
 

 

 

 

 

 

 

 

 

Copyright 

by 

Thomas Jefferson Cochell 

2013 

 

 

  



The Dissertation Committee for Thomas Jefferson Cochell Certifies that this is the 
approved version of the following dissertation: 

 

 

SYNTHESIS AND CHARACTERIZATION OF NANO-
STRUCTURED ELECTROCATALYSTS FOR OXYGEN 

REDUCTION REACTION IN FUEL CELLS 

 

 

 

 

 
Committee: 
 

Arumugam Manthiram, Supervisor 

Charles B. Mullins 

Harovel G. Wheat 

Paulo J. Ferreira 

Donglei Fan 

  



SYNTHESIS AND CHARACTERIZATION OF NANO-
STRUCTURED ELECTROCATALYSTS FOR OXYGEN 

REDUCTION REACTION IN FUEL CELLS 

 

 

by 

Thomas Jefferson Cochell, B.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 
May 2013 

 



Dedication 

 

Dedicated to my parents 

 

 



 v 

Acknowledgements 

 

First of all, I would like to thank my dissertation advisor Professor Arumugam 

Manthiram for his invaluable guidance and input as well as the opportunity to pursue a 

graduate degree. The freedom he gave me to pursue ideas that were of interest to me, 

allowed for fruitful outcomes. I am forever indebted to Professor Manthiram for his 

guidance in the field of fuel cells electrocatalysts. I would also like to thank Professors 

Charles B. Mullins, Harovel G. Wheat, Paulo J. Ferreira, and Donglei Fan for serving on 

my dissertation committee. Their input and expertise proved to be invaluable resources 

for the completion of my dissertation. 

Additionally, I thank Dr. Wei Li for collaboration and his assistance on a variety 

of topics. I also thank Dr. Xinsheng Zhao for his expertise in single cell operation, Dr. 

Hugo Celio for his help with XPS measurements, and all past and current members of 

Professor Manthiram’s group that have provided assistance in the course of carrying out 

my dissertation work. I additionally thank the staff of the Texas Materials Institute and 

the Materials Science and Engineering Graduate program for their support. For financial 

support, I gratefully thank the National Science Foundation, Office of Naval Research 

(MURI), and the Welch Foundation. 

Last but definitely not least, I humbly thank my parents for their unconditional 

love and support over the years. I share with them all the success I may receive.  Thanks 

for deciding three is not enough.      

 



 vi 

SYNTHESIS AND CHARACTERIZATION OF NANO-
STRUCTURED ELECTROCATALYSTS FOR OXYGEN 

REDUCTION REACTION IN FUEL CELLS 

 

Thomas Jefferson Cochell, Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisor:  Arumugam Manthiram 

 

Proton exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells 

(DMFCs) are two types of low-temperature fuel cells (LTFCs) that operate at 

temperatures less than 100 °C and are appealing for portable, transportation, and 

stationary applications. However, commercialization has been hampered by several 

problems such as cost, efficiency, and durability. New electrocatalysts must be developed 

that have higher oxygen reduction reaction (ORR) activity, lower precious metal 

loadings, and improved durability to become commercially viable. 

This dissertation investigates the development and use of new electrocatalysts for 

the ORR. Core-shell (shell@core) Pt@PdxCuy/C electrocatalysts, with a range of initial 

compositions, were synthesized to result in a Pt-rich shell atop a PdxCuy-rich core. The 

interaction between core and shell resulted in a delay in the onset of Pt-OH formation, 

accounting in a 3.5-fold increase in Pt-mass activity compared to Pt/C. The methanol 

tolerance of the core-shell Pt@PdCu5/C was found to decrease with increasing Pt-shell 

coverage due to the negative potential shift in the CO oxidation peak. It was discovered 

that Cu leached out from the cathode has a detrimental effect on membrane-electrode 

assembly performance.  



 vii 

A spray-assisted impregnation method was developed to reduce particle size and 

increase dispersion on the support in a consistent manner for a Pd88W12/C electrocatalyst.  

The spray-assisted method resulted in decreased particle size, improved dispersion and 

more uniform drying compared to a conventional method.  These differences resulted in 

greater performance during operation of a single DMFC and PEMFC.  Additionally, 

Pd88W12/C prepared by spray-assisted impregnation showed DMFC performance similar 

to Pt/C with similar particle size in the kinetic region while offering improved methanol 

tolerance. Pd88W12/C also showed comparable maximum power densities and activities 

normalized by cost in a PEMFC. 

