oxygen functionalities (quinone groups) on carbon is playing an important role in

generating active sites thereby increasing the ORR activity.
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Fig. 7.7 Linear sweep voltammograms (LSVs) of untreated and heat-treated
Fe(IIH) TMPP-CI supported on as-received and oxidized carbon catalysts (a)
CDXI1-FeTMPPCI(UT), (b) CDX2-FeTMPPCI(UT), (c¢) CDXI-
FeTMPPCI(HT) and (d) CDX2-FeTMPPCI(HT) in Ar- and O,- saturated
0.5 M H,SO4; Scan rate — 10 mV s~
Compared to the untreated catalysts, a drastic increase in activity towards oxygen
reduction is observed with the catalysts obtained by heat-treatment. This observation
is in agreement with that of the previous literature reports (Gojkovic et al., 1998;
Gouérec et al., 1998). The ORR activity of untreated catalysts, CDX1-MTMPP(UT)
is 15-20 times less compared to that heat-treated catalyst, CDX1-MTMPP(HT).
Similar situation is observed in the case of oxidized carbon supported catalysts. It

means that the active species generated by the heat-treatment are the reason for the

high selectivity to the four electron reduction of oxygen to water.
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Table 7.5 Estimated metal loading, nitrogen content, onset potential for oxygen
reduction and ORR activity of Fe- and Co-based catalysts as well as
commercial Pt catalysts

Metal (Fe | Nitrogen Onset ORR activity
Catalyst or Coor | content | potential for | at+0.7 V vs.
Pt) (Wt.%) oxygen NHE
loading reduction (mV | (mA cm?)
(Wt.%) vs. NHE)
CDX1-FeTMPPCI(UT) 2.01 2.0 +810 0.2
CDX2-FeTMPPCI(UT) 2.03 2.0 +830 0.4
CDX1-FeTMPPCI(HT) 1.96 1.9 +840 4.2
CDX2-FeTMPPCI(HT) 1.97 1.9 +870 4.9
CDX1-CoTMPP(UT) 1.98 2.0 +740 0.2
CDX2-CoTMPP(UT) 1.97 2.0 +760 0.3
CDX1-CoTMPP(HT) 1.89 1.9 +795 3.2
CDX2-CoTMPP(HT) 1.93 1.8 +860 4.5
Pt/Vulcan XC72R 2.07 - +910 4.9
(E-TEK)

(UT = untreated and HT = heat-treated)
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Fig. 7.8 Linear sweep voltammograms (LSVs) of untreated and heat-treated CoTMPP
supported on as-received and oxidized carbon -catalysts (a) CDXI1-
CoTMPP(UT), (b) CDX2-CoTMPP(UT), (¢c) CDX1-CoTMPP(HT) and (d)
CDX2-CoTMPP(HT) in Ar- and O,- saturated 0.5 M H,SOs4; Scan rate -10
mVs '

One more important observation is that the shift of oxygen reduction onset potential

to positive values in the case of oxidized carbon samples compared to the as-received

carbon samples. In both Fe and Co based catalysts, there is approximately +30 mV or
more positive shift of onset potential for oxygen reduction in the case of oxidized
carbon containing electrocatalysts compared to that of the as-received carbon
containing electrocatalysts. It implies that the overpotential for oxygen reduction is
reduced by means of oxidized carbon support. Even though the onset potential for

oxygen reduction on untreated and heat-treated catalysts is almost comparable, ORR

activity is high in heat-treated catalysts. The diffusion-limited plateau of the
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polarization curve for carbon supported catalysts is shown in Fig. 7.9. A similar shape
of polarization curves was reported for O, reduction on ink-type electrodes using
different supported macrocycles (Zagal, 1992). The model proposed by Jiang and
Anson (1991) shows that the plateau is more inclined when the distribution of active
sites is less uniform and the reaction is slower. However, with the use of HNO;
treated oxidized carbon based catalysts, activity towards oxygen reduction increases.
A single steep reduction wave with a well-developed limiting plateau similar to that
of Pt catalysts is observed. The activation overpotential for oxygen reduction on

