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Preface

Energy crisis is one of the major challenges that the world is facing today. Under the
circumstances research related to energy storage and conversion have become very much
essential. “Fuel Cell” is one of the remedies against such looming crisis of energy. This M.S.
thesis presents the results of investigations of the synthesis of Pd based intermetallic nanocrystals
in various sizes and shapes and their applications in fuel cell both as cathode and anode catalyst
materials. Due to low cost, less poisoning effect and remarkable activity and durability in
comparison with state of art Pt electrode materials, Pd based electrocatalysts have gained a lot of

attention from research community. The thesis consists of four chapters.

Chapter 1 gives a brief overview of fuel cells, urgency of fuel cell research and discusses about
some fundamental aspects of electrocatalysis. It also describes the importance of noble metal

based nanocrystals as cathode and anode materials.

Chapter 2 deals with the rational design, characterization and electrocatalytic properties of
ordered PdsPb intermetallic nanocrystals as an efficient and durable anode electrocatalysts in
both acid and alkaline medium. The ordered Pds;Pb compound has been synthesized in different
size and morphology both hydrothermal and polyol method. The polyol method requires just 10

seconds for the ordered structure formation.

Chapter 3 describes synthesis, characterizations and electrocatalytic properties of novel Pd,Ge
intermetallic nanoparticle. The catalyst is highly efficient and stable for the electrochemical
oxidation of ethanol in alkaline medium. The experimentally observed data have been with the
DFT calculations in terms of combined effect of adsorption energies of CH3CO and OH radicals,

d- band center model and work function of the corresponding catalyst surfaces.

Chapter 4 articulates about the shape tailoring of ordered PdCus; nanocrystals simply by
solvothermal method and the effect of crystal facets in Oxygen Reduction Reaction (ORR) in

alkaline medium. This chapter shows how control in morphology enhances the kinetics of ORR.

Finally the results have been summarized with some future plans to improve the activity of the
materials studied.
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Chapter 1 - Introduction

1.1. Background
Search of sustainable solutions to the looming energy crisis has become one of the

major challenges on the way to get rid of our dependence on fossil fuels.*? Over the last
few years several technologies have been implemented to provide electrical energy from
different renewable sources such as solar energy, wind power generators.® But the
mismatch between supply and demand leads researchers to find out integrated solutions

with advanced energy conversion and storage.***®

In recent years noble metal
nanocrystals have been considered as the benchmark materials due to their superior
catalytic performances in the field of “electrochemical energy conversion and storage.’
Noble metal based materials have been widely used in various electrochemical reactions
like hydrogen or small molecule oxidation, oxygen reduction in fuel cells.®® The catalytic
performance mainly depends on activity, selectivity and stability. The catalytic
performances of noble metal based materials are influenced mainly by three factors; (1)
ensemble effect, (2) electronic effect, (3) geometric effect.’® Ensemble effect comes into
play when a catalyst consisting of multiple metals provides different reaction sites.**?
For electronic effect, the electronic structure of the noble metal surface modifies from the
electronic charge transfer between different components leading to the improvement of
the catalytic activity.**'* In case of geometric effect, the strain induced in different
structures (different exposed facets) enhances the catalytic activity indirectly by changing
electronic structure and atomic arrangements of the surface of the catalyst.’**® Thus
control synthesis of noble metal nanostructures with different morphology has a profound
effect in designing efficient and stable catalysts.

Among the various methods towards nanocrystal synthesis, the colloidal method

is still considered as one of the facile, cost-effective method.***° Through this method one

can get both kinetic and thermodynamic controlled structures.*® However shape selective



Investigation of Ordered Pd based Intermetallic Nanoparticles as Efficient and
Stable Catalysts in Fuel Cell Application

synthesis of noble metal alloys are more complicated because of the various reduction
potential and different nucleation or growth habits of the different metals present in the

same structure.®

1.2. Fuel Cells
1.2.1. What is fuel cell?
A fuel cell is a device that converts chemical energy stored in a fuel into electrical
energy through a chemical reaction with oxygen or other oxidizing agents (Figure 1).
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Figure 1. Fuel cell diagram (Figure generated from http://en.wikipedia.org/wiki/File:
Solid_oxide_fuel_cell.svg)

The fuel gas (mainly hydrogen rich) is passed towards the anode where the
following oxidation occurs.
H, (gas)——>2H" + 2¢°
The liberated electrons pass through external circuit and go to cathode and positive
hydrogen ion (H*) migrates through electrolyte towards cathode. At the cathode H+ ions
react with oxygen (from air) to form water and heat and electricity generated.

H, + % O, ——>H,0 + electricity + heat
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In the area of energy storage and conversion devices, electrochemical systems
play an important role. The electrochemical energy conversion means the conversion of
chemical energy to electrical energy of vice versa. Electrochemical energy systems
possess several advantages, (1) chemical energy is directly converted to electrical energy
without Carnot limitation and hence they are very efficient; (2) low emission of pollutants
and (3) they are easily transportable.”**® Among the three types of electrochemical
energy systems namely, fuel cells, batteries and capacitors, fuel cell occupies a special
position owing to its high specific energy associated with the device (Table 1).
Evidently, specific energy of a fuel cell is far superior to a battery and a capacitor. This is
further supported from the plot of specific power (the rate at which energy can be
released) vs. specific energy which is known as Ragone plot (Figure 2). However, fuel
cells do not possess high power density. Hence, fuel cell should be coupled with a

capacitor when both energy density and power density requirements are high.

Table 1. Comparison of energy densities among various electrochemical energy systems.

Electrochemical systems Specific energy (Wh/Kg)

Lead acid battery 35-40
Li-ion battery 150-200
H»-O; fuel cell 33500

CH30H-0; fuel cell 6100
1000
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Figure 2. Ragone plot for electrochemical energy systems (Figure generated from
http://commons.wikimedia.org/wiki/File:Lithium_lon_Capacitor_Chart.png).




Investigation of Ordered Pd based Intermetallic Nanoparticles as Efficient and
Stable Catalysts in Fuel Cell Application

1.2.2. History
Electrocatalysis and search for promising electrocatalysts effectively initiated after

two distinct developments in science in the 19" century when i) Sir William Robert
Grove reported the reverse of water electrolysis (in 1839) and his discovery of energy
device named as ‘gas voltaic battery’ and theoretical definition of (H2/O,) fuel cells and
their fundamental structure in 1842 and (ii) introduction of Tafel polarization studies. In
1894, Ostwald discussed the advantages of electrochemical energy conversion methods
over the thermal counterparts.” Horiuti and Polanyi in 1935 first reported the
experimental treatment on electrocatalysis, but the most intensive growth in the field of
electrocatalysis started in the early 1960s and continuous to develop when Francis
Thomas Bacon initiated work on fuel cells developed by Mond and Langer.?* He
constructed a cell with less expensive electrode material (nickel gauze) and less corrosive
electrolyte (alkali) that operated under pressure as high as 3000 psi.”> Subsequently, Pratt
& Whitney Company developed Bacon's work for ‘Apollo’ spacecraft fuel cells. General
Motors (GM) and Union Carbide (UC) in 1966 initiated work on fuel cells for general

applications and introduced the first earthbound fuel cell vehicle called the ‘Electrovan’.?

1.2.3. Types of Fuel Cell

According to electrolyte and operation temperature fuel cells are classified in
various types such that polymer electrolyte membrane fuel cell (PEMFC), phosphoric
acid fuel cell (PAFC), direct alcohol fuel cell (DAFC), direct formic acid fuel cell
(DFAFC), alkaline fuel cell (AFC), molten carbonate fuel cell (MCFC), and solid oxide
fuel cell (SOFC). The characteristics and efficiency of different fuel cells are summarized
in Table 2. Half-cell reactions of various fuel cells are shown in Table 3.2 PEMFCs and
DAFCs have drawn more attention for transportation and consumer electronics due to its

low operating temperature, rapid start up, light weight and simplicity.
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Table 2. Efficiency and working temperature of different types of fuel cells.

Types of fuel cell Working temperature (°C) Efficiency (%)
PEM 80 40-60
AFC 90-100 60-70
DAFC 50-120 <40
PAFC 100-250 <40
MCFC 600-700 50-60
SOFC 700-1000 50-60
Table 3. Electrochemical characteristics of different fuel cells.
Fuel cell Anode reaction Cathode reaction Mobile ion
PEMFC H,—>2H"+e” Y 0y+2H +2e"—>H,0 H*
DMFC CH3;OH+H;—> CO,+6H"+6e" | % O,+2H"+2e —>H,0 H*
AFC H,+ 20H — 2H,0+2¢ Y2 Op+2H,0+2e" —=20H" OH’
PAFC H,—>2H"+e" Y Op+2H +2e"—=>H,0 H
MCFC Hy+COs> = H,0+CO,+2e” | ¥ 0,+C0O,+2e —>CO3” COs”
SOFC H,+0>—> H,0+2e" 15 02+2e-—> 07 0~

1.2.3.1. Proton exchange membrane fuel cells
Proton exchange membrane fuel cells (PEMFC) also known as polymer electrolyte

membrane fuel cells, consist of a proton conducting polymer electrolyte. The generally

used electrolyte is a perfluorosulfonic acid membrane (Nafion, DuPont, USA) consisting

of hydrophilic and hydrophobic part.”® The CF, groups in the polymer (Figure 3) are

equivalent to Teflon giving high stability in oxidizing and reducing environments.

27,29-32

A very thin membrane (50-100 um) is used to achieve high efficiency as it reduces ohmic

resistance loss considerably. Corrosion related issues are minimal in case of PEMFCs as

it uses solid electrolyte and the reaction product is only water. PEMFCs can produce high

power densities and offer advantages of low weight and small volume.

Fa Fa
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1.2.3.2. Direct alcohol fuel cell
The problems associated with H, - O, fuel cells have led to a class of liquid feed

fuel cells i.e. direct fuel cells where liquid fuel solutions are fed to the anode
compartment.®** Some of the fed fuels include methanol, ethanol, hydrazine, glycerol
and ascorbic acid.****3 In direct alcohol fuel cells, alcoholic solutions are used along
with either gaseous oxygen or liquid hydrogen peroxide as fuel and oxidant respectively.
The most used alcohols in direct alcohol fuel cells (DAFC) are methanol and ethanol,
which can be produced from natural gas or renewable biomass resources.**3*%#? Since
the fuels are fed as liquids, storage and transport problems associated with H, - O, fuel
cells are minimized.***%* The DAFCs are generally projected for low power applications
such as consumer electronics.
1.2.3.3. Alkaline fuel cells

Ever since National Aeronautics and Space Administration (NASA, USA) used
alkaline fuel cells (AFC) in their manned space mission, AFCs have drawn enormous
attention from scientific community across the globe. The advantages of AFCs are
improved reaction Kinetics of fuel oxidation combined with reduced poisoning of the

#3495 and use of inexpensive catalyst in alkaline media.***®*® The fuels

electrocatalysts
used under alkaline conditions are H,, methanol, ethanol, ethylene glycol, borohydride
and hydrazine.®***® Across the membrane, the ion transport is by OH™ ions and proceeds
from cathode to anode. Due to the reversal of electro-osmotic drag methanol permeation
rate is reduced resulting in reduced cross-over.* However, some of the issues related to
AFCs are the unavailability of stable OH" conducting membrane, thermal instability and

low OH" conductivity.*®*°
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1.2.3.4. Phosphoric acid fuel cell
The phosphoric acid fuel cell (PAFC) is the one of the few fuel cell types that has

reached commercialization stage in the twentieth century.?” Phosphoric acid (HsPO4),
excellent electrolyte for fuel cells, use hydrogen produced by steam-reforming/shift
conversion of organic hydrocarbons (e.g. natural gas) and alcohols (methanol or ethanol).
Unlike other acid electrolyte systems, water is not involved in the transport mechanism;
the protons are conducted directly by the acid, which also serves as the solvent. The
phosphonium ion, similar to the hydronium ion is formed, and proton hopping occurs via
phosphoric acid molecules. The advantages of PAFC are that (a) the electrolyte is inert
and stable in an oxidizing or reducing environment; (b) it is capable of operation up to
200°C; and (c) the CO tolerance at the anode is 1%—-2%. Added advantages are that (a)
the product, water, is removed from the cell as vapour and (b) waste heat rejection is
efficient because of high temperature, compared with AFCs and PEMFCs, which operate
at <100 °C.%*?’
1.2.3.5. Molten carbonate fuel cells

The molten carbonate fuel cell (MCFC) is promising in terms of high electricity-
generating efficiencies and the ability to consume coal-based fuels. In MCFCs, oxygen

and carbon dioxide is consumed in cathodic reaction to produce carbonate ions.*"*°

1.2.3.6. Solid oxide fuel cells

The solid oxide fuel cell (SOFC) operates at high temperatures, of the order of
1000°C. One of the major advantages of the SOFC is that it uses a solid electrolyte,*
unlike other types of fuel cells. Since it is a two-phase system (solid/gas), the problems
connected with mass transport of reactants and products in liquid phase within the

electrode are eliminated.
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1.2.4. Fundamental aspects of fuel cell
The goal of research on electrocatalysis is to obtain maximum efficiency of

conversion with minimum overpotential. Fuel cells should be able to provide substantial
electrical energy when reasonably large currents are drawn. However, when there is a
current load, the cell voltage (V) decreases due to various irreversible processes, called
‘polarization losses’. Three different polarization limitations are identified (i) ohmic
polarization (monm), (ii) concentration polarization (meonc) and (iii) activation polarization
(Nact)-

Ohmic polarization is due to the movement of ions within electrolyte and

resistance to electron flow. nonm can be expressed by

where 1 is the cell current and R is the overall cell resistance including electronic, ionic
and contact resistances.*>*?

Concentration polarization arises at high reaction rates, where a high
concentration gradient develops between concentration of reactant at the electrode
surface (Cs) and bulk (Cpyuk) of the solution. Fuel cell polarization losses are mainly
influenced by ncone, €specially at high current densities due to diffusion limited mass

transport. The mass transport can be described by applying Fick’s law of diffusion.>

i = [nFD (Cbu|k-Cs)]/6
where D is diffusion co-efficient, F is Faraday constant and & is thickness of diffusion
layer. At the limiting current condition when C¢=0,
i|_ = (nFDCbu|k)/6

Neonc €an be defined as the difference between the equilibrium potential for which

Cs=Chuik (Ecp) and the equilibrium potential in case of Cs<Cpyx (Ecs). The following
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expression can be obtained, when Nernst equation is combined with Fick’s law of

diffusion.
Neone = (RT/NF) IN(Cy/Cpui) = (RT/nF) In (1-i/i.)

Activation polarization, na.: comes into play in case of sluggish reaction kinetics.
It is greatly influenced by adsorption/desorption of reactant and/or product species.
Also, the transfer of electrons across double layer and nature of electrode surface
(smooth or rough) dictates activation polarization. na is generally described by Tafel

equation,
Nact= (RT/anF) In (i/i,)
where a is transfer coefficient and i, IS exchange current density.