Lastly, the activation of aluminum as an effective reducing agent for the wet-

chemical synthesis of metallic particles by pitting corrosion was explored along with the 

control of particle morphology. It was found that atomic hydrogen, an intermediate, was 

the actual reducing agent, and a wide array of metals could be produced.  The particle 

size and dispersion of Pd/C produced using Al was controlled using PVP and FeCl2 as 

stabilizers.  The intermetallic Cu2Sb was similarly prepared with a 20 nm crystallite size 

for potential use in lithium-ion battery anodes.  Lastly, it was found that the shape of Pd 

produced with Al as a reducing agent could be controlled to prepare 10 nm cubes 

enclosed by (100) facets with potentially high activity for the ORR. 
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Chapter 1: Introduction 

1.1 TYPES OF FUEL CELLS 

A fuel cell is an electrochemical conversion device that converts chemical energy 

in the form of a fuel such as hydrogen into electrical energy.  Fuel cells are of great 

interest for portable, stationary, and transportation power sources because of high fuel 

efficiency, little to no harmful emissions, and no moving parts [1].  Fuel cells have the 

flexibility to operate on a variety of fuels such as hydrogen, methanol, ethanol, methane, 

and higher hydrocarbons.  With H2 as the fuel source, the only emission is H2O and, 

therefore, considered a zero-emission energy source.  Oxygen or air is typically used as 

the oxidant.  Equation 1.1 gives the basic H2-O2 fuel cell reaction: 

H2 + % O2 = H2O          (1.1) 

The two electrochemical half-cell reactions that occur at the anode (Equation 1.2) and 

cathode (Equation 1.3) combine to form Equation 1.1: 

 H2 = 2 H+ + 2 e-        (1.2) 

 % O2 + 2 H+ + 2 e- = H2O       (1.3) 

The freed electrons in Equation 1.2 are passed through an external circuit and, therefore, 

produce electricity.  More details will be discussed in later sections as it pertains to 

specific types of fuel cells. 

1.1.1 Proton exchange membrane fuel cells 

A proton exchange membrane fuel cell (PEMFC) is a specific type of fuel cell 

that consists of anode, cathode, and a proton conductive membrane that conducts protons 

but not electrons (electrically insulating).  The membrane serves as the cell electrolyte.  

Figure 1.1 shows the schematic cross-sectional view of a H2-O2 PEMFC.   
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Figure 1.1. Schematic diagram showing a cross-sectional view of a PEMFC operating 
on H2-O2. 

The proton exchange membrane is a thin polymer, typically Nafion (DuPont), which 

transports protons along with water within nano-scale channels.  Hydrophilic sulfonic 

acid functional groups within the Nafion structure align to form these proton-conducting 

channels.  The structure of the membrane is provided by the hydrophobic Teflon 

(polytetrafluoroethylene) backbone.  An illustration of the proton transport and structure 

of Nafion can be found in Figure 1.2.  The half-cell reactions for a PEMFC operating on 

H2 fuel are given by Equations 1.2 and 1.3.  The standard potential of Equation 1.2 at 25 

°C and 1 atm is defined as 0.0 V, while the potential of Equation 1.3 is 1.229 V.  

Therefore, the ideal thermodynamic potential of a H2-O2 fuel cell at standard temperature 

and pressure (STP) is 1.229 V.  A PEMFC may operate on different fuels, such as 

methanol or ethanol, but those fuel cells are typically named according to the fuel used 

such as direct methanol fuel cell (DMFC) or direct ethanol fuel cell (DEFC).   
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Figure 1.2. Schematic diagram of the basic structure of a Nafion membrane consisting 
of a proton transporting ionic channel and a hydrophobic Teflon backbone. 

PEMFCs are operated at low temperatures (< 90 °C) making them ideal for portable and 

transportation applications [1].  The operating temperature is limited by maintaining 

adequate membrane conductivity.  Near 100 °C, proton conductivity decreases with 

increasing membrane dehydration due to water vaporization.  

1.1.2 Direct methanol fuel cells 

 Direct methanol fuel cells or DMFCs are a subset of PEMFCs that operate on 

liquid methanol fuel instead of H2 gas.  Methanol is an attractive fuel for portable 

applications due to its high energy density [1].  The anode half-cell reaction is given in 

Equation 1.4, while the cathode half-cell reaction is the same as in Equation 1.3.  

Methanol is oxidized producing carbon dioxide (CO2) at the anode and water on the 

cathode. 

 CH3OH + H2O = CO2 + 6 H+ + 6 e-        (1.4) 

The standard potential of the half-cell reaction in Equation 1.4 is -0.02 V [2], meaning the 

ideal thermodynamic operating potential of a DMFC is 1.209 V.  However, reaction 

complexity and production of carbon monoxide (CO) result in a large overpotential loss 
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associated with this reaction at the anode [1].  To lower the overpotential, a second metal 

is typically added to take advantage of the bi-functional effect in which the second metal 

supplies adsorbed OH to oxidize the intermediate, CO [3].  The methanol oxidation 

reaction mechanism on a bi-functional catalyst (Pt-Ru) is given by Equations 1.5-1.7 as 

proposed by Watanabe & Motoo [4]: 

Pt + CH3OH = PtCOads + 4 H+ + 4 e-      (1.5) 

Ru + H2O = Ru(OH)ads + H+ + e-      (1.6) 

PtCOads + Ru(OH)ads = CO2 + Pt + Ru + H+ + e-    (1.7) 

Another issue with the practical application of DMFC technology is methanol crossover.  