CDX2-FeTMPPCI(HT) decreases by 30 mV compared to CDX1-FeTMPPCI(HT).
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Fig. 7.9 Polarization curve of heat-treated MTMPP (M = Fe and Co) supported on as-
received and oxidized carbon catalysts: (a) CDX1-FeTMPPCI(HT), (b)
CDX2-FeTMPPCI(HT), (¢) CDXI1-CoTMPP(HT) and (d) CDX2-
CoTMPP(HT) in O»- saturated 0.5 M H,SOy; Scan rate — 10 mV s™'
Similarly, the activation overpotential for oxygen reduction on CDX2-CoTMPP(HT)

decreases by 65 mV compared to CDX1-CoTMPP(HT). A comparison of the oxygen
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reduction activity of the prepared catalysts indicates that the activity increases with
the increase of the amount of quinone groups. TEM images also show the higher
dispersion of MNy clusters in the case of oxidized carbon (CDX2) support compared
to the as-received carbon support (CDX1). It means that the presence of quinone
groups on carbon increased the dispersion of MNy (M = Fe and Co) clusters and
causes the enhancement of ORR activity. It is reported that the carbon will be usually
covered with oxygen complexes mainly carbonyl and hydroxyl groups by means of
nitric acid treatment (Ehrburger et al. 1983; Nalini Subramanian et al., 2005). Higher
dispersion of the MNj clusters on the oxidized carbon may originate from interfacial
bonds with the oxygen complexes of the carbon surfaces. Thus the migration and the
coalescence of the active species are considerably lowered by the presence of
oxygenated groups which act as anchors for the supported clusters. Therefore by
increasing the number of oxygen groups on the carbon support by nitric acid
treatment, the dispersion of the active species as well as their performance is

increased.

For comparison, a commercial Pt/C of same metal content is investigated for oxygen
reduction under the same conditions. The corresponding LSVs are shown in Fig. 7.10.
The oxygen reduction activity calculated at +0.7 V vs. NHE is 4.9 mA c¢m™. The heat-
treated metal tetramethoxyphenylporphyrin complexes supported on oxidized carbon,
CDX2-FeTMPPCI(HT) and CDX2-CoTMPP(HT) electrocatalysts also exhibited
comparable ORR activities, 4.9 and 4.5 mA cm™ respectively. Moreover, the onset
potential for oxygen reduction on CDX2-FeTMPPCI(HT) and CDX2-CoTMPP(HT)
catalysts are +870 and +860 mV vs. NHE respectively whereas for commercial Pt/C,
the onset potential is +910 mV vs. NHE. It implies that the MN4Cy active species

shows less than 50 mV higher overpotential for oxygen reduction in comparison to
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the commercial Pt/C catalyst. These results suggest that these MN4Cy species are

better alternative to Pt catalysts for oxygen reduction.
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Fig. 7.10 Linear sweep Voltammograms (LSVs) of commercial 2 wt.% Pt/Vulcan
XC72R (E-TEK) in Ar- and O,- saturated 0.5 M H,SO4; Scan rate - 10 mV
-1
S

7.5.3 Chronoamperometric Response

The current density — time plots of Fe- and Co- based catalysts in oxygen saturated
0.5 M H,SO4 at +0.7 V vs. NHE are shown in Fig. 7.11 and 7.12 respectively. The
performance of heat-treated metal tetramethoxyphenylporphyrin complexes supported
on oxidized carbon, CDX2-FeTMPPCI(HT) and CDX2-CoTMPP(HT) electrodes is
found to be better compared to the as-received carbon supported catalysts, CDX1-
FeTMPPCI(HT) and CDX1-CoTMPP(HT). Strong bonding interactions between the
active species and oxidized carbon may be the possible reason for this behaviour.
Moreover, their performance is comparable to that of commercial Pt/C (E-TEK)

electrode.