The Butler—Volmer equation generally governs the kinetics and thermodynamics
of electrochemical reactions. The Tafel analysis is used in extreme cases when the
reaction is taken away from equilibrium, where either the anodic or the cathodic current is
dominating the total current measured. The logarithm of the current density log [i| (i =
current density) is then plotted as a function of over potential 7 (= E(i)-E’) and the plot is
used to calculate the kinetics of the reaction.

1.3. The Need for Fuel cell

Energy is one of the basic and most required resources in everyday life. Over
several decades, fossil fuels could feed to our needs. It has been estimated that by around
2100 all the fossil fuel will be depleted. The depletion of fossil fuel coupled with
increased global demand has led to search for alternate sources of energy. This pursuit
has been further motivated by serious environmental concerns such as global warming

and the effect of increase in carbon emissions on the environment. As of 2013, the level
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of CO; is 398.5 ppm and about to reach 400 ppm.*® In this aspect, we need to provide
green alternative source of energy for future generation. Several alternative forms of
energy emit less greenhouse gas including more efficient include photovoltaic solar cells,
geothermal energy etc. However, among all of this form of alternative energy
technologies fuel cell provide one of the best alternatives by virtue of their high efficiency
and minimal greenhouse gas emission and long term deployment.>® Therefore focus of
research has been emphasized on electrochemical energy devices where chemical energy
is directly converted into electrical energy. The process known as electrocatalysis is

defined as the catalytic influence of electrode material on different electrode reactions.*

1.4. Electrocatalysis and metal nanoparticles
1.4.1. Catalytic aspects

1.4.1.1. Small molecule oxidation (SOMs)

It is evident from general discussion that a fuel cell consists of three important
architectural components namely, (1) fuel, the energy source, (2) membrane, which
allows internal communication between anode and cathode and (3) electrocatalysts over
which the fuel undergoes oxidation or reduction reactions. Several small organic
molecules (SOMs) like methanol, ethanol, formic acid etc in liquid state have been
projected as alternate fuels to hydrogen in order to overcome the issues related to
safety and storage.**** These molecules have drawn the attention of fuel cell community
because of the low temperature application due to their appreciable energy density and
attractive theoretical voltage.”’® It is possible to achieve complete oxidation of
methanol and formic acid into CO, as compared to ethanol which requires breakage of
C-C bond. Among methanol, ethanol and formic acid, ethanol is less toxic than others.

Among various liquid fuels, formic acid has been proposed as a promising fuel due to

10
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good oxidation kinetics, less fuel cross-over problem.””® One of the common features
among these three fuels is the involvement of several reaction pathways during
electrochemical oxidation. The conversion of fuel to CO; involves several sequential
steps resulting in the generation of various intermediates, carbon monoxide (CO) being
common in several reactions. Pt is known to be the best catalyst for alcohols and formic
acid oxidation.

Methanol electrooxidation on Pt follows parallel reaction pathways as shown in
Figure 5.°°%* Methanol gets oxidized to CO, through two pathways simultaneously®®®
and the domination of one pathway over the other one depends on the potential. In one
pathway, methanol first dehydrogenates to CO at low overpotentials and CO gets
adsorbed on to Pt. The adsorbed CO is further oxidized to CO; at high anodic potentials.
In other pathway, direct oxidation of methanol to CO, occurs without the intermediate
step of CO. A good electrocatalyst should favour the direct pathway as the poisoning
effect of CO on Pt surface is well known. It has been reported that Pt alloys like PtRu,
PtNi, Ptir, PtRuO, and PtRulr possess superior CO tolerance properties compared to
pure Pt. Slow oxidation kinetics of methanol’®™* and its cross-over through the

polymer electrolyte membrane to cathode compartment.’

OH OH
H,C OH 0
H,C-OH + CEEED \

HCHO (sol) ———— HCHO (sol)

Figure 5. Methanol oxidation pathways on Pt.

Ethanol is a potential renewable fuel”®’” having theoretical energy density (8

KWh Kg™* as against 6.1 KWh Kg™ for methanol).”®"® However, complete oxidation of

11
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ethanol to CO, demands high activation energies to overcome as it involves 12 electrons
and also the breaking of C-C bond.”®#%# Many of the intermediates (mainly CO and —
CHO) produced during the oxidation reaction poison the anode electrocatalyst and
reduce the catalytic efficiency.® Ethanol oxidation has been reported to be very facile on
Pt and its alloys such as PtSn, PtRu, PtNi and Ptlr. Ethanol oxidation on Pt also follows a
parallel pathway mechanism as in the case of methanol (Figure 6).%® In the first
pathway, ethanol oxidizes to acetaldehyde and acetic acid via four electron transfer
without breaking C-C bond. The other pathway involves the cleavage of C-C bond,
which results in the accumulation of CO on Pt sites. An efficient electrocatalyst should
favour the second pathway of cleavage of C-C bond, which corresponds to a 12 electron
transfer. Kowal et al have reported a ternary catalyst comprising Pt, Rh and SnO,, for the

complete oxidation of ethanol to CO,.%

Figure 6. Schematic illustration of the oxidation of ethanol on Pt surface oxidation via
different pathways.

Due to less fuel crossover problem and good oxidation Kinetics at anode formic
acid has been considered as a promising fuel. On platinum, formic acid oxidation mainly
occurs mainly either direct pathway or indirect pathway (Figure 7).% In direct pathway
formic acid oxidizes to CO, directly without the adsorbed CO intermediate step, thereby
enhancing the overall turnover number. The indirect pathway involves dehydration of
formic acid to form adsorbed CO on Pt surface. Then adsorbed —OH group on Pt surface

oxidizes CO intermediate to gaseous CO,. Another possibility is the formate pathway
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has been proposed where CO, formation occurs via adsorbed formate intermediate

(Figure 7).%°

=
00\)\\
e
H /
o0
—
0
H— ()
0
HCOOH + cam— — > c— (a) - CO;
Pt
o)
(b) &
—

Figure 7. Schematic illustration of formic acid oxidation pathways on Pt (a) direct, (b)
indirect and (c) formate ion pathways.

From the above mechanistic details of SOMs oxidation, it is evident that CO is
one of the most common intermediates in all types of fuel. CO is known to be surface
poison that drastically reduces the performance of the electrocatalysts. Alleviation of CO
poisoning is necessary to improve the performance. Several ways have been proposed to
mitigate poisoning of CO. One of the main issues related to the use of the best known Pt
catalyst for SOMs oxidation is CO poisoning. Even in H,-O, fuel cells, CO poisoning is
of serious concern because CO is produced as a by-product of hydrocarbon reforming to
hydrogen.?” About 10-50 ppm concentration of CO is sufficient to poison the catalyst
which causes severe degradation of performance over time.?22"32%92  After
dehydrogenative adsorption and reorientation of methanol, the formed CO gets adsorbed
on Pt. There is synergetic interaction between CO and Pt. According to molecular orbital
diagram of metal-CO (M-CO) bonding, there is electron donation from the highest

occupied molecular orbital (HOMO) of the CO molecule (sp-hybrid orbital based on

carbon) to the metal. Then back donation of electron from to metal to lowest unoccupied
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molecular orbital (LUMO) occurs. The LUMO is the empty antibonding 7* orbital. Thus
CO bond weakens due to the population of electron in the antibonding n* with the
increase in back donation, the bond order (bond strength) of M-C bond increases
whereas bond order of C-O bond decreases. High activation energies are to be overcome
to free the Pt surface from CO, which in turn reduces the efficiency of the fuel cell
dramatically. Hence, a good promoter in the catalyst should reduce the extent of back
donation from Pt to adsorbed CO thereby weakening the Pt-C bonding strength. This
will free the Pt sites for further reaction.

In order to remove CO from the Pt surface, adsorption of hydroxyl species on its

*8:%398 and then CO will be removed as shown below.

surface should happen
Pt'COads + Pt'OHadsH 2Pt + COZ + H+ +e

Pt + HoO ——>Pt-OHggs + H" + €

The formation of —OH groups on Pt surface happens only at very high anodic
potentials (> 0.6 V vs. SHE), while accumulation of CO occurs at low over
potentials.®®**" But under normal fuel cell condition Pt-OH formation by decomposing
water and subsequent removal of CO is not possible as fuel cell equilibrium working
potential is not very high. The well-established strategy is to have a second metal like Ru,
Ni, Ir, Rh, Fe, Pb and Bi along with Pt.®**° Among all these, Ru has drawn enormous
attention because of its ability to decompose water at remarkably low overpotentials of
0.25 V vs. SHE .1%°1%2103 | ptRu system, Pt dehydrogenates methanol to form Pt-CO and
Ru decomposes water to form Ru-OH as shown in Figure 8. Both the reactions happen
at low over potentials and hence adsorbed CO on Pt can be removed by the mechanism

called ‘bifunctional mechanism’ as shown below.
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CH30H + Pt——> Pt-COygs + H" + €
RU + HZO%RU'OHadS + H+ + e-

Pt-COags + RU-OHags——>Pt + Ru+ CO, + H + &

The proximity of Pt and Ru are very important in achieving CO removal by this

mechanism. Alloying of Pt with Ru, Fe, Ni, Co have also been reported to modify the

electronic structure of Pt, which is known as ‘ligand effect’.'9"%
@) H
<0
Pt Ru Pt

Figure 8. Schematic presentation of bi-functional mechanism in PtRu catalyst.

In order to develop cost effective fuel cell catalysts, non-platinum based materials
like Pd, Au, Ag, Ni based electrocatalysts have been reported.**'®*° Use of Pd is
justified by the fact that Pd is 50 times more abundant than Pt and their activities are
comparable.®* However, the electrocatalytic activity of Pd is limited to alkaline media

because of the scarcity of adsorbed hydroxyl groups on Pd surface in acidic media.*®

Other non-platinum based electrocatalysts such as NiCu'*!

alloy reported for alcohol
oxidation and tungsten monocarbide (WC)**? for methanol oxidation but electrochemical

stability of the later at high anodic polarization is found to be poor.

1.4.1.2. Oxygen Reduction Reaction (ORR)

Crucial to the performance of Polymer Electrolyte Membrane Fuel Cells

(PEMFC) is the efficiency of the reaction in which protons (passed through the
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electrolyte) from the anode reduce O, at the cathode to form H,O, the oxygen reduction
reaction (ORR). Oxygen reduction reaction (ORR) has been of particular interest over
past few decades due to its significance in fuel cells and metal-air batteries.*>** It is
known that ORR Kinetics is six fold slower than the kinetics of fuel (methanol, for
example) oxidation reaction."™> ORR in aqueous solutions depends on the nature of
catalyst and pH and can proceed in two ways (i) an efficient direct, 4-electron conversion
into water or (ii) formation of H,O; as an intermediate via 2-electron process. In non-
aqueous aprotic solvents and/or in alkaline solutions, the 1-electron reduction pathway,

the intermediate step, is the formation of superoxide (O%*) from O,. Table 4 describes

different types of reactions involved in ORR depending on pH of the aqueous solution.**®

Table 4. Thermodynamic potentials of electrochemical O, reduction reactions.

Electrol ORR reaction mechanisms Pathways | Thermodynamic potential
yte (V vs RHE)
Acidic O,+4H"4e” > H,0 — Direct 1.229
0,+2H" +2¢e” ->H,0, 0.70
H,0,+2H" +2¢" —>2H2CJ_. Indirect 1.76
Alkaline O,+H,0+4e” —»40H —> Direct 0.401
O,+H,0+2e” - HO, +OH -0.065
HO; + H,0+ 2" —30H" } Indirect 0.867

Norskov et al following Sabatier’s analysis plotted the activities of various
metal catalysts as a function of oxygen adsorption energy and constructed “volcano
curve”."*” The” volcano plot” indicates that Pt, among the metals, has been an efficient
catalyst with high activity for ORR and the reduction of oxygen proceeds via four
electron pathway (Figure 9). Pt thus is considered as the ‘state-of-the-art’ electrocatalyst

for electrochemical reduction of oxygen as well as also the only catalyst shown in long

16




Chapter 1 - Introduction

term operations in acidic and corrosive medium present in proton exchange membrane
fuel cells (PEMFC).

0.0

Activity

-3 -2 -1 0 1 2 3 4
AEQ (eV)

Figure 9. Trends in ORR activity as a function of oxygen binding energy (adapted with
permission from ref. 117. © 2004 American Chemical Society).

The involvement of different pathways is a consequence of different adsorption
states and catalytic nature of the electrodes.>® The possibility of different adsorption

configurations are schematically presented in Figure 10.*%*8

00—~
' S 0—_0 /O / \
: |
- M .
(a) Griffith's model (b) Pauling model (c) Bridge model

Figure 10. Possible adsorption modes for ORR on catalyst surface.

If oxygen adsorbs on a catalytic site according to Pauling’s model (Figure 11b),
the O-O bond distance remains almost unaltered. Therefore pathway Il is favoured
with the formation of H,O,. If adsorption of oxygen occurs on both sides as shown in
Figures 11a and 11c, the O-O bond distance is stretched and in turn facilitates rupture

of O-O bond. Accordingly, four electron reductions to water are preferred. (Pathway |
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or Il as given in Figure 11).*®'° Two adjacent adsorption sites are required for
molecular oxygen to give water as product with four electron transfer. Apart from this
pre-condition, type of catalyst, presence or absence of adsorbing anions and pH of the

electrolyte strongly determine the chosen reaction pathway.

O OH
2e 2¢e
I\/I/ e = M o M + 2H,0
\O oH* \OH 2H* Pathway |
M+ H202
&=
e H* W
— M—O - + M—0 —/—» M—O
LRSS \ Pathway |l
0] O OH
ﬁ‘
“?&x
M + H,0
M M——OH M
o~ - :
| 2e 2e _ 2 H,0
O 2H* 2H*
~ M
M —EH Pathway Ill

Figure 11. Different reaction pathways for ORR in acidic medium on Pt catalyst.
The sluggish kinetics of ORR can be attributed to the difficulty in the cleavage of

0-0O bond of oxygen whose bond dissociation energy is 498 kJ mol™ Platinum, among
the pure noble metals, has been identified as an efficient catalyst with low overpotential
for ORR and the reaction proceeds via four electron pathway thus serving as ‘state-
of-the-art’ catalyst as mentioned earlier for oxygen/air electrode in PEMFC.'? It is
noteworthy that lattice contraction of Pt achieved by alloying, results in favourable Pt-Pt
spacing leading to dissociative adsorption of O,. Various forms of Pt and Pt alloys have
been extensively used in ORR.****#* Several Pt-free materials have been investigated to
overcome the problem associated with fuel crossover observed in direct alcohol fuel
cell.®®*% These non-Pt based compounds are showing activity comparable to Pt
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catalyst. Carbon-based materials have also been the subject of focus for ORR. Among
them carbon nanotubes (CNTs), non-metal (N, B, P) doped CNTs, graphene, non-metal
(N, B, S, P) doped graphene have been reported as efficient catalysts for ORR.'2%*%
Other non-Pt based catalysts include transition metal nitrides such as TiN, CusN and
MoN, transition metal carbides like W,C, TiC, transition metal oxides such as MnQO,,
Co304, Cuz0 and transition metal chalcogenides like Rh,Sy, RuxSy, RhSey, RuySey,
C0,S, (124-129). 13413

1.4.2. Synthesis of metal nanoparticles
In recent years, nanoparticles have attracted tremendous research interests because

of their application in various fields like magnetism, optics, biology and catalysis.****4
FePt, PtCo, PtSn, PtNi, rare earth alloys fall into this category.
1.4.2.1. General approach to the synthesis of nanoparticles

Metal nanoparticles (monometallic, alloy, bimetallic, intermetallic) can be
synthesized through either “bottom-up” (from molecular to nanoscale) or “top-down”
(from large to small dimension) approaches. Top-down approach involves breaking of
bulk materials to nano-sized particles. These processes are associated with mechanical
milling or grinding.