Methanol crossover is the phenomenon in which methanol from the anode is transported 

through the polymer membrane channels along with protons and water to the cathode.  At 

the cathode, methanol can poison the catalyst resulting in decreased performance.  

Methanol crossover will be discussed in greater detail in Section 1.3.4.  

1.1.3 Alkaline fuel cells 

 Alkaline fuel cells (AFCs) were the first fuel cells to be put into practice for the 

production of electricity from hydrogen [5].  AFCs are particularly famous for being a 

power source on NASA space missions.  However, recent research activity in PEMFC 

technology has overshadowed AFC development.  Figure 1.3 shows a schematic diagram 

of an AFC from McLean et al. [5].  The anode and cathode reactions are, respectively, 

given in Equations 1.8 and 1.9: 

 2 H2 + 4 OH- = 4 H2O + 4 e-       (1.8) 

 O2 + 2 H2O + 4 e- = 4 OH-       (1.9) 

A liquid KOH solution is used as an electrolyte in AFCs that conducts OH- ions from the 

cathode to the anode.  The theoretical potential for the cell reaction, at STP, is the same 
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as that given in Equation 1.1 for the PEMFC (1.229 V), but the half-cell reactions are 

different because the charge-carrying species is OH- instead of H+.  The standard 

potentials for Equations 1.8 and 1.9 are, respectively, 0.8277 V and 0.401 V. The reaction 

kinetics of the oxygen reduction reaction (ORR) in alkaline solution are faster, allowing 

for the use of lower cost catalysts [5].  The main issue concerning the application of AFC 

technology is contamination due to CO2 and related maintenance requirements [5]. 

 

Figure 1.3. Schematic diagram of an alkaline fuel cell, reprinted from McLean et al. [5]. 

1.1.4 Phosphoric acid fuel cells 

 Following the success of AFCs for space missions, phosphoric acid fuel cells 

(PAFCs) were investigated as a means to use hydrocarbon fuels such as natural gas [6].  

The anode and cathode half-cell reactions with hydrogen fuel are those for PEMFCs in 

Equations 1.2 and 1.3.  The charge-carrying species for PAFCs is H+ and the electrolyte 

is a liquid solution of phosphoric acid (H3PO4) within a silicon carbide (SiC) matrix [1].  

The SiC serves to separate the reactant gases and electrodes while providing mechanical 

508 G.F. McLean et al. / International Journal of Hydrogen Energy 27 (2002) 507–526

Fig. 1. Alkaline fuel cell composition.

activities. In Section 3 we discuss the major technical issues
confronting AFCs, including the reported power densities,
poisoning issues, lifetime, duty cycles and systems consid-
erations. This section also provides a hint at some new AFC
technologies that may be of interest. Section 4 provides a de-
tailed cost analysis and includes a comparison to published
PEM cost projections. In Section 5 we provide conclusions
and state our general technical position.

2. Alkaline fuel cell background and development status

2.1. Principle of operation

AFCs use an aqueous solution of potassium hydroxide as
the electrolyte, with typical concentrations of about 30%.
The overall chemical reactions are given by

Anode reaction 2H2 + 4OH! ! 4H2O + 4e!

Cathode reaction O2 + 2H2O + 4e! ! 4OH!

Overall cell reaction 2H2 + O2 ! 2H2O
+electric energy + heat

By-product water and heat have to be removed. This is
usually achieved by recirculating the electrolyte and using it
as the coolant liquid, while water is removed by evaporation.
A schematic of the recirculating electrolyte AFC is shown
in Fig. 1 (after De Geeter [4]).
The electrodes consist of a double layer structure: an ac-

tive electrocatalyst layer, and a hydrophobic layer. Accord-
ing to the dry manufacturing method described by Kivisaari

et al. [5] and De Geeter [4], the active layer consists of an
organic mixture (carbon black, catalyst and PTFE) which
is ground, and then rolled at room temperature to cross link
the powder to form a self supporting sheet. The hydrophobic
layer, which prevents the electrolyte from leaking into the
reactant gas !ow channels and ensures di"usion of the gases
to the reaction site, is made by rolling a porous organic layer,
again to cross-link the layer and form a self-supporting sheet.
The two layers are then pressed onto a conducting metal
mesh. The process is eventually completed by sintering. The
total electrode thickness is of the order of 0.2–0:5 mm.
A major operating constraint is the requirement for low

carbon dioxide concentrations in the feed oxidant stream. In
the presence of CO2, carbonates form and precipitate;

CO2 + 2OH! ! (CO3)2! + H2O:

The carbonates can lead to potential blockage of the elec-
trolyte pathways and=or electrode pores. This issue is dis-
cussed in detail in Section 3.2.1.
The inherently faster kinetics of the oxygen reduction re-

action in an alkaline cell allows the use of non-noble metal
electrocatalysts. It is useful to compare the eletrochemical
performance of AFCs and PEMFCs in terms of the relation-
ship between cell potential, E, and current density, i. When
mass transport limitations are negligible (low to intermedi-
ate current density), E and i are approximately related by
Blomen and Mugerwa [6]