165



2.1

1.8
E 1.5
-
n
£ 12413
; 0.9 - s sw_,o"@‘d&\"“‘.f' o "“\._J" ‘a.'ww
o (b)
S 0.6 - v """'J :\'\ 'J\"""'ﬁ v\f;il)
0.3

I e L L T
20 40 60 80 100 120 140 160 180

Time (min)

Fig. 7.11 Current density vs. time plots of (a) CDX1-FeTMPPCI(HT), (b) CDX2-
FeTMPPCI(HT) and (c) commercial Pt/C (E-TEK) measured in oxygen
saturated 0.5 M H,SO4 at +0.7 V vs. NHE

2.1

0.9 -

Current density (mA/cm’)

0.6

0.3

r—r+ r + r 1t 1 T~ 1 1 © T 7
20 40 60 80 100 120 140 160 180

Time (min)

Fig. 7.12 Current density vs. time plots of (a) CDX1-CoTMPP(HT) and (b) CDX2-
CoTMPP(HT) and (c) commercial Pt/C (E-TEK) measured in oxygen
saturated 0.5 M H,SO4 at +0.7 V vs. NHE
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7.5.4 Single-Cell PEMFC Measurements

The measurements in PEM fuel cells are obtained in a fuel cell test station. The
procedure for the preparation of gas diffusion electrode (GDE) and single cell
assembly was followed according to the literature (Lefevre et al., 2000). Gas diffusion
electrodes are prepared by a combined filtration/brushing procedure using the
commercial Pt/C catalysts, prepared catalysts, a carbon cloth substrate (PWB-3,
Stackpole), a PTFE suspension (Teflon 306A, DuPont) and a Nafion® solution. The
anode (20 wt% Pt/C from E-TEK) consists of 0.4 mg Pt cm. The cathode (prepared
Fe and Co catalyst) consists of 0.2 mg metal cm>. A homogeneous catalyst
suspension consisted of 12.9 mg of catalyst, 0.5 ml of H;O and 0.3 ml of 5 wt %
Nafion solution blended ultrasonically for 1 h was applied on the teflonized carbon
cloth substrate by layer wise. Each layer is applied by pipetting 60 pl of the catalyst
suspension and then spreading it uniformly over the entire surface. A hot plate is used
to accelerate the drying of the catalyst suspension between each application. Both
anode and cathode electrodes are then placed in a vacuum oven at 348 K for 1 h. The
single cell membrane-electrode assembly (MEA) is fabricated by sandwiching the
Nafion 115 membrane between the cathode and anode by hot pressing at 413 K and
50 kg cm * for 1 min. The geometric area of the electrodes is 6.25 cm”. The same
procedure is followed to fabricate the reference membrane-electrode assembly (MEA)
using 2 wt % Pt from E-TEK at the cathode. The cathode Pt loading for the reference
MEA is 0.2 mg Pt cm™. All fuel cell measurements are performed at 353 K. The O,
and H, gas back pressures are 60 and 30 psi respectively. The two gases are
humidified prior to admission into the fuel cell by passing them through stainless steel
containers filled with H>O kept at 373 K. Before the steady-state polarization curves

are recorded, the cell was left under open circuit conditions for 30 min (MEA
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conditioning). Then a polarization curve is recorded by varying the applied potential

from 0.9 to 0 V vs NHE.

Fig. 7.13 compares the electrochemical performances in a single-cell PEMFC at 353
K using the heat-treated M-TMPP (M = Fe and Co) supported on as-received and
oxidized carbons and the commercial 2 wt.% Pt/C (E-TEK) catalyst with same metal
loading as the cathode under the identical test conditions. The current densities

obtained at 0.7 V vs. NHE are given in Table 7.6.
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Fig. 7.13 H,/O, PEM fuel cell polarization curves with (A) CDX1-FeTMPPCI(HT),

(A) CDX2-FeTMPPCI(HT), (o) CDX1-CoTMPP(HT) and (m) CDX2-
CoTMPP(HT) and () commercial Pt/C (E-TEK) for oxygen reduction at