A large variety of nanoparticles are synthesized through “bottom-up” approach
which is based on chemical methods which involves pyrolysis, solvothermal, sol-gel
methods etc. For metal and metal alloys the precursor salts are typically dissolved in
either aqueous or organic solvent. Formation of nanoparticles is triggered by the
reduction of salts using reducing agent or through the controlled decomposition of
organometallic compounds. Reaction time, temperature, concentration of reagents,

concentration of stabilizer/surfactants plays a crucial role in controlling the size and shape

of the nanoparticles. Stabilizers are generally used to control the growth and aggregation
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of the nanoparticles. Most of the growth mechanism has been attributed to the “Oswald

ripening” process where large particle continues to increase in size with time.

1.4.2.2. Synthesis of Metal nanoparticles
Various synthetic strategies have been adopted to synthesize metal nanoparticles.

Ahmadi and co-workers have reported synthesis of Pt nanoparticles with different
morphologies like cubes, tetrahedron by changing the molar ratio of capping agent
(sodium polyacrylate) and hexachloroplatinate salt."*” Herricks et al reported synthesis of
shape variant Pt nanoparticles by ethylene glycol reduction at 160 °C. By changing the
molar ratio of NaNO3 and H,PtCls they are able to control the shapes from irregular to
tetrahedron and octahedron.**® Xiong et al. have showed shape controlled synthesis of Pd
nanoparticle.*® Yang et al reported solvothermal synthesis approach towards multiple

shapes of silver nanoparticle.™

1.4.2.3. Synthesis of metal alloys/bimetallic/intermetallic nanoparticles
Recently more attention has been paid to the synthesis of bimetallic or alloy
structures because of their potential application in catalysis. But synthesis of alloys,

bimetallic and intermetallic is more difficult compared to the pure metal because of the

difficulty associated with the atomic diffusion (Figure 12).*** Wang et al reported the

0 ° % O
o o0
° Ol R ?;Eooémlo
o | B T0g @®

(o]
e Alloy NPs
(): NPofmetalA ©:  NPofmetalB

Figure 12. Formation of intermetallic nanoparticle through diffusion (adapted with
permission from ref. 153. ©2013 Royal Society of Chemistry).
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solvothermal synthesis of AgAu alloy through interfacial diffusion of core-shell
structures. Another way to the formation of alloys/intermetallics is the co-reduction of
metal precursor salts.”**** Schaak group developed low temperature solution based
synthetic approaches to the synthesis of alloy and intermetallic nanoparticles.*>® They
have reported M-Zn (M=Au, Cu, Pd),"***" M-Pt (M=Sn, Pb, Sb, Cu),**® M-Sn (M=Co,
Ni, Cu, Ag, Au, Pt, Ru)*® and M-Au (M= Fe, Co, Ni)'®® alloy and intermetallic
nanoparticles with various morphology from pre synthesized nanoparticles with a second

metal precursor in hot organic solvent under reducing condition.
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Chapter 2 - Facile and Ultrafast Synthesis of Pd3;Pb Nanocrystals Towards
Enhanced Activity and Durability in Direct Ethanol and Formic acid Fuel Cells

Abstract

This work discusses about the controlled synthesis of the compound PdsPb as
nanocrystals in different morphologies having superior electrocatalytic activity. Two
synthetic strategies, polyol and hydrothermal, were employed along with tuning other
reaction conditions to produce the nanocrystals from the metal precursors. Powder X-ray
diffraction and transmission electron microscopy data suggest that the compound was
formed in the ordered CuszAu cubic structure type with Pd and Pb atoms occupying
different crystallographic positions. The catalytic activity and durability of the materials
were tested for the electro oxidation of formic acid and ethanol, which is found to be far
superior than the commercial Pd on carbon (Pd/C). The morphological variation of
nanocrystals has shown a profound electrocatalytic effect on the oxidation of formic acid
and ethanol. Among all the catalysts, the flower-like PdsPb catalyst that formed within 10
seconds by polyol method, had enhanced specific and mass activity and superior stability
in cyclic voltammetric (CV) and chronoamperometric (CA) measurements. The current
density and mass activity of our catalyst are 2.5 times and 2.4 times higher than that of
commercial Pd/C for the formic acid oxidation and 1.5 times each higher for ethanol
oxidation. Commercial Pd/C catalyst is found to be less stable compared to all the Pd;Pb

catalysts as observed in CA study.
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2.1. Introduction
Due to the dominance of the indirect reaction pathway and strong poisoning

effect, the studies on the formic acid (HCOOH) based fuel cell are very much limited.*?
In general, Pt metal * and Pt based alloys and intermetallics (PtPb,* PtsPb,® PtSn,° PtBi,’
PtCo,? Ptzn,” AuPt,"° PtM [M = Ni, Cu, Mn, Cr, V, Co],**™® PtRuFe'* and FePtAu') are
mostly considered as efficient anode materials in the fuel cell. Recently, Pd nanoparticles
(NPs) were found to be more active than the commonly used Pt catalysts in catalyzing
formic acid oxidation (FAO) in polymer electrolyte membrane fuel cell.***" Alloys,***°
bimetallics®® and intermetallics”* based on Pd and monometal®® have drawn more
attention for formic acid oxidation compared to Pt due to their ability to oxidize HCOOH
to carbon dioxide (CO;) in direct pathway. This in fact, automatically reduces the
poisoning effect by avoiding the formation of carbon monoxide (CO), which is one of the
common problems for Pt-based catalysts.*® The limiting step for activity enhancement of
FAO is believed to be the enhancement in the adsorption/dissociation of HCOOH on Pd
surface.” The desired enhancement of adsorption/dissociation properties can be achieved
through alloying Pd with oxophilic metals (M) like Co and Cu through so called ligand

effect, which basically needs manipulating Pd-M bonding.*®

Alloyed and oxide supported Pd-M (M = Ru, Au, Ni, Ag, Sn, Ir and Ti) binary
electrocatalysts have been extensively reported in the literature.***® The catalytic
activities of the NPs are found to be highly dependent on its sizes and shapes.®** By
varying the morphology, the catalytic activity of these materials can be tuned.***® On the
other hand, many studies have revealed that Pb has promoting effect on the electrode
oxidation of SOMs.**° For example, Li et al found that after the addition of Pb, the
catalytic activity of carbon supported Pt and Pt/Ru catalysts towards ethanol oxidation has

increased remarkably.®” Liu et al reported PtPb/C with enhanced electrocatalytic activity
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towards both formic acid and methanol compared to the commercially available Pt/C and
PtRu/C catalysts.>® In other report, Wang et al found that PdPb/C bimetallic catalyst is

more active than Pd/C for the electrooxidation of ethanol in alkaline medium.*°

Inspired by the good catalytic activity of Pd and promoting effect of Pb on the
electrooxidation of alcohols and other organic fuels, we have synthesized ordered
intermetallic PdsPb nanomaterial using different methods (solvothermal and polyol). The
compound PdsPb crystallizes in the CusAu type crystal structure with two independent
crystallographic positions of Pd and Pb.** Instead of disordered alloys and bimetallics
(such as Pt-Ru, Pt-Pb), the use of intermetallic nanoparticles (such as PtPb and PtBi) is
advantageous due to their excellent electrocatalytic properties in terms of current density,
CO tolerance and sulfur impurities.***® The advantage of ordered structure comes from its
uniform surroundings of active sites. The number and distance between active sites play
an important role in the catalytic activity. Interestingly, PdsPb has formed within 10
seconds by polyol method, which is assumed to be an ultrafast diffusion of constituent
elements leading to the formation of an ordered intermetallic compound. We have studied
the electrochemical oxidation of HCOOH in acidic medium and EOR in alkaline medium
using the PdsPb catalysts synthesized at different conditions. The increase in catalytic
activity for the compound formed by polyol method in ultrafast condition clearly
indicates that the morphology of the nanoparticles plays crucial role in the
electrocatalysis. The catalytic activity of all the samples reported here is far superior to

the commercial Pd on carbon (Pd/C).
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2.2. Experimental Section

2.2.1. Chemicals
Potassium tetrachloropalladate (K;PdCl,), palladium acetylacetonate (Pd(acac),),

sodium borohydride (NaBH,4) and nafion binder (5 wt%) were purchased from Sigma-
Aldrich, lead acetate trihydrate (Pb(OAc),.3H,0) and polyvinyl pyrrollidone (PVP) were
purchased from SDFCL and tetra ethylene glycol (TEG) was purchased from Alfa Aesar.
All the chemicals (more than 99% purity) were used as purchased without further
purification. Millipore water of conductivity 18.2 MQcm was used for the synthesis and

all other studies.

2.2.2. Synthesis

2.2.2.1. Polyol Method
The compound PdsPb was obtained in different morphologies by polyol method

without using any surfactant. In a typical synthesis procedure, 0.3 mmol (91.4 mg) of
Pd(acac), and 0.1 mmol (0.0379 g) Pb(OAc),.3H,0 with 18 ml TEG were taken in a two
neck round bottom (RB) flask. The solution mixture was made homogeneous using
magnetic stirrer under Ar atmosphere at 60 °C for 10 minutes. Then the temperature was
raised to 180 °C followed by quick injection of NaBH, solution (0.045 g in 2 ml TEG)
through rubber septa and quenching the reaction in ice bath after stirring for different
reaction time. Pure phases of Pds;Pb intermetallic nanocompounds was obtained for
different reaction times 10 sec (PdsPb_P10s), 1 min (PdsPb_P1m), 2 min (PdsPb_P2m),
5min (PdsPb_P5m) and 15 min (PdsPb_P15m).
2.2.2.2. Hydrothermal Method

In a typical hydrothermal method, 0.3 mmol (0.0978 g) K,PdCl; and 0.1 mmol

(0.0379 g) Pb(OAC)2.3H,0 were mixed in 18 ml water and taken in a 23 ml teflon lined
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autoclave. The autoclave was shaken in an orbital shaker for 30 minutes to obtain a
homogenous solution. More than one equivalent of NaBH, (0.045 g) was added to the
solution and the autoclave was kept at 240 °C with different reactions times 24, 48 and 72
hrs. The syntheses were performed both in absence and presence of the surfactant. After
the reaction, the autoclave was cooled down to room temperature naturally. The
precipitate obtained was washed six times with ethanol and three times with water. The
obtained product was dried in vacuum oven for 12 hrs at 60 °C. All the characterisations
were carried out on dried powder sample. Pure phase of PdsPb intermetallic nanoparticle
was obtained for different reactions times: 24 hrs (PdsPb_HP24), 48 hrs (PdsPb_HP48)
and 72 hrs (PdsPb_HP72) in the presence of PVP and 72 hrs (PdsPb_HN72) in the
absence of surfactant.

2.2.3. Powder X-ray Diffraction (PXRD)

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray
diffractometer with Cu-K, X-ray source (A = 1.5406 A), equipped with a position
sensitive detector in the angular range 20° < 20 < 80° with the step size 0.02° and scan rate
of 0.5 s/step calibrated against corundum standards. The experimental patterns were
compared to the pattern simulated from the data reported in the literature.*

2.2.4. Elemental Analysis

Quantitative microanalysis on all the samples were performed with a FEI NOVA
NANOSEM 600 instrument equipped with an EDAX® instrument. Data were acquired
with an accelerating voltage of 20 kV and a 100 s accumulation time. The EDAX analysis
was performed using P/B-ZAF standardless method (where, Z = atomic no. correction
factor, A = absorption correction factor, F = fluorescence factor, P/B = peak to

background model) on selected spots and points.
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2.2.5. Transmission electron microscopy (TEM)
TEM and high resolution TEM (HRTEM) images, selected area electron

diffraction (SAED) patterns were collected using a JEOL 200 TEM instrument. Samples
for these measurements were prepared by dropping a small volume of sonicated
nanocrystalline powders in ethanol onto a carbon-coated copper grid.
2.2.6. Electrochemical Studies

All the electrochemical measurements were performed on a CHI 608E
electrochemical workstation with three electrode channels at room temperature. Three
electrode set-up consists of a glassy carbon (GC) (having diameter 3 mm) as working
electrode, platinum wire as counter electrode and Hg/HgO (MMO) (alkaline medium) and
Ag/AgCl (acidic medium) as reference electrodes. All the solutions were purged with
nitrogen gas for 25 minutes prior to the measurement. The catalyst ink was prepared by

dispersing 2 mg of catalyst in 1 mL of mixed solvent solution (IPA: H,O=1:1 v/v) and 10
uL of 1T wt% nafion binder. The nafion binder (5 wt%) was diluted to 1 wt% with

isopropyl alcohol (IPA). From the prepared catalyst ink 10 4L was dropcasted on GC
electrode and dried overnight in air. Before depositing the catalyst, the GC electrode was
polished with 0.05 pum alumina slurry, washed several times with distilled water.
Commercial Pd/C (10 wt%, Sigma Aldrich) was used for comparison of activity with the
Pd;Pb catalysts. Cyclic voltammetry (CV) measurement was carried out with 0.5M
HClO4, 0.5M KOH aqueous solution as well as 0.5M HCIO4/1M HCOOH, 0.5M
KOH/IM EtOH electrolyte solution at a scan rate 50 mV/sec. Chronoamperometry (CA)

was performed in 0.5M HCIO4/1M HCOOH, 0.5M KOH/1M EtOH electrolyte solution.
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2.3. Results and Discussions

2.3.1. Structure, Synthesis, Shape and Morphology
Palladium is considered as the more promising catalyst for the oxidation of

ethanol and formic acid due to its abundance, decent catalytic activity and low cost
compared to Pt. The other way of reducing the cost and increase the catalytic activity is

alloying Pd with low cost metals. The compound PdsPb is such an example, which has a

primitive cubic crystal structure crystallizing in the CusAu structure type with Pm3m
space group. A typical representation of unit cell of the Pd;Pb crystal structure in

comparison with Pd structure is shown in Figure 1. Pure palladium metal has a face

centered cubic crystal structure (Fmé m) where all the corners and faces are occupied by
the Pd atoms (Wyckoff no. 4a). While, in PdsPb the Pb atoms occupy the corner positions
(Wyckoff no. 1a) and the Pd atoms occupy half of the octahedral holes (Wyckoff no. 3c).