E = E0 " ! log i " Ri

with

E0 = Er + ! log i0;

where, Er is the reversible thermodynamic potential, ! and
i0 are the Tafel slope and the exchange current density for
the oxygen reaction, and R is the di"erential resistance of
the cell.
Di"erentiating Eq. (1) provides further insight into the

relative importance of losses associated with electrode ki-
netics and electric resistance:

@E
@i
="!

i
" R:

At low current densities, the #rst term on the RHS is dom-
inant and corresponds to the typical steep fall of the cell
potential with increasing current. At higher current densi-
ties, !!R and the second term becomes dominant, result-
ing in a quasi-linear drop of cell potential with current, until
mass transport limitations become important. Optimal per-
formance is obtained for low Tafel slopes (!) and cell resis-
tance (R), and high exchange current density (i0). The better
electrode kinetics of AFCs results in Tafel slopes lower by
about 30% than for PEMFC, when Pt is used as a catalyst
in both [7].
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strength [1].  Platinum (Pt) catalysts are used on both the anode and cathode, increasing 

the cost.  Poisoning, from sulfur (S) and CO impurities, is an issue since Pt catalysts are 

used, but the higher operating temperatures (~ 200 °C) means that tolerance to poisoning 

is somewhat greater than PEMFCs [1].  Commercial PAFC units have been 

manufactured, but have not seen widespread use.  PAFCs have not seen broad application 

due to cost, Pt poisoning, and issues of using a corrosive electrolyte. 

1.1.5 Molten carbonate fuel cells 

 Molten carbonate fuel cells or MCFCs are a type of high-temperature fuel cell 

(operating at 650 °C) with high efficiency that have been demonstrated for stationary 

power applications [1].  MCFCs are so named for the use of a mixture of molten 

carbonates (Li2CO3 and K2CO3 in a LiOAlO2 matrix) as an electrolyte.  The anode and 

cathode half-cell reactions are given, respectively, in Equations 1.10 and 1.11, while the 

full cell reaction is the same as in Equation 1.1. 

 H2 + CO3
2- = CO2 + H2O + 2e-       (1.10) 

 % O2 + CO2 + 2e- = CO3
2-       (1.11) 

Equations 1.10 and 1.11 show that the charge carrying species is carbonate ion, CO3
2-.  

The high operating temperature allows for the use of less-expensive nickel-based 

catalysts at the anode and cathode - nickel alloys at the anode and lithiated nickel oxide at 

the cathode [1].  A schematic diagram of the MCFC is provided in Figure 1.4, which 

shows the importance of CO2 circulation from the anode, where it is produced, to the 

cathode, where it is consumed.  Along with CO2 recycling, cost and degradation are also 

barriers to the widespread implementation of the MCFC technology. 
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Figure 1.4. Schematic diagram of a molten carbonate fuel cell, from reference [7]. 

1.1.6 Solid oxide fuel cells 

 Solid oxide fuel cells (SOFCs) are named for the fact that the electrolyte is a solid 

oxide-ion conductor.  SOFCs offer high electrical efficiencies of 50 - 60 % with near 90 

% efficiency if combined heat and power applications are taken into account [1].  The 

SOFC electrolyte is typically yttria-stabilized zirconia (YSZ), which conducts oxide ions 

(O2-) via oxygen vacancies in the ceramic.  The charge compensation from doping 

zirconia with small amounts of yttria results in oxygen vacancies in the oxide.  The 

higher operating temperatures (600 – 1000 °C) allow for the use of non-Pt catalysts to 

catalyze the anode and cathode reactions. The anode is traditionally a cermet, commonly 

a mixture of nickel metal and YSZ, while the cathode is traditionally a mixed ionic and 

electronic conducting ceramic with good oxygen reduction activity and oxidation 

resistance [8].  A schematic diagram in Figure 1.5 shows the operation of a SOFC atop a 
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scanning electron microscope image of a working SOFC single cell.  The half-cell 

reactions for anode and cathode are given, respectively, in Equations 1.12 and 1.13. 

 H2 + O2- = H2O + 2e-        (1.12) 

 % O2 + 2 e- = O2-        (1.13) 

A major goal of ongoing research is to lower the operating temperature of SOFCs into the 

range of 400 – 700 °C to take advantage of inexpensive sealing and stack components 

while maintaining fuel flexibility and high efficiencies [1]. 

   

Figure 1.5. Diagram of a solid oxide fuel cell from the cross-sectional SEM image of a 
working SOFC single cell (used with permission of the author, D. Yoon). 