353K
The performance of the heat treated M-TMPP (M = Fe and Co) supported on oxidized
carbon is better compared to that of the heat-treated M-TMPP (M = Fe and Co)
supported on as-received carbon. The increased order of performance in terms of

current densities at 0.7 V is, CDX1-CoTMPP(HT) < CDX2-CoTMPP(HT) = CDX1-
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FeTMPPCI(HT) < CDX2-FeTMPPCI(HT) = PyC (E-TEK). At 0.7 V, CDX2-
FeTMMCI(HT) and CDX2-CoTMPP(HT) catalysts yielded a current densities of
~171 and ~104 mA cm * respectively while the commercial Pt/C (E-TEK) catalyst
gave a current density of ~180 mA cm . The CDX2-FeTMMCI(HT) and CDX2-

CoTMPP(HT) catalysts show an open circuit voltage of ~0.89 and ~0.85 V

respectively, which is close to that found with the commercial Pt catalyst (~0.9 V).

Table 7.6 Single-cell PEM fuel cell performance of Fe- and Co-based catalysts as well
as commercial Pt catalysts at +0.7 V vs. NHE

Catalyst Performance at +0.7 V vs NHE
(mA cm™)
CDX1-FeTMPPCI(HT) 125
CDX2-FeTMPPCI(HT) 171
CDX1-CoTMPP(HT) 82
CDX2-CoTMPP(HT) 104
Pt/Vulcan XC72R (E-TEK) 180
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CHAPTER 8

SUMMARY AND CONCLUSIONS

The search for an efficient electrocatalysts for oxygen reduction reaction (ORR) has
been a topic of current interest. At present, conventional carbon supported Pt is the
successful and commercially exploited electrocatalyst for ORR in various
electrochemical devices. But the sluggish kinetics of ORR, high overpotential and
cost of Pt catalysts hinder the commercialization of the devices. These difficulties can
be overcome by either preparing Pt particles of desirable size on carbon or alloying Pt
with a suitable element and supported on carbon. In recent years, significant research
has been focused on various non-Pt based electrocatalysts such as Pd, Pd alloys,
Ru,Sey and MN4Cy clusters. But the ORR activity and performance is less compared
to that of the state-of-art commercial Pt/C catalysts. Literature reports indicate that the
composition and size of the particles play an important role in the enhancement of the
activity. Thus, attempts were made to prepare the electrocatalysts in nano-size range
with suitable composition and electrochemical measurements have been performed to

investigate the oxygen reduction activity.

The conclusions drawn from this study are:

« Monodispersed Pt nanoparticles of different sizes (2.0, 2.5, 3.5, 4.0, 5.0 and
6.0 nm) were synthesized by reduction of platinum(ll)acetylacetonate with
1,2-hexadecanediol in the presence of long chain carboxylic acid and long
chain alkyl amine as protecting agents. Particle sizes were varied by changing
the refluxing time and combination of protecting agents either oleic acid and
oleylamine or nonanoic acid and nonylamine. The purified Pt

nanoparticles were loaded onto carbon black (CDX975) under ultrasonic



agitation to achieve 20 wt.% Pt/C. The prepared materials were characterized
by XRD, TEM and EDX techniques. Face-centered cubic (fcc) structure of Pt
was evident from XRD. TEM images of the as-synthesized catalysts displayed
uniform size and shaped Pt nanoparticles on the carbon support. EDX
confirms the presence of Pt and C in the catalysts. Steady-state linear sweep
voltammetric measurements showed that the optimum size of Pt for oxygen
reduction is 3-4 nm. This is due to the alteration of energy levels associated
with the particle size of Pt. As-synthesized Pt nanoparticles of sizes, 3.5 and
4.0 nm loaded on carbon catalysts exhibited comparable activity with that of

commercial Pt/C (E-TEK) catalyst.