Such an ordered arrangement of Pd atoms within the lattice of Pb is expected to increase

or. 0% —=—0f

the catalytic activity.

—eo ¢
s o +It3)b(25%)
2 - @ .. o® = ¢®

Figure 1. The crystal structure comparison of Pd (a) and Pd;Pb (b) along the c-direction.
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We were successful in synthesizing pure phase of intermetallic Pd;Pb nanocrystals
by different methods (hydrothermal, polyol) in different morphologies. The details of the
various synthesis parameters are listed in Table 1. The crystallite sizes of all the
hydrothermally synthesized nanoparticles calculated from the Scherer formula are also
listed in Table 1. As the particles are of interconnected network type, there is slight
deviation of the crystallite size calculated from the Scherer formula in comparison with
the TEM measurements. Comparison of PXRD for the samples Pd3;Pb_P10s, PdsPb_P1m,
PdsPb_P2m, PdsPb_P5m, Pds;Pb_P15m, PdsPb_HP24, Pd;Pb_HP48, PdsPb_HP72 and
PdsPb_HN72 with simulated pattern of the reported data*' clearly indicates that
compound has been formed in pure ordered intermetallic phases without any impurity
(Figures 2 and 3). The PXRD pattern of the selected catalysts (PdsPb_P10s,

PdsPb_HP24 and PdsPb_HN72) is compared with the simulated pattern (Figure 2).

——Pd,Pb_HN72

(111) —— Pd_Pb_HP24
—— Pd Pb_P10s
— Pd,Pb(Simulated)
—— Pd(Simulated)

(200)

(100)  (110)

(210) (211)

Intensity (a.u.)

20 30 40 50 60 770 80
20(degree)
Figure 2. Comparison of PXRD patterns of the selected PdsPb intermetallic nanoparticle

synthesized by polyol and solvothermal methods with the simulated powder patterns of
PdsPb.
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Table 1. Summary of the synthesis protocols on the formation of pure phase Pds;Pb
intermetallic nanocrystals.

Conditions Crystallite size
Compounds | Methods from Scherer
Precursors | Solvent | Surfactant | Time | formula (nm)
PdsPb_P10s 10 sec 9
PdsPb P1m Pd(acac); 1 min 12.8
PdsPb P2m | Polyol and TEG None 2 min 15.4
PdsPb_P5m Pb(OAC),.3 5 min 16.3
PdsPb_P15m H.0 15min 15.6
Pds;Pb_HP24 K,PdCl, 24 hr 13
PdsPb_HP48 | Hydro- and Water PVP 48 hr 13.6
PdsPb HP72 | thermal | Pb(OAC)..3 72 hr 19.2
PdsPb HN72 H20 None 72 hr 15
— —— Pd,Pb_HP24
@) —wrre] () T
——Pd.Pb_P2m ——Pd,Pb_HP72
- S szpb:PSm - —— Pd_Pb(Simulated)
5 ——Pd,Pb_P15m | =
© ——Pd,Pb(Simulated) | g
= >
» »
c c
o) 0]
= =
1 il i "

20 30 40 50 60 70 80 20 30 40 50 60 70 80
20(degree) 20(degree)

Figure 3. PXRD pattern of PdsPb nanoparticle (a) synthesized at 180 °C by polyol

method in different time interval (10 seconds — 15 minutes), (b) 240 °C by hydrothermal

method in different time interval (24, 48, 72 hrs) using PVP as surfactant. The patterns
are compared with the simulated pattern of PdsPb reported in the literature.

In general, intermetallic compounds are synthesized at high temperature by
ceramic, arc melting and high frequency induction heating methods. The high
temperature syntheses are required in the formation of the ordered compounds, as it
demands high kinetic energy for the better diffusion of the reactants. With an increase in
reaction temperature, the thermal vibration of the atoms increases, as a result, the

diffusion of the metals will enhance and tend to be occupied in the ordered positions. On
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the other hand, in solution methods, it is well known fact that the formation of alloy or
intermetallic nanoparticles requires co-reduction of metal salts.*** Though there is large
difference in redox potentials for Pd*"/Pd (0.83 V vs NHE) and Pb>"Pb (-0.13V vs NHE),
use of strong reducing agent like NaBH, favours the co-reduction, which is the key step
in the formation of ordered intermetallic compound. However, interestingly, polyol
method adopted in this work leads to the formation of the ordered compound within just
10 seconds. To the best of our knowledge, the synthesis of ordered intermetallic
nanomaterial within such short period is not reported so far. Although the exact reason for
this extremely fast phase formation is not known, fast kinetics of the insertion of Pb
atoms into Pd lattice may be the probable reason for this ultrafast diffusion and alloying.
Our attempts to synthesize Pd;Pb nanoparticles by solvothermal method
adopting the conditions from the polyol method were not successful probably because of
inhomogeneity of the precursor salt solution before the addition of NaBH4. This was due
to the poor solubility of the precursor salts at room temperature. However, using water
soluble salts, we were able to synthesize the pure phase (hydrothermally) indicating the
requirement of homogeneous solution for the co-reduction and the formation of the
ordered intermetallic phase. In hydrothermal method, in the absence of surfactant even
after 48 hrs we did not get pure phase .The formation of the pure phase required 72 hrs of
reaction time. In the presence of surfactant (PVP), pure phase was formed within 24 hrs
of reaction, which could be due to the mild reducing ability of PVP.*® However, we were
unsuccessful in synthesizing the pure intermetallic phase within shorter period (12 hrs)
even in the presence of PVP. Our attempts to synthesize the ordered intermetallic phase
below 240 °C in the presence of PVP were also not successful. All these controlled

experimental conditions suggest that the optimum conditions required for the formation
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of pure phase by hydrothermal method are the presence of PVP, temperature as high as
240 °C and 24 hrs of reaction time.

In contrast and as mentioned before, the pure ordered compound was formed
within 10 seconds after the addition of NaBHy4 in polyol method. TEM image of the
sample obtained by ultra-fast synthesis (Pd;Pb-P10s) in Figure 4a shows flower-like
morphology. A close look at the magnified TEM image (Figure 4b) reveals that the
flower-like nanocrystals are constructed by many of the elongated irregular shaped
primary nanoparticles. Figure 4c¢ represents the SAED pattern containing (111), (200),
(300) and (222) crystallographic planes, which further confirms the formation of ordered
intermetallic PdsPb nanoparticle. The d-spacing (inter-planar spacing of the lattice
fringes),calculated from HRTEM images of the sample Pd3Pb_P10s (Figure 4d) is 0.232
nm corresponding to the (111) plane of PdsPb, which is another proof of ordering of the

atomic positions.

image (d) of PdsPb flower-like nanocrystals.
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As the reaction time was increased (1-15 minutes), the particles were
agglomerated slowly (Figure 5), which made it difficult to propose the actual
morphology of the particles. Among all the nanocrystals synthesized by the polyol
method or hydrothermal method, the flower-like shaped morphology has more exposed
surface area and was expected to show better catalytic activity, which is indeed observed

in our catalysis experiments.

Figure 5. TEM images of PdsPb_P1m (a), PdsPb_P2m (b), PdsPb_P15m (c). The inset in
each figure represents the SAED patterns of the corresponding sample.

Although the mechanism of formation of the flower-like Pd;Pb intermetallic
nanocrystal is not clear, it is highly probable that unstable small nuclei of metal atoms
aggregate into three dimensional flower-shaped NPs. “Seeded growth” and “self-
organization” mechanisms are well established for the formation of branched/multipodal

34,4748
structures.” "

By incorporating these concepts, a probable mechanism can be
speculated for the formation of Pd;Pb-P10s in three steps- 1) co-reduction of metal salts
and nucleation, ii) random growth of spherical nanoparticles to form irregular shaped
(plate-like and rod-like) nanoparticles, iii) and finally three dimensional assembly of
those irregular shaped particles to the flower-like morphology (Figure 6a). Le et al
proposed a similar mechanism for flower-shaped Au-Pd alloy nanoparticles.*’ It is also

known that NaBH, might promote the formation of flower-shaped Pd alloy.’® In the case

of hydrothermal synthesis, interconnected network type morphology can be explained
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through the oriented attachment mechanism.”’ After the co-reduction of bigger spherical
nanoparticles join to smaller ones, which leads to the formation of interconnected

network (Figures 6b, 7).

(a)
3 Co-reduction Assembly
>—”& co—
Nucleation
‘ % Flower-like J
(b)
3 Co reduction growth
)
Nucleation
Connected network

Figure 6. The mechanism on the formation of (a) flower-like nanocrystal and (b)

interconnected network type structure.
; / (111)
4.’ /
I

40.237 nm

Figure 7. TEM (a) and HRTEM (b) images of Pd3sPb_HP24 and TEM (c) and HRTEM
(d) images of PdsPb_HN72. The inset in figures (a) and (c) represent the corresponding
SAED patterns.
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The d-spacing calculated from HRTEM images are 0.237 nm and 0.232 nm for
PdsPb_HP24 (Figures 7b) and Pds;Pb_HN72 (Figures 7d), respectively, which are the
characteristics of (111) plane of PdsPb. PdsPb_HP48 and PdsPb_HP72 samples show
more agglomeration in the connected type structure. EDAX elemental analysis provide
the atomic percentage of the elements 75.07£1.9%, 72+1.9%, 74.72+2.2% and
24.93+2.7%, 28+2.8%, 25.28+3.7% for Pd and Pb, respectively, which is in good
agreement with the expected stoichiometric ratio of 3:1 for the compounds PdsPb_P10s,

PdsPb_HN72 and PdsPb_HP24 (Figure 8).
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Figure 8. EDAX spectrum of (a) PdsPb_P10s, (b) PdsPb_HN72 and (c) PdsPb_HP24.

2.3.2. Electrochemical Catalytic Activity
The FAO studies using pure PdsPb samples and commercial Pd/C were

performed in acidic medium (0.5 M HCIO,) by running CV in the potential ranges (-0.2-

1.0V) (shown in Figure 9). The CV curves show potential regions in the ranges -0.2-
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0.15V, 0.15-0.4 V and 0.4-1.0 V are characteristics of hydrogen adsorption-desorption,

double layer charge and the formation and reduction of PdO, respectively.
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Figure 9. CV curves of PdsPb modified GC electrodes and commercial Pd/C in 0.5M
HCIO, solution (a) synthesized by polyol method (b) hydrothermal method in presence of
PVP, (c) hydrothermal method in absence of PVP, (d) commercial Pd/C at a scan rate of
50mV/s.

The electrochemical active surface area (ECSA) was estimated from the value of
430 pCl/cm? for PdAO monolayer reduction in acidic®® medium (Table 2). The CV
measurement proves that Pds;Pb modified electrodes are electrochemically accessible,
which is important for the electrocatalytic reaction.® Table 2 shows that the ECSA for
PdsPb_P10s is higher than other samples synthesized by polyol method with longer
reaction time (1-15 minutes), which is quite obvious because of agglomeration in the
latter samples due to longer reaction time. ECSA value for PdsPb_P10s also indicates that

more active surface area is available in case of the material with flowerlike morphology.
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Similarly, due to the same agglomeration effect, PVVP assisted hydrothermally synthesized
samples with longer reaction time show decrease in ECSA value (Table 2).

Table 2. ECSA values obtained for all the catalysts in 0.5M HCIO4

Compounds ECSA (cm®) (0.5M HCIO,)

PdsPb_P10s 1.70

PdsPb_P1m 1.55

PdsPb_P2m 1.40

PdsPb P15m 1.34

PdsPb HN72 1.42

PdsPb HP24 1.35

Pd;Pb_HP48 1.29

PdsPb HP72 1.14
Commercial Pd/C 1.77

The agglomeration effect is further confirmed by mass activity and specific
activity measurements of all the samples for FAO (Figure 10). A peak current near 0.4 V
corresponds to the FAO via direct pathway.'®**° From Figures 10-11, it was observed that
both mass and specific activities of the less agglomerated samples (Pds;Pb_P10s,
PdsPb_HP24) are enhanced compared to the agglomerated materials. PdsPb_P10s and
PdsPb_HN72, PdsPb_HP24 are found to be the more active catalysts, respectively for the
samples synthesized from polyol and hydrothermal methods (without surfactant, PVP
assisted). Though in case of PVP assisted samples with increasing reaction time, there is
negative shift of peak potential which can be attributed to the increase in alloying effect
with increasing reaction time.>® The activities of the better catalysts synthesized by
different methods are compared in Figure 12. The specific current density value of the
catalysts for FAO in the anodic scan at peak potential is in the order of PdsPb_HP24 (5.68
mAcm™?) < PdsPb_HN72 (5.81 mAcm™) < PdsPb_P10s (6.83 mAcm™). The peak current
density value for PdsPb_P10s catalyst is 1.20 and 1.17 times than that for PdsPb_HP24
and PdsPb_HN72, respectively (Figure 12a, Table 3). It was observed that mass activity

of the catalysts also follows the same trend as PdsPb HP24 < Pds;Pb HN72 <
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PdsPb_P10s. The mass activity of the most active catalyst, PdsPb_P10s, is 1.05A/mgeq

(Figure 12b and Table 3).
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Figure 10. CV measurements of all PdsPb catalysts in 0.5 M HCIO4 + 1 M HCOOH
solution at a scan rate of 50mV/s. (a) specific activity, (b) mass activity of the catalysts
synthesized by polyol method, (c) specific activity and (d) mass activity of the catalysts
synthesized by PVP assisted hydrothermal method.
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Figure 11. The trend of mass and specific activities data of all Pd;Pb nanocatalysts
synthesized by polyol method (a) and PVP assisted hydrothermal method (b).
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Figure 12. (a) CV measurements obtained for the PdsPb catalysts in 0.5 M HCIO4 + 1 M
HCOOH solution at a scan rate of 50mV/s, (b) comparison of mass activities of all Pd;Pb
catalysts in 0.5 M HCIO4 + 1 M HCOOH solution at a scan rate of 50mV/s, (c) CA
measurement obtained for all PdsPb catalysts in 0.5 M HCIO, + 1 M HCOOH solution at
0.4V and (d) comparison of the mass activities of all PdsPb catalysts in 0.5 M KOH + 1
M ethanol solution at a scan rate of 50mV/s.

Table 3. Electro-catalytic activity results for the oxidation of formic acid and ethanol on
different PdsPb nanocatalysts.