1.1.7 Microbial fuel cells 

 Microbial fuel cells (MFCs) are a technology that use microorganisms at the 

anode to convert organic waste or biomass into electricity [9].  This technology is of 
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particular interest for use in energy production from wastewater and biomass.  For 

instance, wastewater treatment plants using MFCs could simultaneously treat wastewater 

and generate electricity.  The design of MFCs has been researched extensively but, in 

general, the design consists of a chamber containing the organic fuel in contact with the 

anode along with a proton exchange membrane and a cathode.  The membrane and 

cathode are typically similar to those used in H2-O2 PEMFCs.  The anode is what 

differentiates the MFC from other fuel cell types.  MFC anodes contain a substrate that 

serves as the foundation for a microorganism biofilm, which oxidizes the fuel and 

transfers the liberated electrons via the conductive substrate to the cathode.  A diagram of 

a single-chamber MFC can be found in Figure 1.6 along with a photograph of an actual 

MFC.  Currently, low power densities (on the order of 10 &W cm-2) are limiting the 

commercialization of MFCs [9]. 

 

Figure 1.6. (a) Schematic diagram of a single-chamber microbial fuel cell and (b) a 
photograph of a working single-chamber MFC in operation at Virginia Tech 
(used with the permission of the author, J. S. Guest). 
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1.2 FUEL CELL PRINCIPLES 

1.2.1 Thermodynamics 

 Thermodynamics allows us to calculate the upper limits of fuel cell technology.  

Thermodynamics has already been employed in Section 1.1 to calculate the half-cell and 

full cell reaction potentials.  These equilibrium potentials were calculated from the Nernst 

Equation (1.14) where ! is the equilibrium potential, !" is the standard equilibrium 

potential, # is the universal gas constant (8.3145 J K-1 mol-1), $ is temperature in Kelvin, 

% is the number of electrons involved, & is the Faraday constant (96,485 C mol-1), and ! is 

the activity: 

 ! ! !! ! !!"!" !"
!!"#$%&'(
!!

!!"#$%#&%'
!!          (1.14) 

With the assumption that the gases in a H2-O2 fuel cell can be treated as ideal gases , the 

relationship between activity and partial pressure of the gas is described in Equation 1.15, 

where '( is the partial pressure of component ( and '" is the standard pressure (1 atm): 
 !! ! ! !!!!          (1.15) 

Combining Equations 1.14 and 1.15 gives a simplified Nernst equation (Equation 1.16) 

for the hydrogen fuel cell, where the cell potential is dependent on the partial pressures of 

H2 and O2: 
 ! ! !! ! !!"!! !"

!
!!! !!!!

!!!       (1.16) 

Figure 1.7 shows the current density-potential curve or polarization curve of a single cell 

stack H2-O2 PEMFC with the thermodynamic potential calculated from the Nernst 

equation.  The losses in potential (or overpotential) from the thermodynamic value will 

be discussed in Sections 1.2.2 – 1.24.   
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Figure 1.7. Single H2-O2 PEMFC polarization curve showing the relationship of cell 
potential to overpotential losses and the ideal thermodynamic potential. 

Equation 1.17 gives the thermodynamic efficiency of a H2-O2 fuel cell, where !! 

is Gibbs free energy or the amount of energy available to do work and !! is enthalpy or 

the total energy of the system: 

 !!!!"#$ ! ! !!!!         (1.17) 

Using -237.3 kJ mol-1 for !! and the higher heating value of enthalpy (-286 kJ mol-1) for 

!!, we get a maximum thermodynamic efficiency at STP of 83 %.  The efficiency of the 

Carnot cycle governing ideal heat engines, on the other hand, is defined by Equation 1.18 

and has an efficiency of 52 % when using 673.15 K as the operating temperature, $), and 

323.15 K as the rejection temperature, $*: 
 !!"#$%& ! ! !!!!!!!!!

        (1.18) 
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Thermodynamics shows that fuel cells have a great potential for providing high 

efficiencies and clean energy.  However, obstacles such as reaction kinetics must be 

overcome to realize this potential. 

1.2.2 Reaction kinetics 

 Kinetics is the study of reaction mechanisms and the rates of those reactions.  The 

most fundamental equation governing electrochemical kinetics is the Bulter-Volmer (B-

V) Equation (1.19), which relates current (!) to applied overpotential (! ! ! ! !!).  

Since current is the rate of electron transport, it is an important measure of kinetics.  The 

bulk concentrations of the oxidized species, O, and the reduced species, R, of the one-

electron reaction, !!! !!! !! !!, are given by !!!, while !!!!! !! is the surface 

concentration.  Equation 1.19 also includes the exchange current (!!), transfer coefficient 

(!, assumed to be 0.5 in most cases), and the term, !, which is defined as !!":   

 ! ! !! !!!!!!!
!!!

!!!"# ! !!!!!!!!!!!
!!!!!!!"      (1.19) 

When the net current of Equation 1.19 is zero, the equation simplifies to the Nernst 

Equation (1.14), confirming the validity of the B-V Equation to empirical observations.  

The B-V Equation shows that by sacrificing potential and by increasing the overpotential, 

we can increase the current exponentially.   