Monodispersed Pt-M alloy (M = Fe, Co and Cr) nanoparticles prepared by
polyol reduction method were loaded onto carbon black and characterized by
XRD, TEM and EDX. Spherical shaped Pt-M alloy (50:50 atom%)
nanoparticles with narrow size distribution were observed on carbon support.
Electrochemical measurements indicate the formation of Pt (hydr)oxy species
is lowered in the case of Pt-M alloys compared to that of Pt. Pt alloys
exhibited 1.5 times higher ORR activity than that of commercial Pt/C (E-
TEK). The higher ORR activity, low overpotential and low degradation of
activity of the Pt-M/CDX975 (M = Fe, Co and Cr) compared to that of
commercial Pt/C (E-TEK) make them more appropriate cathodes for

electrochemical device applications.

Carbon black (CDX975) supported Pd and Pd-Co-M (M = Mo and Au) alloy

nanoparticles with 70:20:10 atom% were prepared by the reduction of metal

precursor(s) with hydrazine in reverse microemulsion of water/Triton X-
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100/propanol-2/cyclohexane. The as-synthesized Pd-Co-M/CDX975 (M = Mo
and Au) catalysts were heat-treated at 973, 1073 and 1173 K to promote alloy
formation. These materials were characterized by powder XRD, TEM and
EDX. Single phase face-centered cubic structure of Pd in the catalysts was
observed from XRD pattern. TEM and EDX analysis revealed the nnao-sized
metallic particles with exact composition. Electrochemical measurements
indicated that the Pd alloys exhibit higher ORR activity than Pd. This is
attributed to the suppression of oxy species on Pd surface in the presence of
alloying elements. Comparable ORR activity of heat-treated Pd-Co-
Mo/CDX975 at 973 K and Pd-Co-Au/CDX975 at 1073 K catalysts with that
of Pt/C (E-TEK) makes them as viable oxygen reduction electrodes for

electrochemical device applications.

Reverse microemulsion method (RME) has been used to synthesize 20 wt%
Ru,Se,/CDX975 catalysts. XRD patterns showed the presence of Ru in hcp
phase and the similar particle size (around 3 nm) in all the as-synthesized
catalysts. As evident form EDX, the composition obtained for the as-
synthesized catalysts was nearly in agreement with those of the starting metal
content. TEM image of Ru;Seqs/CDX975 showed the high dispersion of
metallic particles on carbon (CDX975) support. A series of Ru,Se,/CDX975
catalysts for the O, reduction were evaluated by linear sweep voltammetry.
The improvement of ORR activity by the presence of Se with a maximum
activity (geometric area-normalized current density) for the Ru;Seqs/CDX975
catalyst were observed. The reason for the improved activity is the
stabilization of Ru active sites by Se, against blocking as a result of

(hydr)oxide formation. The comparable ORR activity and stability of
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Ru;Seq¢/CDX975 with that of commercial Pt/C (E-TEK) catalyst makes it as

an alternative to Pt for oxygen reduction.

Density functional calculations showed that, same symmetry and energy of the
HOMO of MN4 (M = Fe and Co) and =* orbital of O, make the reduction
feasible. The presence of ‘N’ in the active site MN4 (M = Fe and Co) plays an
important role in attaining directional wave function there by leading to a

facile electron transfer.

The optimum conditions for the maximum ORR activity of FeTPP/CDX975
and FePc/CDX975 catalysts were investigated. Electrochemical measurements
showed that the heat-treated FeTPP/CDX975 at 873 K and FePc/CDX975 at
773 K exhibited good activity for oxygen reduction. But, the activity was less

compared to the commercial Pt/C catalyst.

The role exerted by the oxygenated surface groups in the dispersion of active
species (generated from the heat-treatment of FeTMPP-CI and CoTMPP),
responsible for oxygen reduction was studied. The results indicated that,
introduction of surface oxygen functionalities (quinones) on carbon support
increases the dispersion of active species and enhances the ORR activity.
Comparable ORR activity and single-cell PEMFC performance of MN4Cx (M
= Fe and Co) clusters with that of commercial Pt/C (E-TEK) make them as the

potential candidates to replace Pt for oxygen reduction.
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