ECSA(cm?) Activity( at peak potential)
FAO EOR
Catalysts 0.5M 0.5M Mass Specific Mass Specific
HCIO, KOH activity activity activity activity
(A/mgpg) | (mAcm™) | (A/mgpg) | (mAcm™)
Pds;Pb_P10s 1.70 2.82 1.05 6.83 0.51 2.02
PdsPb_HN72 1.42 2.80 0.75 5.81 0.48 1.88
Pds;Pb_HP24 1.35 2.42 0.70 5.68 0.36 1.66
Commercial Pd/C 1.77 2.85 0.14 0.60 0.36 1.42

The stability of the PdsPb NPs for FAO was investigated by CA technique at

0.4V (Figure 12c). It can be clearly observed that current decay is slower for
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PdsPb_P10s, which indicates superior electrochemical stability during 1000s test. The CA
curve shows that PdsPb_P10s has good tolerance towards formic acid electro-oxidation.
The better activity of PdsPb_HN72 catalyst over PdsPb_HP24 may be due to surface
coverage of the latter with PVP, which decreases the available surface area for
electrocatalysis. Among the three chosen catalysts (PdsPb_HP24, PdsPb HN72,
PdsPb_P10s) PdsPb_HP24 is found to be the least active in terms of peak current density,

mass activity and stability.

The catalysts showing best activities towards FAO were subjected for
electrooxidation towards ethanol in alkaline medium. The ECSA of the catalysts in 0.5M
KOH were calculated from the value of 405 pC/cm? for PdO monolayer reduction®
(Table 3). Similarly electrocatalytic activity towards ethanol was carried out by CV
technique in the mixture of 0.5M KOH/IM ethanol aqueous solution. From Figure 12d,
we can conclude the order of mass activity for ethanol oxidation reaction (EOR) to be
PdsPb_HP24 < PdsPb_HN72 < PdsPb _P10s. The mass activity of superior catalyst
(PdsPb_P10s) was calculated to be 0.52 A/mgpq, Which is 1.40 times higher than
PdsPb_HP24 catalyst. The peak current density of the catalysts also follows the same
order as PdsPb_HP24 < Pd3Pb_HN72 < PdsPb_P10s (Figure 13a). To evaluate stability
of the catalysts CA was employed in a mixture of 0.5M KOH and 1M ethanol solution at
a constant applied potential of -0.1V. As shown in Figure 13b, after initial rapid decrease
in current density due to accumulation of strongly adsorbed reaction intermediates on
active surface, a pseudosteady state was reached. The activity order for EOR in terms of
current density is PdsPb_HP24 < Pd;Pb_HN72 < Pds;Pb_P10s. After 1000s reaction
PdsPb_P10s catalyst shows 1.56 and 1.24 times higher current density than PdsPb_HP24

and PdsPb_HN72, respectively.
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Figure 13. a) current density comparison of Pd3Pb catalysts in 0.5 M KOH + 1 M
ethanol solution at a scan rate of 50mV/s, b) CA measurement at -0.1V in 0.5 M KOH + 1
M ethanol solution.

A comparison study of commercial Pd/C with the three most active catalysts has
been carried out in both acidic and alkaline medium (Figure 14, 15). The current density
and mass activity of PdsPb_P10s catalyst observed for FAO is respectively 2.5 times and
2.4 times higher than the commercial Pd/C (Figure 14a-b, 15a) in 0.5M HCIO4 medium.
The current density and mass activity of PdsPb catalysts are also higher than commercial
Pd/C in 0.5M KOH medium (Figure 14c-d, 15c). Commercial Pd/C catalyst is found to
be less stable compared to all PdsPb catalysts in CA study (Figure 15b and d). These
results clearly show the better activity and stability of the PdsPb catalysts over the Pd/C.

Both CV and CA measurements for FAO and EOR suggest that Pd;Pb_P10s is
the superior catalyst among all the Pds;Pb catalyst synthesized by different methods
(Figure 14, 15). Although Pb does not have any catalytic activity, promotional effect of
Pb to enhance electrocatalytic oxidation activity as well as CO-poisoning tolerance is well
known in literature®**°>*® due to bi-functional mechanism and electronic effects (d-band
theory).”™® Wang and co-workers* have already shown enhancement in the EOR
activity in alkaline medium by alloying Pb with Pd compared to monometal Pd. It has

been reported that flower-like nanostructures of Au,®® Pt,®* Pd,** Pd alloy™ and Pt alloy®?
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have shown enhancement in the electrocatalytic oxidation properties. Here, flowerlike
nanostructure of PdsPb could greatly increase the surface area, which may be the reason

for the enhancement of the electrocatalytic activity.
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Figure 14. CV curves obtained for different PdsPb catalysts and commercial Pd/C at a
scan rate of 50mV/s (a) specific activity, (b) mass activity in 0.5M HCIO4 solution
containing 1M HCOOH, (c) specific activity and (d) mass activity in 0.5 KOH solution
containing 1M ethanol.
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Figure 15. The comparison for the elcterochemical activity for FAO and EOR of the
catalyst PdsPb and commercial Pd/C. (a) comparison of specific and mass activity for
FAO (0.5 M HCIO4 + 1 M HCOOH, scan rate of 50mV/s), (b) CA at 0.4V for 1000s in
0.5 M HCIO4 + 1 M HCOOH solution (the inset shows stability curve in the range 600-
1000s), (c) comparison of specific and mass activity for EOR (in 0.5 M KOH + 1 M
ethanol solution, scan rate of 50mV/s) and (d) CA at -0.1V for 1000s in 0.5 M KOH
solution containing 1M ethanol.

2.4. Conclusion
Facile and ultrafast synthetic methods (polyol, hydrothermal) for the preparation

of PdsPb intermetallic nanoparticles has been developed through solution based chemistry
for the first time. The ordered nature of the compounds has been confirmed through the
PXRD and TEM techniques. Polyol method assisted in the formation of Pds;Pb within
short period of 10 seconds, which is found to be the ultrafast synthesis of ordered
intermetallic compounds by the solution methods. The electrochemical oxidation of
formic acid and ethanol was studied on differently shaped/morphed PdsPb nanoparticles
in different supporting electrolytes (KOH, HCIO,4). Among all the catalysts flowerlike

PdsPb catalyst has shown superior performance in terms of both catalytic activity and
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stability. The synthesis methods can be extended for the formation of other Pd and group
IV metal based intermetallics by choosing appropriate precursor salts. Therefore, the
present work suggests that Pb can be a potential constituent with noble metals in form of
alloy, bimetallic or intermetallic for electrochemical oxidation reaction in direct fuel cell.
The size, morphology, ordering and alloying plays crucial roles in improving the catalytic

activity towards selected electrochemical reactions.
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Abstract

In this work, Pd,Ge nanoparticles were synthesized for the first time by superhydride
reduction of K;PdCl,; and GeCls. The syntheses were performed using solvothermal
method in the absence of surfactants and the size of the nanoparticles controlled by
varying the reaction time. The powder X-ray diffraction (PXRD) and transmission
electron microscopy (TEM) data suggest that Pd,Ge nanoparticles were formed as
ordered intermetallic phase. The catalyst is highly efficient for the electrochemical
oxidation of ethanol (EOR) and is stable upto 250" cycle in alkaline medium. In the
crystal structure, Pd and Ge atoms occupy two crystallographically different positions
with a vacancy in one of the Ge sites, which was proved by PXRD and energy-dispersive
X-ray analysis, has crucial role in the catalytic activity towards the EOR. The specific
activity of Pd,Ge in the oxidation of ethanol is found to be 6.4 times better than the
commercial Pd on carbon. The experimentally observed data were interpreted in terms of
combined effect of adsorption energies of CH3CO and OH radicals, d- band center model

and work function of the corresponding catalyst surfaces.
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3.1. Introduction
Although Pd proved to be a suitable electrocatalyst for ethanol oxidation reaction

(EOR) in alkaline media, more effort is needed to further improve the electrocatalytic
performance of Pd-based catalysts. Ethanol is relatively less studied than methanol, the
reason could be because the C-C bond cleavage in ethanol requires very high dissociating
energy (~350 KJ/mol)."®* However, the use of ethanol is advantageous over methanol
because it is less toxic, highly abundant, low cost and results in 12 electrons per
molecules when it is completely oxidized to CO, and H,O. Some of the catalysts which
have been used for electrochemical oxidation of ethanol are SnO; /Pt-Sn alloys,™ Ni
supported/Pt-Ru alloys?® and Pt/C on other oxides like CeO, and NiO.} In alkaline
medium, it has been shown that the reaction catalyzed by Pt is sluggish as compared to
Pd. Hence, Pd on various support materials along with its alloys have been highly studied
during last two decades. A few examples of this class are Pd on TiO2/C,?* AlLOs/C,
VOX/C,?* Ce0,/C,? C0304/C,* MnO,/C,* NiO/C, In,05/C,*® CNts (both SWCNT and

MWCNT),?*?” and the alloys PdNi,?® PdPt,*® PdAu,* and PdRu.**

Apart from the above mentioned systems, several catalysts have been reported in
the recent past for the electrooxidation of ethanol applying different strategies to improve
both the activity and the durability of the catalyst. The examples are Pt-Sn*? and Pd-Sn*®
based alloy nanoparticles are considered as superior catalyst in ethanol electrooxidation
because of their high activity and durability in acidic and alkaline medium, respectively.
However, these compounds do not form ordered intermetallic phases under normal
reaction conditions. In the same manner TaPt; ordered intermetallic nanoparticles® were
reported to show far better activity than Pt;Sn nanoparticles. However, the ordered phase
of TaPt; was obtained only after the post synthetic heating at a very high temperature

(1000 °C). PtRh alloy nanocubes supported on graphene® were shown to have high
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activity towards ethanol electrooxidation, however, both the constituents are costly. PdAu
nanowires®® were synthesized in presence of Br- and PVP as shape directing and
stabilizing agent. Presence of an additive on the catalyst surface is detrimental to its
catalytic activity as these polymer molecules significantly reduce the effective coverage

of ethanol molecules.

Motivated by the incredible catalytic activity of Pd-Sn based alloy nanoparticles,
we have synthesized the ordered intermetallic compound Pd,Ge in nano dimension by
modified polyol method at 220 °C without using any sort of additives or post synthetic
heating. The compound Pd,Ge crystallizes in the Fe,P type crystal structure with two
each independent crystallographic positions for Pd and Ge atoms.*” We studied
electrochemical oxidation of ethanol in alkaline medium using Pd,Ge as a catalyst
synthesized over a reaction time 24 hrs (Pd,Ge 24) and 36 hrs (Pd,Ge 36) of synthesis.
Our compounds showed superior activity compared to the commercially available Pd/C,
which is in the order of activity towards electrochemical oxidation of ethanol is:
Pd,Ge 36> Pd,Ge 24> Pd/C. The presence of Ge deficiency in the Pd,Ge 24 sample
showed immense effect on the catalytic activity of the compound owing to the localized
defects developed as deficiency. Interestingly, the increase in the catalytic activity for the
Pd,Ge 36 sample was due to the dealloying effect with the evolution of small amount of

Pd, which outweighed the presence of localized defects in the Pd,Ge 24 sample.

3.2. Experimental Section

3.2.1. Chemicals
Potassium tetrachloropalladate (K,PdCl,), tetraethylene glycol (TEG), and super-

hydride (Li(EtsBH)) were purchased from Sigma-Aldrich. Germanium (IV) chloride

(GeCl,) and ethylene glycol were purchased from Alfa Aesar. All materials were used as
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purchased and all air-sensitive samples were handled inside an Ar filled glove box (H20,
0, <0.1 ppm).
3.2.2. Synthesis

Pd,Ge nanoparticles were synthesized by solvothermal method. In a typical
solvothermal reaction, 0.2 mmol K;PdCl,; and 0.1 mmol GeCl, were mixed in 18 ml TEG
with vigorous stirring and loaded in a 23 ml teflon lined autoclave. The autoclave was
kept at 220 °C for 24 and 36 hrs. The product was repeatedly washed several times with
ethanol.

3.2.3. Powder X-ray Diffraction (PXRD)

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray
diffractometer with Cu-K, X-ray source (A = 1.5406 A), equipped with a position
sensitive detector in the angular range 30°< 20 < 80° with the step size 0.02° and scan rate
of 0.5 s/step calibrated against corundum standards. The experimental patterns were
compared to the pattern calculated from the single crystal structure refinement.
3.2.4. Elemental Analysis

Quantitative microanalysis on all the samples were performed with a FEI NOVA

NANOSEM 600 instrument equipped with an EDAX® instrument. Data were acquired
with an accelerating voltage of 20 kV and a 100 s accumulation time. The EDAX analysis
was performed using P/B-ZAF standardless method (where, Z = atomic no. correction
factor, A = absorption correction factor, F = fluorescence factor, P/B = peak to
background model) on selected spots and points.
3.2.5. Transmission electron microscopy (TEM)

TEM images and selected area electron diffraction (SAED) patterns were

collected using a JEOL 200 TEM instrument. Samples for these measurements were
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prepared by sonicating the nanocrystalline powders in ethanol and dropping a small
volume onto a carbon-coated copper grid.
3.2.6. Electrochemical Studies

All the electrochemical measurements were performed on a CHI 660A
electrochemical workstation at 25 'C. Three electrode set-up was used with a glassy
carbon electrode (having diameter 3 mm) as working electrode, platinum wire as counter
and Hg/HgO (MMO) as reference electrode. All the solutions were purged with nitrogen
gas for 20 minutes prior to the measurement. The catalyst ink was prepared by dispersing
5 mg of catalyst in 1 mL of mixed solvent solution (IPA:H,O=1:1 v/v) and 10 pL of 1
wt.% Nafion binder. The Nafion binder (Signa Aldrich, 5 wt%) was diluted to 1 wt% with
isopropyl alcohol (IPA). Twenty uL of the catalyst ink was dropcasted on to glassy carbon
(GC) electrode and dried overnight at room temperature. Before depositing the catalyst,
the GC was polished with 0.05 pm alumina slurry, washed several times with distilled
water (16.2 mQ) and [PA. Commercial Pd/C (10wt. %, Sigma Aldrich) was used for
comparison of the activity with the Pd,Ge catalyst. The blank cyclic voltammetry (CV)
measurement was carried out with 1M KOH aqueous solution at a scan rate 50 mV/sec.
CV and chronoamperometry (CA) measurements were performed in IM KOH/1M EtOH
electrolyte solution at a scan rate 50 mV/sec. Linear sweep voltammetry (LSV) was
recorded with a sweep rate of 1 mV/sec at 1000 rpm in 1M KOH/IM EtOH electrolyte
solution. Tafel plots (TP) were derived from LSV measurement.
3.2.7. Computational Details

The first principal calculations have been done by in collaboration with Prof.
Umesh Waghmare and his group. The first principles calculations were performed on the
density functional theory as implemented in quantum espresso package.*® The exchange-

correlation energy of electrons was treated with local density approximation with Perdew-
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Zunger parametrized form.”> We employed a periodic boundary conditions with 4X4 and
3X3 supercell of Pd and Pd,Ge surfaces, respectively, and include a vacuum of about 14
A to keep interaction between periodic images low. We have used a kinetic energy cut off
of 35 Ry to truncate the plane wave basis. We use uniform mesh of 3X3X1 and 3X3X2 k-
points for Pd and Pd,Ge surfaces, respectively, in sampling integration over the brillouin
zone. We have used different orientation of OH and CH3;CO on surface and relax the
system until the Hellmann-Feynman forces on each atom are less than 0.03 eV/A. We
have considered Pd,Ge 24 as a Ge-deficient surface and Pd,Ge 36 as a pristine Pd,Ge

phase throughout our calculation.