The best way to increase kinetic performance without sacrificing potential is to 

increase the exchange current, defined by Equation 1.20, where ! is the area and !! is the 

rate constant: 

 !! ! !"!!!!!!!!!!!!!!       (1.20) 

As a result of Equation 1.20, the best way to increase the kinetics of a reaction by 

increasing the exchange current are to: (1) increase the number of active sites, (2) 

increase the concentration of O, (3) increase temperature (!! !! !!
!!
! ), and (4) decrease the 
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activation barrier (!!!!).  Roughening the surface (or by creating nanoparticles) will 

increase the number of active sites since current density is normalized by the geometric 

area of the electrode, not the true active area.  Increasing the reactant gas partial pressure, 

such as going from air (~21 % oxygen) to pure oxygen, can increase the concentration in 

real fuel cells.  Increasing the temperature increases the likelihood that the reactant will 

have sufficient energy to overcome the activation barrier.  Finally, catalytic surfaces 

affect the activation barrier, and, therefore, choice and design of electrocatalysts is 

frequently employed to lower the activation barrier towards a reaction.  The kinetic 

overpotential of a H2-O2 PEMFC employing a carbon-supported Pt (Pt/C) cathode is 

given in Figure 1.7.  It can clearly be seen that reaction kinetics account for a majority of 

the cell overpotential.  Further discussion of reaction kinetics pertaining to the ORR will 

be discussed in Section 1.3 

1.2.3 Charge transport 

 This section will discuss the transport of charged species in fuel cells.  There are 

two main types of charge transport: electronic and ionic.  Ionic transport generally 

dominates the charge transport (or ohmic) overpotential although electronic transport is a 

greater concern in SOFCs.  Therefore, most of the section will be dedicated to ionic 

transport.  A schematic diagram of the various charge transport resistances can be found 

in Figure 1.8.  The charge transfer overpotential can be written as a series of 

overpotentials represented by Ohm’s law (Equation 1.21): 

 !!!!"# ! !!!"#$%&'""$&#( ! !!!!"#$% ! !!!!"!#$%&"'$! ! !!!"#!!"#  (1.21) 
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Figure 1.8. Schematic diagram of charge transfer resistances within a fuel cell (adapted 
from Fig. 4.7 in Fuel Cell Fundamentals [1]). 

Ionic conductivity in aqueous liquids is important for the operations of alkaline, 

phosphoric acid, and molten carbonate fuel cells.  The force applied by the electric field 

and frictional drag govern the mobility of ions in aqueous electrolytes as described by 

Equation 1.22, where !! is the mobility of ion !, !! is the charge number of ion !, ! is the 

charge of an electron, ! is the viscosity of the liquid, and ! is the ionic radius: 
!! ! ! !!!!!"#          (1.22) 

As a result of Equation 1.22, the mobility of an ion increases with decreasing ionic size 

and decreasing solution viscosity.  Equation 1.23 gives the relationship between the 

mobility expressed above in Equation 1.22 and the ionic conductivity (!!) where !! is the 

charge number and !! is the carrier concentration: 

!! ! ! !! !!!!!!        (1.23) 

The mechanism and governing equations of ionic transport in polymeric 

electrolytes are similar to those governing solids electrolytes.  In solid electrolytes, 

Anode Cathode
Electrolyte

Rinterconnnect RinterconnnectRanode Rcathode
Relectrolyte
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charged species are transported by the vacancy hopping mechanism, where the charged 

species hops from one vacancy to the next overcoming an activation barrier associated 

with the crystal lattice.  Most polymer electrolytes follow a similar mechanism in which 

the charged species is transported from charged site to charge site by overcoming an 

activation energy.  Nafion is slightly different in that it forms channels as illustrated in 

Figure 1.2.  In the case of Nafion, the charge transport is more closely described by the 

vehicle mechanism in which the charged species, H+, is transported along with a carrier 

molecule, H2O.  Transportation via the vehicle mechanism is faster than the hopping 

mechanism and more in line with charge transport in aqueous electrolytes.  The 

hydrophobic Teflon backbone of Nafion also acts to accelerate the transport by repelling 

water [1].   

1.2.4 Mass transport 

 Mass transport within fuel cells is divided into two types: convection that occurs 

by the bulk motion of a fluid inside the flow channels and diffusion that occurs in the 

catalyst layer due to concentration gradients from species consumption.  Different flow 

channel patterns, as seen in Figure 1.9, can be employed for various fuel cell applications.  

Parallel channel patterns (Figure 1.9a) offer low pressure drop from inlet to outlet, but 

flow distribution may be non-uniform leading to water buildup and channel blockage.  

Serpentine flow patterns (Figure 1.9b) have the advantage of effective water removal 

because there is only one pathway, but have the disadvantage of larger pressure drops.  

Interdigitated patterns (Figure 1.9c) offer good water management, but also suffer from 

larger pressure drops.  Mass transport from the flow channel to the catalyst layer is driven 

by diffusion.  The concentration becomes depleted at the catalyst layer due to the 
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electrochemical reaction, and as a result a concentration gradient drives diffusion from 

the flow channel to the catalyst surface governed by Fick’s laws of diffusion.   

 

Figure 1.9. Diagram showing different types of fuel cell flow channel patterns. 

This leads to a maximum allowable current density (! ! !!!!) of the fuel cell or limiting 

current density (Equation 1.24) that is defined by the local concentration of the reactant at 

the catalyst layer being equal to zero: 

 !! ! !"!!"" !!
!