3.3. Results and Discussions

3.3.1. PXRD analysis

A typical representation of the unit cell of the Pd,Ge crystal structure is shown in

Figure 1a. The coordination environments of the catalytically active palladium sites, are

shown in Figures 1b and 1c. Pd,Ge crystallizes in the hexagonal Fe,P structure type (PE_S

2c¢ space group), which is a vacancy ordered variant of the AIB, prototype. Among the
four crystallographically different sites, two are occupied by the Pd atoms (Wyck. no. 3f
and 3g) and the other two are occupied by the Ge atoms (Wyck. no. 2a and 15). The open
circle represents the deficiency at the Ge atoms, which is confirmed from the PXRD
analysis of Pd;Ge 24 and EDX measurements. Figure 2 shows the PXRD patterns of
Pd,Ge nanoparticles synthesized at 220 °C varying the reaction time. Comparison of the
experimental PXRD patterns with the simulated pattern of the bulk compound'®
confirmed that Pd,Ge crystallizes in the ordered phase without any impurities. In the case
of Pd,Ge 24, the relative shift of the PXRD pattern with respect to the bulk compound to
the lower angle (20) indicates the increase in lattice constant i.e. deficiency in Ge content

(Figure 2b). However, there was no shift in the XRD pattern of Pd,Ge 36 in comparison
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to the simulated pattern suggests the absence of Ge deficiency (Figure 2b), which can be
explained as either the vacancy of Ge filled slowly or the chemical etching of Pd due to
the strain present in Pd,Ge 24 sample. Although it is expected that the slow reduction of
Ge compared to Pd, the filling of Ge vacancy can be ruled out due to the negligible
difference in the atomic composition of Pd and Ge obtained from the EDAX
measurements which shows the Pd and Ge contents in Pd,Ge_24 and Pd,Ge_36 samples
are 72-76% and 28-24%, respectively (Figure 3). In addition, powder XRD of Pd,Ge 36
sample contains sizable intense (111) peak at 20 = 40.1° represents metallic Pd confirmed
that Pd slowly etched out of the system and exist in the composition Pd,/Pd;.\Gey. This
dealloying process, interestingly enhances the catalytic activity of Pd,Ge 36 compared to
Pd,Ge 24. The crystallite sizes calculated using the Scherer formula for the compounds

Pd,Ge 24 and Pd,Ge 36 are 15 and 18 nm, respectively.

Figure 1. (a) Crystal structure of Pd,Ge, the white atom represents a vacant site at Ge
position for the sample Pd,Ge_24; coordination sphere of (b) Pd1 and (c) Pd2.
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Figure 2. (a) Comparison of PXRD patterns of Pd,Ge nanoparticles synthesized by
solvothermal technique at 220 °C after 24 h and 36 h with simulated powder pattern from
bulk Pd,Ge intermetallic compound and Pd. (b) Enlarged plot showing the relative shift

of Pd,Ge_24 compared to the bulk compound. (c) Enlarged plot represent the presence of
Pd in Pd,Ge_36 sample.
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Figure 3. EDAX data of Pd,Ge NPs synthesized after (a) 24 h and (b) 36 h of reaction
time.
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3.3.2. TEM analysis
Figure 4 shows the TEM images for Pd,Ge 24. The sample mostly contains

worm like one dimensional interconnected structures can also be called as nanowire of
Pd,Ge similar to PdAu.*® From the TEM images it is clear that Pd*" and Ge*" are first co-
reduced to form Pd,Ge intermetallic nanoparticles and gradually grow with time. There
are spherical particles in few parts of the grid as well (Figure 4a and 4b). From HRTEM
image, d-spacing (between two lattice fringes) was calculated to be 0.240 nm clearly
indicates the presence of (111) plane of ordered Pd,Ge intermetallic nanoparticles.
Formation of intermetallic Pd,Ge nanoparticle was further proved by SAED pattern
(Figure 4a inset). The diffraction pattern contains (001), (111), (210), (003) planes

confirm the formation of ordered intermetallic Pd,Ge nanoparticle.

(111)

// 0.240 nm

Figure 4. (a) TEM images of Pd,Ge nanoparticles showing the growth from ultrasmall
nanopartilcles (< 5 nm), (b) spherical shaped 5-10 nm particles and inset shows the
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electron diffraction pattern on this region, (c) worm like network and (d) HRTEM image
from the tape like network.

The bigger particles become ellipsoidal and smaller branches join up (Figure 5a
and 5b) to form large connected network (Figure 5¢). It is well known that conversion of
spherical nanoparticles into nanowires occurs via an oriented attachment mechanism.”’
The network consists of several kinks and grains, which were also reported in case of
AuCu nanowires grown by the same mechanism.*’ This is further supported by the

observation of worm like network observed in Pd,Ge 36 (Figure 5c¢).

-

Figure 5. TEM images of Pd,Ge_24 nanoparticles (a) growth of ellipsoidal particles
from small nanopartilcles (<15 nm) (b) to smaller joined structures (c) highly connected
network of Pd,Ge 36 nanoparticles (d) shows SAED pattern from the Pd,Ge 36
network.

3.3.2. Electrochemical Studies

The parameters obtained from the electrochemical measurements are given in
Table 1. The stability of the catalysts was studied by running cyclic voltametric sweeps in
the range -0.8 to 0.25 V in 1M aqueous KOH solution as shown in Figure 6. In the anodic

sweep, the peaks correspond to the desorption of hydrogen (-0.8 to -0.6 V) and oxidation
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of Pd (0.0 to 0.25) are quite prominent. In the cathode sweep part, the reduction of PdO (-
0.05 to -0.3 V) and adsorption of hydrogen are also apparent. The processes desorption of
hydrogen, oxidation of Pd, reduction of PdO and adsorption of hydrogen are marked as a,
b, ¢ and d in Figure 6a. Since the Pd,Ge 36 sample proved to be a better catalyst
compared to the Pd,Ge 24 sample in terms of current, we studied the stability of this
catalyst in alkaline medium upto 10 cycles (Figure 6b). The current value increases with
increasing cycle numbers, which could be accounted by the dealloying process of Pd
atoms from the bulk to the surface and hence there is an increment in the current value.
This was supported by the powder XRD data with a shift of peaks towards higher 20
(Figure 2b). Since PdO reduction peak current is proportional to the exposure of Pd
catalytic surface to OH adsorption, the electrochemically active surface area (ECSA) was

calculated by the integration of charges from PdO reduction region considering the value

Current(mA)

a) ——PdGe 24 b —
1_( ) ——Pd,Ge_36 0-4‘( ) —g“cc;j:
—Pd/IC ——10"cycle
< 0.2-
0 é
 0.0-
/04 =
14 €02 9022
€00
8—02
-0.8-0.6-0.4-0.20.0 0.2 ‘0.4' c
i i : . 3 EI(V) vs. Hgl/HgO . ; : : l :
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of 405uC/cm? for PdO monolayer reduction.*

Figure 6. (a) CV measurements obtained for Pd,Ge 24, Pd,Ge_36 and Pd/C in alkaline
(1M KOH) solution at a scan rate of 50 mV/sec. The inset shows the comparison plot of
CV for Pd,Ge_24 and Pd,Ge_36. (b) CV profile of Pd,Ge_36 with respect to cycles (up

to 10" cycle) at a scan rate of 50 mV/sec to check the stability of the catalyst in alkaline
(M KOH) medium.
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Table 1. Summary of important parameters obtained from the ethanol oxidation.

Catalyst | ECSA 2" Cycle 250™ Cycle jat-0.1V at
(cm?) (Forward Sweep) (Forward Sweep) 900s (mA/cm?)
J(mAcm?) | E(V) | T (mAcm™) E (V)
Pd/C 3.10 1.91 -0.081 0.73 -0.12 0.069
Pd,Ge 24| 0.096 2.19 -0.087 3.11 -0.11 0.138
Pd,Ge 36 | 1.41 4.1 -0.074 4.64 -0.051 1.57

Typical cyclic voltammograms for EOR on Pd,Ge 24h, Pd,Ge 36h and Pd/C are
shown in Figure 7. A significant increase in surface area normalized current density 4.1
mAcm™ (2.2 times) is observed for the sample Pd,Ge 36 in comparison with commercial
Pd/C (1.94 mAcm™?) for the same loading clearly indicating that Ge plays a very
important role in enhancing the EOR activity. A plausible reason for this could be
efficient interaction of Ge with OH synergetic with adsorption and desorption of ethanol
on Pd, which is also seen observed case of Pd-Sn catalysts.”> Pd,Ge 24 shows marginal
increase in current density 2.12 mAcm™ as compared to Pd/C 1.94 mAcm™ for forward
oxidation process in the second cycle.

The ethanol oxidation efficiency of Pd,Ge 36 was better than its counterpart,
Pd,Ge 24 and Pd/C as observed in the cycling study (Figure 7a and 7b). It was seen that
the catalyst is highly active till 250" cycle with current density of 4.6 mAcm™, whereas
4.1 mAcm™ for the 2™ cycle. The high stability of the catalyst in terms of current density
upto such large cycle life infers that the catalyst is greatly resistant to surface poisoning.
Still the shift of forward peak potential with 100™ and 250" (-0.07V to -0.04V) shows the
catalyst is prone to catalytic poisoning at higher cycles. In Figure 7a, it was noticed that
the difference in current density between Pd,Ge 24 and Pd/C was marginal but the same
comparison plot for 250" cycle for ethanol oxidation (Figure 7¢), the current density of
Pd>Ge 24 has increased by 4.3 times more than that of commercial Pd/C with negligible

change in peak potential strongly suggesting that the ordering in the structure plays
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significant role in the stability of Pd,Ge towards EOR activity. Interestingly, the current
density of Pd/C has dropped by 2.7 times at the 250™ cycle as compared to the 2™ cycle.
In addition, as expected, the efficient catalyst Pd,Ge 36 showed highest current density,

which is 6.4 times more than that of Pd/C.

1 (b) ——Pd,Ge_24

250"cycle
6 ——Pd,Ge_36

08 06 -04 -02 00 02 08 06 -04 02 00 0.2
E(V) vs. Hg/HgO E(V) vs. Hg/HgO
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Figure 7. (a) CV curves measured for the 2™ cycle for the catalysts Pd.Ge_24, Pd,Ge 36
and Pd/C, (b) CV curves measured for the catalyst Pd,Ge_36 with respect to cycle and (c)
CV curves measured for the 250" cycle for the catalysts Pd.Ge 24, Pd,Ge_36, Pd/C. In
all above cases 1 M KOH containing 1 M ethanol solution at a scan rate of 50 mV/sec
were used. (d) Chronoamperometric measurements (CA) of Pd,Ge_24, Pd,Ge_36, Pd/C
in 1 M KOH + 1M ethanol solution for 1000 sec at electrode potential of -0.1V vs
Hg/HgO.
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Figure 7d shows the chronoamperometric (CA) measurement for Pd,Ge 36,
Pd,Ge 24 and Pd/C at -0.1V vs. Hg/HgO for the catalytic ethanol oxidation of 1M
ethanol in 1M KOH for 1000s was carried out to follow the electrochemical stability of
the catalyst. The stability of Pd,Ge 36 is better than the other two catalysts. The order of
decay observed was in the order of Pd;Ge 36< Pd,Ge 24< Pd/C, with Pd/C showing 21.7
times decay profile than Pd,Ge 36 between 900-1000s. Table 1 summarises the
comparable data for ethanol oxidation over Pd,Ge 24, Pd;Ge 36 and Pd/C. The presence
of Ge in Pd,Ge crystal lattice increases the stability of the catalysts for the
elelctrocatalytic oxidation of ethanol in alkaline medium. This clearly suggests that more
ordering or in other words less deficiency in Pd,Ge favours better catalytic activity and
more stability towards EOR.

Figure 8 shows the charge transfer kinetic behaviour for Pd,Ge 36 and Pd/C for
EOR on based on Tafel plots obtained from the LSV measurements. Since Pd,Ge 36
showed better activity than Pd,;Ge 24, it was chosen for the investigation of quasi steady
state Tafel polarization in comparison with Pd/C. The onset potential obtained are -0.52
and -0.49 for Pd;Ge 36 and Pd/C, respectively (Table 2) used in the calculation Tafel
slope, which is a measure of charge transfer kinetic activity. Inset in Figure 8 shows the
linear Tafel plot obtained from the plot of log current density Vs. potential, where the
potential range is -0.5V to -0.2V. The expression relating current density and potential is

n=2.303RTlog (j/j,)/anF
Where 1 is the overpotential (§=E-Ecory), @ is the anodic transfer coefficient, n is the
number of electrons transferred in the reaction and j, is the exchange current density, j is

the current density obtained experimentally at a particular potential.
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Figure 8. Quasi-steady state linear scan voltammograms of Pd/C and Pd,Ge_36 catalysts

in 1 M KOH + 1M ethanol solution , at 1.0mV/sec (Inset is the Tafel plot of Pd/C
andPd,Ge_36 in 1 M KOH + 1M ethanol solution).

The starting potential observed as 230 mV and is higher than the theoretical

potential (Etneory) -0.87 mV."” Tafel slope obtained for Pd,Ge 36 (146 mVdec™) is lower
than Pd/C (187 mVdec™) indicating that Pd,Ge 36 possess higher charge transfer kinetic
activity for the EOR on the electrode surface. As a result, it can be stated that the catalyst
Pd>Ge 36 has higher efficiency for the adsorption of OH’, which in turn affects the
kinetics of EOR.'7?** This leads to the oxidation of intermediates adsorbed on the
electrode surface.

Exchange current density was calculated by extrapolating the Tafel line, where the

over potential is zero. The surface activity normalized exchange current density

(jo/mAcm™?) for Pd,Ge 36 (38.9 mAcm™) is 6.6 times higher than Pd/C (5.8 mAcm™), as
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shown in Table 2. Based on the Tafel slope and jo it can be concluded that Pd,Ge 36 is
kinetically more active than the commercial Pd/C for the EOR on the catalyst surface.

Table 2. Parameters obtained from the Tafel plot based on LSV studies.

Catalyst Onset Potential Tafel Slope Exchange current
(V vs Hg/HgO) (mV/dec) density(mA/cm?)

Pd/C -0.49 187 5.8

Pd,Ge_36 -0.52 146 38.9

3.3.3. Theoretical analysis
Most catalytic reactions are governed by Sabatier principle, which states that

catalytic activity will be optimum when binding of reactive intermediates with catalytic
surface has intermediate free energies of adsorption (binding energies).** We used this
principle as a basis to rationalize the catalytic activity of Pd,Ge. The ethanol electro-
oxidation reaction in alkaline medium on the metal surface involves many steps and
intermediates among which the formation of CH3COOH (shown below) is the rate

determining step.*®
M — (CH5CO)ags + M — (OH)ags——> M — CHsCOOH + M

The main intermediate species during ethanol electro-oxidation are CH3CO* and
OH,* the latter helps in cleaning the surface of the catalyst through oxidizing the
carbonecious species. We have used various initial configurations of CH3CO and OH on
Pd,Ge and Pd (111) surfaces.

The most favorable binding configurations of CH3CO and OH adsorbed on Pd,Ge
are determined through minimization of energy (Figures 9a and 9b, respectively). OH
adsorbs at a minimum distance of 1.2 A, 1.1 A and 1.2 A from the surface atoms on Pd
(111), Pd,Ge 24 and Pd,Ge _36 surfaces respectively, whereas, CH3CO adsorbs at a
minimum distance of 1.79 A, 1.49 A and 1.79A from the surface atoms on Pd (111),

Pd,Ge 24 and Pd,Ge_36 surfaces, respectively. Corresponding adsorption energies are
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summarized in Table 3. On the basis of adsorption energy it can clearly be seen that OH
binds quite strongly with Pd,Ge surfaces compared to Pd (111) surface. After OH
adsorption, Pd,Ge surface undergoes strong relaxation of about 0.2 A compared to ~0.1 A
in case of Pd surface. This strong relaxation of Pd,Ge surfaces shows the strong
interaction between the surface and the adsorbate and hence stronger binding of OH
compared to Pd (111) surface. This is also evident in density of states as shown in Figure

10. In case of Pd,Ge _24and Pd,Ge _36, OH binds strongly to the former. Also, Pd,Ge

binds strongly to CH3CO followed by Pd (111) and Pd,Ge_36.

Pd(111) Pd,Ge 36

(b)

.1\ “\\ ,.‘\ ".‘\
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Stable configurations of OH on catalyst surfaces
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\\ .\‘ Pl
WA WP\
\7
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o

Pd(111)

Figure 9. Adsorption of a) CH3CO and b) OH on Pd(111), Pd,Ge_24 and Pd,Ge_36
samples.

To get a better insight into it, we applied d-band model proposed by Hammer and
Nearskov.** According to this model, higher the d-band centre greater is the binding and
hence, the catalytic activity. The d-band center (g4) is given by the following relation in

this model:
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f_E; Epq(E)dE
Eq = Ep
J_ pa(E)dE

where, p, is the projected density of d-states of surface atoms, E is the energy and Ef is

the Fermi level.
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Figure 10. Projected density of states of Pd-4d, Ge-4p, and O-2p orbitals of surfaces. In
case of figs. (a) and (c) surface Pd atoms, Pd atom to which O is attached and O has been
represented by black, red and green curves respectively. Surface Ge and Pd, Ge and Pd to
which O is attached and O is represented by black, red, green, blue and indigo curves
respectively.

We have obtained the average d-band center for CH3CO and OH adsorbed on the
surface atoms (Table 3). The d-band model fails for Pd (111) and Pd,Ge_24 surfaces but
value of d-band center of Pd,Ge_36 correlates well with its binding energy. Pd,Ge 36
has fairly high value of d-band center and hence can bind strongly with OH. In case of
CH3CO adsorption d-band center lie below the Fermi level and hence binds weakly with
the Pd,Ge_36 surface. Pd,Ge 24 is Ge-deficient and hence possesses vacant Ge sites on
its surface, which have two important consequences on the binding ability with the
adsorbate: first, these vacant sites themselves act as an active adsorption sites™ and
secondly, Ge vacancies will expose Pd sites to both CH3CO and OH radicals (which also
act as a catalyst poison at higher adsorption energy) to a greater extent leading to
decreased coordination number,* and high adsorption energy (Table 3). Thus, the too
much strong binding of adsorbate will poison the catalyst surface by decreasing the
effective coverage of incoming CH3;CH,OH molecules. Also, a good catalyst for ethanol

oxidation should bind strongly with OH and weakly with CH3CO, these two criteria are
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well satisfied by Pd,Ge 36 and Pd,Ge_24 shows the intermediate catalytic activity

between Pd (111) and Pd,Ge_36.

The potential required for ethanol oxidation for different catalysts has been shown
in Table 1. Using the relation, E(NHE) = E(Hg/HgO) + 0.108 V*" we converted the
potentials to NHE scale. On NHE scale, the minimum potential required for ethanol
oxidation is around 4.5 eV. We obtained the work function (¢ s) (Table 3) using the

following relation:

@ s = Vvacuum - VFemi
Here, Vyacuum and Veermi are the potentials in the vacuum and at Fermi level.

¢s value clearly shows that the Pd (111) lies below on the potential scale of ethanol
oxidation compared to Pd,Ge surfaces. This also confirms the strong catalytic activity of
Pd,Ge surfaces in comparison to Pd (111) surface.

Table 3. Adsorption energies (kJ/mol) for CH3CO and OH radical on different catalyst
surfaces. Average value of d-band centers (eV) of CH3CO and OH adsorbed surface atoms
has been shown in the brackets. The work functions for different catalyst surfaces also listed
in Table.

Catalyst CH5CO OH ¢ s(eV)
Pd (111) -335.0 (-2.50) 388.10 (-2.24) 5.7
Pd,Ge 24 -368.78 (-2.73) 489.53 (-2.40) 5.0
Pd,Ge 36 -288.0 (-2.90) 436.42 (-2.33) 4.9

3.4. Conclusion

Pd,Ge nanoparticles were synthesized for the first time using the solution based
chemistry. The ordered intermetallic nature of this compound was confirmed by X-ray
and electron diffraction techniques. The material was tested for its electrochemical
activity towards ethanol oxidation and was found to be highly active and durable upto 250
cycles compared to the commercially available catalyst (Pd/C). Our work establishes the
fact that p-block elements can also be used like the first row transition metals as an active
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constituent along with the noble metals in the form of bimetallic/alloys and/or
intermetallic compound and paves the way to the detailed study of other unexplored
compounds of this class. Moreover, ordered Pd,Ge nanoparticles can also be regarded as
a model system where a perfect balance between the adsorption energies of CH3;CO and
OH on the catalyst surface dictates its electrocatalytic activity and the presence of

vacancies in the inactive sites undoubtedly affects the course of reactivity.
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Abstract

We have synthesized ordered intermetallic PdCus; nanocrystals in different morphology
by facile solvothermal method using oleylamine both as solvent, surfactant and reducing
agent. The particle size of the nanoparticles obtained is in the range 10-15 nm. High
resolution transmission electron microscopy confirms that sphere (PdCu;_S) and cube
(PdCus;_C) shaped nanocrystals are composed of (111) and (100) planes, respectively. We
have evaluated the catalytic activities of both types towards Oxygen Reduction Reaction
(ORR) in alkaline medium. The activity of the catalyst for ORR was found in the order of
PdCu;_S < PdCus_C. The limiting current density and mass activity of PdCu;_C is 1.24
and 3.58 times higher than PdCus_S. The activity of PdCu; is comparable to the state of

art Pt/C catalyst.
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4.1. Introduction
Although fuel cells are considered as one of the major sources of green energy as

they directly convert hydrogen and oxygen into electricity and water,* one of the major
issues towards the high efficiency of the fuels cells is the sluggish reaction kinetics of the
Oxygen Reduction Reaction (ORR) at the cathode.?® Therefore, development of highly
active and stable electrocatalyst for ORR is one of the major challenges in fuel cells and
metal-air batteries. As a part of improving the activity of the catalyst in fuel cell, currently
alkaline fuel cell research is gaining more interest because of enhanced stability and
activity of the catalysts under basic conditions and the absence of specific adsorption of
spectator ions present in acidic medium.**® In comparison with Pt relatively more
abundance and low cost and having less poisoning effect'™™*? Pd makes it as promising
alternative electrocatalysts for ORR. But the intrinsic ORR activity of Pd is at least five
times lower than that of Pt counterparts.**'* It has been reported that combination of Pd
with other metals like Ni,">'® Fe,**'” sn® Co0,"*%® Ti* cr,®? Cu®** and Bi® in
bimetallic, alloy or intermetallic structures enhances the ORR activity as well as stability
compared to pure Pd metal. The increase in ORR activity of Pd based alloys has been
proposed as the modification of electronic structure of Pd upon alloying with other
metals.**?*"?® Another way to activity enhancement can be the crystal facet engineering.
Due to different OH,gs coverage and available active sites in different planes of Pd, the
activity order for different crystallographic planes of Pd are found to be in the order: Pd

(110)< Pd (111) < Pd (100) in both acidic and alkaline medium.?*

There are two objectives have put to achieve the goal on the development of a
catalyst with activity on par or better than the existing Pt based materials; first one is to

develop an ordered Pd based compound and secondly crystallographically engineer the
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facets. In order to achieve these, we have synthesized ordered PdCus nanocrystals using a
facile one pot solvothermal synthesis. The morphology has been controlled by varying
solvent, stabilizer and reducing agent. To the best of our knowledge, this is the first
attempt has been done on the synthesis and shape variation of ordered intermetallic
nanoparticles without using any external reducing agent. The use of intermetallic
nanocrystals is advantageous over alloys and bimetallic because of uniform surroundings
of the active sites. Cube shaped PdCus (PdCu;_C) nanocrystals are found to be more
active than that of sphere analogue (PdCus_S) and having comparable activity to the state

of art commercial Pt/C catalyst.

4.2. Experimental Section

4.2.1. Chemicals

Palladium acetylacetonate (Pd(acac),), oleylamine and nafion binder (5 wt%)
were purchased from Sigma-Aldrich, hexdecyltrimethylammonium bromide (CTAB)
were purchased from SDFCL and copper acetylacetonate (Cu(acac),) was purchased from
Alfa Aesar. All the chemicals (more than 99% purity) were used as purchased without
further purification. Millipore water of conductivity 18.2 MQcm was used for the
synthesis and all other studies.

4.2.2. Synthesis

PdCus intermetallic nanoparticles were synthesized in different sizes and
morphology by solvothermal method. In a typical solvothermal procedure, 0.1 mmol
Pd(acac),, 0.3 mmol Cu(acac), and 75 mg CTAB were mixed together in 18 ml
oleylamine with vigorous stirring and loaded in 23 ml Teflon lined autoclave. The
autoclave was kept at 180 °C for 24 hrs. PdCus nanocubes were obtained by changing the

solvent from oleylamine to 8:1 ratio of oleylamine and oleic acid, respectively. The
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product was repeatedly washed several times with a 1:1 mixture of hexane and ethanol

and dried in vacuum oven at 60 °C for 6hrs.

4.2.3. Powder X-ray Diffraction (PXRD)
PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray

diffractometer with Cu-K, X-ray source (A = 1.5406 A), equipped with a position
sensitive detector in the angular range 20°< 20 < 80° with the step size 0.02° and scan rate
of 0.5 s/step calibrated against corundum standards. The experimental patterns were
compared to the pattern simulated from the data reported in the literature.

4.2.4. Elemental Analysis

Quantitative microanalysis on all the samples were performed with a FEI NOVA
NANOSEM 600 instrument equipped with an EDAX® instrument. Data were acquired
with an accelerating voltage of 20 kV and a 100 s accumulation time. The EDAX analysis
was performed using P/B-ZAF standardless method (where, Z = atomic no. correction
factor, A = absorption correction factor, F = fluorescence factor, P/B = peak to
background model) on selected spots and points.

4.2.5. Transmission electron microscopy (TEM)

TEM and high resolution TEM (HRTEM) images, selected area electron
diffraction (SAED) patterns were collected using a JEOL 200 TEM instrument. Samples
for these measurements were prepared by dropping a small volume of sonicated
nanocrystalline powders in ethanol onto a carbon-coated copper grid.

4.2.6. X-ray photoelectron spectroscopy (XPS)

XPS measurement has been performed with Mg-Ko (1253.6 e¢V) X-ray source

with a relative composition detection better than 0.1% on an Omicron Nanotechnology

spectrometer.
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4.2.7. Electrochemical Studies
All the electrochemical measurements were performed on a CHI 660C

electrochemical workstation with three electrode channels at room temperature. Three
electrode set-up consists of a glassy carbon (GC) (having diameter 3 mm) rotating disk
electrode (RDE) (Pine Research Instrumentation) as working electrode, platinum foil as
counter electrode and Hg/HgO (MMO) as reference electrodes. The electrolyte was 0.5M
KOH solution prepared with ultrapure water (Millipore, 18.2 MQcm). The catalyst ink
was prepared by dispersing 2 mg of catalyst in 1 mL of mixed solvent solution (IPA:

H,0=1:1 v/v) and 10 pL of 1 wt% nafion binder. The nafion binder (5 wt%) was diluted

to 1 wt% with isopropyl alcohol (IPA). From the prepared catalyst ink 20 pL was
dropcasted on GC electrode and dried overnight in air. Before depositing the catalyst, the
GC electrode was polished with 0.05 pm alumina slurry, washed several times with
distilled water. Commercial Pt/C (40 wt%, Sigma Aldrich) was used for comparison of
activity with the PdCu; catalysts. The geometrical surface area of the GC electrode
exposed to the electrolyte solution was 0.07065 cm’. The electrolyte solution was
deaerated by purging nitrogen gas into the solution at least 30 min before each
experiment. The cyclic voltammetry (CV) measurements were performed between -0.7V-
0.1V at a scan rate of 50 mV/sec. The ORR electrocatalytic activity of PdCu; were
performed in 0.5M KOH solution purged with high purity O, gas for at least 30 min to
ensure O; saturation. Linear sweep voltammetry (LSV) measurements during ORR were
carried out in Oj-saturated 0.5M KOH solution 5 mV/sec with the electrode rotated at
100-1600 rpm. The kinetic current density for the ORR was derived from the Koutecky-
Levich equation:

1/j =/jx + 1/ja= 1/j + 1/Bw'?
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Where j is the measured current density, w is the electrode rotation speed and ji, jq are
kinetic and diffusion limited current densities respectively and “B” is called “B-factor”
which is given by the following equation:

B=0.62nFD,>* v'°C
Where n is the apparent no of electron transferred in the reaction, F is the Faraday
constant, D, is the diffusion co-efficient of O, (D,= 1.65x 10'5cmzs'1), Cp 1s the

concentration of O dissolved in electrolyte (Co= 1.03x10° molem™), v is the kinematic

viscosity of the solution (v=0.01 cm’s™).