!         (1.24) 

The limiting current density, !!, is related to the effective diffusivity in the catalyst layer, 

!!"", electrode thickness, !, and the bulk concentration of reactant species R, !!!.  As a 

result of Equation 1.24, decreasing the electrode thickness, increasing bulk concentration, 

or increasing the effective diffusivity at the catalyst layer can increase the mass transport 

limited current density.  

1.3 CHALLENGES OF LOW-TEMPERATURE FUEL CELLS 

1.3.1 Sluggish oxygen reduction kinetics 

Presently, one of the biggest challenges to the commercialization of fuel cell 

technology is the sluggish ORR kinetics that occurs at the cathode of low-temperature 

Parallel Serpentine Interdigitated

(a) (b) (c)



 17 

fuel cells (LTFCs).  The current state-of-the-art electrocatalyst for the ORR is carbon-

supported Pt (Pt/C), but this material still results in a overpotential of as much as 400 mV 

[10].  This accounts for a majority of the fuel cell overpotential as seen in Figure 1.7, and 

is 10 times the overpotential of the hydrogen oxidation reaction (HOR) at the anode [11].  

The HOR described by Equation 1.2 is a very rapid reaction involving the charge transfer 

of two electrons and typically two reaction steps.  The three possible reaction mechanism 

steps are the Tafel reaction (Equation 1.25), Heyrovsky reaction (Equation 1.26), and the 

Volmer reaction (Equation 1.27), and the reaction proceeds either via the Tafel-Volmer 

or Heyrovsky-Volmer pathways with * denoting an active site [12]. 

H2 + 2* ! 2 Had        (1.25) 

H2 + * ! Had + H+ + e-       (1.26) 

Had ! * + H+ + e-        (1.27) 

The ORR is a much more complicated reaction, involving four electrons, that is not fully 

understood.  Possible ORR reaction pathways will be discussed in further detail in 

Section 1.4.  As a result of the large overpotential for the ORR, the most effective way to 

improve fuel cell performance is to overcome the sluggish reaction kinetics thereby 

eliminating a majority of the cell overpotential.  

1.3.2 Use of platinum catalysts 

Of the pure elements, Pt is the most active towards the oxygen reduction followed 

by Pd.  The ORR activity plot of selected metals is shown in Figure 1.10, reprinted from 

Nørskov et al. [13].  As mentioned in Section 1.3.1, the overpotential still needs to be 

reduced from that of Pt and this can be seen in Figure 1.10.  In addition to less than 

desirable ORR activity, the price of Pt limits the commercialization of fuel cells.  As of 

February 2013, the market price of Pt was $1680 per troy ounce.  This is due to the 
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scarcity of Pt in the earth’s crust and high cost of production.  The goal of fuel cell 

research is to find ways to limit or eliminate the need for Pt in the fuel cell catalyst layers, 

which will lower the cost and ultimately make fuel cells commercially more viable.  

However, the challenge lies in increasing current performance levels while 

simultaneously reducing the loading of Pt. 

 

Figure 1.10. Oxygen reduction activity plotted against the calculated O and OH binding 
energies reprinted from Nørskov et al. [13]. 

1.3.3 Cell durability 

The initial performance of fuel cells is extremely important, but if the device 

cannot deliver consistent performance over a long lifetime then fuel cell technology will 

not be desirable for practical applications.  This is why cell durability is just as important 

as initial performance.  Many fuel cell components undergo degradation during a LTFC’s 
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lifetime.  The polymer electrolyte membrane can degrade by chemical attack from 

hydroxyl and peroxy radicals, mechanical failure, or contamination by ionic species [14].  

Contamination by the ionic species, Cu2+, will be discussed further in Chapter 4.  The 

catalyst layer experiences degradation from loss of active sites due to catalyst dissolution 

and sintering [14, 15], contamination of active sites by impurities or intermediates [15], 

and corrosion of the carbon support at high potentials [14-16].  Additionally, other 

components undergo degradation such as the gas diffusion layer, bipolar plates, and 

sealing gaskets. 

Fuel cell degradation due to electrocatalysts can proceed by several mechanisms 

including dissolution-redeposition, particle sintering, and corrosion of the carbon support.  

The dissolution of Pt ions and redeposition on larger particles is what is known as 

Ostwald ripening.  The driving force for Ostwald ripening is the reduction of surface 

energy.  The standard potential for formation of PtO is 0.98 V versus the reversible 

hydrogen electrode (RHE) while the potential for formation of Pt2+ is 1.188 V vs. RHE.  