4.3. Results and Discussions

4.3.1. Structure, Morphology and Composition Analysis
A typical representation of the unit cell of intermetallic PdCu; is shown in

Figurel. PdCus crystallizes in cubic phase with space group Pm3m. Pure palladium

metal has a face centered cubic crystal structure (Fmém) where all the corners and faces
are occupied by the Pd atoms (Wyckoff no. 4a). While, in PdCus the Pd atoms occupy the
corner positions (Wyckoff no. 1a) and the Cu atoms occupy half of the octahedral holes

(Wyckoff no. 3c). Such an ordered arrangement of Cu atoms within the lattice of Pd is

+ Cu (75% ‘ ‘
Q

(a)

Figure 1. The crystal structure comparison of Pd (a) and PdCus (b) along the c-direction.
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expected to increase the catalytic activity. Figure 2 shows the PXRD pattern of the as
synthesized PdCus in different morphology at 180 °C varying ratio of the co-solvent
(oleylamine: Oleic acid) and surfactant. Comparison of the experimental PXRD with the

simulated pattern of the bulk compounds clearly shows pure phase without any impurity.

Intensity(a.u.)

—— Simulated PdCu3

l

30 40 50 60 70 80
20(°)

Figure 2. Comparison of PXRD patterns of different shaped PdCus; nanoparticles
synthesized by solvothermal technique at 180 °C in different solvents with simulated
powder pattern from bulk PdCus intermetallic compound.

The crystallite size obtained from Scherer formula for PdACu;_S and PdCus_C are
respectively 6 and 9 nm, which is close to the particle size obtained from the TEM images
(Figures 3a and b). It has already been reported that oleylamine can simultaneously act
as solvent, reducing agent and stabilizer for the synthesis of metal nanocrystals.*®> The
tailoring of morphology from sphere to cube/truncated cube is dependent on both oleic
acid and CTAB. Only in oleylamine sphere shaped nanoparticle is forming. But in the 8:1
mixture of oleylamine and oleic acid along with CTAB, PdCus_C was formed. A probable
explanation can be based on the specific binding of the surfactant/capping agent to a

particular crystal facet. It is well known that oleylamine with -NH, group binds onto the
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(100) crystal facet and hinders the growth along (100).>**> On the other hand, oleic acid
with a carboxylic group, -COOH has a selective binding on the (111) facet,” thus
facilitating the growth along (100) direction. Additionally, CTAB also plays an important
role in cube formation as no cube shaped particle was formed in the absence of CTAB
(Figure 4). Firstly, CTAB preferentially binds parallel to the (110) planes of the crystals
and favours the growth along (100) direction.’®*” Secondly, the presence of CTAB can
affect the reduction rates of the Pd and Cu salt by the advanced formation of Cu
nanocrystal although the standard reduction potential (E) for Pd"/Pd (0.98V) is more
positive than that of Cu"/Cu (0.34V). Finally, galvanic replacement of Cu nanocrystals
with Pd species in the solution leads to the formation of cube/truncated cube shaped
nanoparticles.”®*’ The d-spacing calculated from HRTEM images (Figures 3¢ and 3d)
are 0.225 nm and 0.389 nm, respectively for PdCus_S and PdCu;_C nanoparticles. This
clearly indicates that the exposed facets for PdCu;_S and PdCu;_C nanoparticles are
(111) and (100), respectively. Formation of intermetallic PdCus was further confirmed by
SAED patterns (Figures 3e and 3f) containing (111), (200), (300), (311) planes of the
ordered structure.

EDAX elemental analysis gave the atomic percentage 78.87+ 2.6, 77.71+£3.4 and
21.13+1.1, 22.29+1.5 respectively for Cu and Pd which is very close to the expected
stoichiometric ratio 3:1 for PdCus_C and PdCus;_S nanoparticles (Figure 5). The core-
level XPS spectra of Pd 3d, Cu 2p are presented in Figure 6. Figures 6a and 6¢ show the
core-level spectra of Pd 3ds, (~335.5 eV), Pd 3ds, (~340.5 eV) and Cu 2p3(~932.5 eV),
Cu 2p1( ~952 eV) for PdCus_S and Pd 3ds;»(335.2 eV) clearly indicates the Pd* and

Cu”" states in the synthesized PdCu; compounds.*°
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Figure 3. (a, b) TEM images, (c, d) HRTEM images, (e, f) SAED patterns of PdCus_S
PdCus_C, respectively.

Figure 4. PdCus nanoparticles synthesized in 8:1mixture of oleylamine and oleic acid in
absence of CTAB.
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Figure 5. EDAX spectrum of (a) PdCus_S, (b) PdCus_C nanocrystals. The average

chemical compositions of Pd and Ge are listed in the figure.
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Figure 6. Core-level XPS spectra of PdCuz samples (a-c) for PdCus_S, (c-d) PdCu;_C.

4.3.2. Electrocatalytic Activity of ordered PdCu; nanocrystals

Cyclic voltammetry (CV) of a typical PdCus nanoparticle coated on GC in both

O,-saturated and Nj-saturated 0.5 M KOH solution is shown in Figure 7. In the
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voltametric profile, PdO formation (-0.3 to 0.1V) and reduction (-0.25 to -0.4V) regions
are well defined. But hydrogen adsorption/desorption region is not so clear which is
common for Pd based catalysts in alkaline medium due to the influence of OH™.'***** In
the potential region (-0.15 to -0.4V) the onset potential for PdO reduction region is shifted
to more positive potential with enhancement in current in case of O,-saturated solution.
This suggests oxygen adsorption at low potential and thus enhancement of the ORR

. . 43,44
kinetics.*

0.00010

4 — N,saturated

0.000054 Ozsaturated

E:

0.00000 4

(A)

-0.00005 +

Current

-0.00010 +

-0.00015+

v 1 ] v v ] v

-0.6 0.4 0.2 0.0
Voltage/ V vs MMO

v

Figure 7. Cyclic Voltametry of PdCu; nanoparticle in both N, and O,-saturated 0.5 M
KOH solution with a sweep rate of 50 mV/sec.

The polarization curves for ORR the on both PdCu; nanospheres and nanocubes at
different rotation rates are shown in Figure 8(a, b) in which current densities are
normalised with respect to the geometrical surface area (0.07065 cm?). They all reached a
well-defined diffusion limited current. Figure 8(c, d) shows the corresponding K-L plot
obtained from the inverse current densities (j') as a function of inverse square root of

-1/2

rotation rate (w ) at different potentials, respectively. The K-L plots are linear indicating
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first order dependence of the kinetics of ORR on PdCus surface. The slope and intercept
of the straight lines will give “B-factor” and kinetic current (ix) respectively. The number
of electrons calculated from the slope of K-L plots is close to four in each case. Hence the

ORR on the PdCuj; surface proceed with n= 4e” reaction pathway.
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Figure 8. LSV polarisation curves for the ORR on PdCu; S (a), PdCu; C (b) in O»-

saturated 0.5M KOH at a scan rate of 5SmV/sec, Koutecky- Levich plots of sphere (c),
cube (d) electrode at different potentials.

The comparison between ORR activities on PdCu;_S, PdCu;_C and commercial
Pt/C (40 wt%) is shown in Figure 9. The currents shown were measured at 1200 rpm.
The activity for ORR in terms of onset potential follows the trend: PdCu;_S< PdCus C ~
commercial Pt/C (40 wt %). There is a positive shift of 30 mV and negative shift of 10
mV in the onset potential of PdCu;_C as compared to PdCu;_S and commercial Pt/C. The
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limiting current densities increase as follows: PdCu; S ~ commercial Pt/C< PdCu; C.
PdCus_C was found to be 1.24 times more active than that of PdCus_S and commercial Pt

in terms of limiting current density value.
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Figure 9. Comparison of oxygen reduction currents measured on PdCus_S, PdCu; C and
commercial Pt/C at a rotation speed of 1200 rpm with a sweep rate of 20mV/sce.

After 500 cycles, the current density value for the PdCus_S was found to be
decreased by 1.77 times whereas for PdCu;_C it is almost same (Figure 10). This result
indicates PdCu;_C electrode is highly stable compared to PdCus_S. Figure 11a shows the
mass activity order close to onset potential (-0.15V) follows the order PdCu; S<
PdCus;_C ~ commercial Pt/C (40 wt %). The mass activity of PdCus;_C was found to be
3.58 times more than PdCus S and 1.12 times less than commercial Pt. From the
comparison data in terms of current densities, onset potential and stability, it can be told
the overall ORR activity order is as follows: PdCus;_ S< PdCus;_ C~ commercial Pt/C (40
wt %). To evaluate ORR activity in presence of methanol-containing electrolyte,

chronoamperometric measurement was performed at -0.3V where ORR kinetics was high.
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From the Figure 11b, PdCus; catalysts were found to be methanol tolerant whereas

commercial Pt/C ORR kinetics was affected by methanol.
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Figure 10. ORR polarisation curves before and after 500 potential cycles between 0.1 to -
0.7V at a rotation speed of 400 rpm.
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Figure 11. (a)Mass activity comparison between PdCusz and Pt/C catalysts normalized in
reference to the loading amount of noble metals (Pd/Pt). Experiments were performed in
O,-saturated 0.5 M KOH at a rotation speed of 1200 rpm with a sweep rate of 5 mV/sec,
(b) Methanol Tolerance Study: Chronoamperometry (CA) measurement performed at -
0.3V on these three catalysts with addition of different concentration of methanol in a
particular time interval.

Shao®® and Suo” et al. has performed DFT calculation and showed that
electronic structure of Pd surface can modified by strain and electronic distribution
between Pd and its substrate (other alloying metal) (i.e. ligand effect), which in turn

modifies the reactivity of Pd surface. The induced strain in the Pd surface due to the
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insertion of Cu lowers the d-band centre and hence ORR activity is enhanced. Kondo et
al. have showed®” that ORR activity of different planes in acidic media goes in the trend
Pd (110) < Pd (111) < Pd (100). Lee et al.>* have successfully demonstrated the same
order of reactivity of the Pd planes in alkaline medium. In another study Shao et al.
investigated effect of different planes of Pd on ORR kinetics and proposed that low OHggs
coverage on Pd (100) plane creates more available reaction sites and hence an
enhancement of ORR activity can be expected.
4.4. Conclusion

Ordered PdCu; nanocrystals have been synthesized successfully in different
shapes for oxygen electroreduction in alkaline medium. From HRTEM analysis analysis,
it can be concluded that nanospheres (PdCu;_S) and nanocubes (PdCus_C) are essentially
composed of (111), (100) planes, respectively. Our studies confirmed that ordered PdCu;
alloy shows the activity trend PdCu;(111) < PdCu3(100) in alkaline solution similar as
reported for Pd. The activity of PdCu; C was found to be comparable to the state of art
commercial Pt/C (40 wt %) catalyst. These findings provide a better understanding of the
relationship between crystallographic planes and ORR activities of Pd based alloy
catalysts in alkaline medium and will be helpful in the design and development of new Pd

based cathode materials in PEMFCs.
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Summary and Future Directions

In this research, we have investigated the electrocatalytic activity of various
ordered Pd based intermetallic nanomaterials. The compounds were synthesized in
different size and shapes by adopting facile solution based approaches. The objective of
this work was to develop Pd based catalysts having efficiency more than commercially
available Pd/C and Pt/C and on par and more stable than current stat-of-the-art expensive
Pt and Pd based compounds. Motivated on the recent developments in the area of Pd and
other nanocrysatlline materials for various applications, we have selected a few
interesting compounds, which was never reported in the nanocrystalline morphology.
While going through the literature during the selection of Pd based compounds for
various electrocatalytic properties, we noticed that only the tip of the iceberg has been
touched. Three different compounds PdsPb, Pd,Ge and PdCusz have been synthesized in
various morphology by using solvothermal and polyol methods. Another challenge was to
develop these materials in ordered crystallographic arrangement. Due to the large
difference in the reduction potential of the components, often resulted in disordered alloys
or bimetallic materials. Ordering of the active sites in the special crystallographic position
is very crucial to improve the catalytic activity. So optimizing the reaction conditions are
required to achieve this objective. Towards this, we have varied the reaction time,
temperature of the reaction, solvent and precursor salts. All three compounds we have

synthesized in the ordered structure.

Other strategy of this work was to develop material in nano dimension aimed to
increase the surface area and enhancing the catalytic activity. On the top of that, if these
nanomaterials can be produced in different morphology with well directed crystal growth
direction, the activity can be improved further. We have used various structure directing

agents to produce nanomaterials with different morphology and active crystallographic
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facets as we got it in the case of PdCus nanoparticles. Another strategy was to control the
crystallographic deficiency of selected atoms, which often reported as one aspect to
improve the activity. We have optimized the reaction time in the case Pd,Ge to achieve

this and found that deficiency has a role in the ethanol oxidation reaction.

Powder XRD and TEM are powerful technics to probe the phase purity, particle
size, deficiency of the atom and crystal growth direction. After every synthesis step, we
have characterized the compound by these two techniques and redesign the experiment

until we obtained the desired materials.

We have thoroughly studied electrocatalytic properties of the materials in both
acidic and alkaline medium as an anode as well as cathode electrodes. Pd,Ge and Pd;Pb
were used in the oxidation of small organic molecules such as formic acid and ethanol. In
most of the cases our catalysts are found to be more active and stable with respect to the
commercially available Pd/C catalysts. We have shown effect of crystal facets in
electrocatalytic Oxygen Reduction Reaction (ORR) in alkaline medium for the ordered
PdCus nanocrystals. Cubic PdCus nanocrystals composed of (100) crystal facets are found
to be as active as the state of art material Pt in alkaline medium. In addition to that all

compounds showed remarkable stability compared to the commercial materials.

After the successful results of these initial approaches, we would like to expand
our work on different compounds. We already have preliminary results on PdIngz for the
methanol oxidation. Other extension of this work in future is to dope the deficient atomic
position with a third element, which can promote the activity further. We already
observed the Ge deficiency in the crystal lattice of Pd,Ge. We are planning to dope the
Ge position with other metals (like Pt, Sb, Ni, Cu) with almost similar atomic radii to

check how doping in the ordered structure changing the kinetics of the ethanol oxidation
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in alkaline medium. We have planned to synthesize the first row transition metal
substituted PdsPb, Pd,Ge and PdCus nanocrystals and investigate their catalytic activities
in near future as transition metals are expected to enhance the electrocatalytic properties.
We have also planned to do study the change in co-ordination environment of the active
sites of the ordered structures after substitution through XAFS measurements and
correlate the change in electrocatalytic properties with structural variation. It is always
important to understand the mechanism of the oxidation and reduction reactions. If the
reaction happens through the indirect pathway, it can lead into the surface poisoning of
the catalysts. We are planning to attach IR spectrometer to the existing electrochemical
work station to understand the reaction mechanism during the electrocatalytic process.
One of the best ways to develop stable catalyst is to avoid the indirect pathway, which
may lead into the catalytic positioning by CO molecule. This will help us to design the

catalyst for the better activity.
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