This indicates that dissolution of Pt can occur in the normal operating range of fuel cell 

potentials.  Additionally, the dissolution of Pt is known to increase with decreasing 

particle size [17, 18].  The dissolved Pt ions are redeposited on larger particles to 

minimize the overall surface energy.  This results in loss in electrochemically active 

surface area (ESA), which decreases activity.  Another mechanism for loss of active sites 

is particle coalescence.  Coalescence involves the motion of Pt particles on the support 

forming larger particles and/or aggregates.  There is some controversy if coalescence 

actually occurs during PEMFC operation [14, 17].  Carbon support corrosion (CSC) also 

contributes to loss in Pt active sites by decreasing the particle-particle separation or 

distribution on the support.  The corrosion is catalyzed by the presence of Pt and can 
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occur at potentials around 1.1 V [16].  It is currently believed that Ostwald ripening is the 

predominant mechanism of Pt coarsening in LTFCs.  

1.3.4 Methanol crossover in DMFCs 

One of the additional obstacles of DMFCs compared to PEMFCs is that methanol 

(the fuel) can permeate through the electrolyte membrane resulting in undesirable fuel 

oxidation at the cathode.  This results in a mixed current, which decreases overall 

performance.  Methanol crossover is particularly observed with Nafion, which is the 

current standard polymer electrolyte membrane for LTFCs.  Different approaches to 

combat this problem are to use lower methanol concentrations, develop new low-

crossover membranes, and develop more methanol tolerant cathode electrocatalysts.  

Decreasing the methanol concentration at the anode will reduce the methanol crossover, 

but it comes at the cost of decreasing the allowable cell voltage and energy [19].  Most of 

the research in recent years has been focused on development of new membranes and 

cathode electrocatalysts.  Different types of copolymer-based, impregnated, composite 

and coated membranes have been developed to alleviate methanol crossover [19].  Our 

research group has extensively researched sulfonated poly(ether ether ketone) or SPEEK-

based membranes for DMFCs [20-32].  These types of membranes offer reduced 

methanol crossover while maintaining proton conductivity comparable to Nafion 

membranes.  Developing more methanol tolerant cathode electrocatalysts is the other way 

to combat performance loss due to methanol crossover, and it will be discussed in more 

detail in Section 1.4.4. 

1.3.5 Electrocatalyst poisoning 

Various impurities can poison electrocatalysts used in LTFCs, resulting in 

performance loss.  Sources of impurities can come from a number of sources such as the 
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fuel, oxidant, bipolar plates, membrane, sealing gaskets, and the electrocatalyst itself 

[33].  For research purposes, high purity H2 gas is employed, but for practical 

applications, the source of H2 would most likely be from the reformation of 

hydrocarbons.  H2 from reformed hydrocarbons can introduce CO, CO2, H2S, NH3, and 

CH4 impurities [33].  CO, in particular, strongly binds to Pt surfaces and requires high 

potentials to remove.  If air is used instead of research grade O2, NOx, SOx, and COx can 

also be introduced into the fuel cell.  These impurities have a negative impact on cell 

potential over the fuel cell lifetime [33].  Corrosion of the bipolar plates can also produce 

metallic ions, such as Fe2+ or Cu2+, which does not strongly influence the electrocatalyst 

but has a detrimental effect on the membrane.  The synthesis of the electrocatalysts may 

also be a source of impurity ions if not adequately cleaned prior to MEA fabrication.  

Typical precursors of Pt, Pd, and other metals commonly used in fuel cell electrocatalysts 

contain anions such as Cl- or Br-, which strongly bind to active sites.  Washing the 

electrocatalysts after synthesis with copious amounts of deionized water can remove 

these anions.  

1.4 MODELING THE OXYGEN REDUCTION REACTION 

1.4.1 Proposed ORR mechanisms 

The reaction mechanism for oxygen reduction in acidic media is multi-step and 

not well understood.  A schematic showing possible reaction pathways can be found in 

Figure 1.11.  Path 1 is the direct dissociation of O2 to adsorbed O (O*) by overcoming a 

large energy barrier.  The direct 4-electron pathways are the dissociative pathway 

(1!3!6!8), the associative pathway (1!2!4!6!8), and the two-site associative 

pathway (1!2!5!6!8) [13].  Regardless of the different pathways for the 4-electron 

mechanisms, all involve O* and OH* intermediates.  The 2-electron pathway or peroxide 
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mechanism is given by 1!2!7, and is undesirable because it results in incomplete 

reduction and production of hydrogen peroxide (a harmful intermediate).   

 

Figure 1.11. Schematic diagram of oxygen reduction reaction pathways with 4-electron 
pathways in green and 2-electron pathway in blue.  The * indicates an active 
surface site. 

The rate-determining step (rds) of the 4-electron mechanisms can depend on factors such 

as oxygen coverage and potential, but the work of Nørskov concludes that the rds is the 

proton and electron transfers to O* and OH*, resulting in the observed ORR 
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overpotential [13, 34-36].  As a result, by tuning the adsorption strength of O and OH on 

the electrocatalysts’ surface, the ORR activity can be varied, and it offers a means for 

activity improvement. 

1.4.2 Roles of reaction intermediates 

Knowledge of the interaction between reaction intermediates and the 

electrocatalyst surface is necessary for the understanding of reaction kinetics and 

development of new catalytic materials.  The binding of key intermediates (the adsorbed 

species) to the catalyst surface is predictive in determining kinetics for heterogeneous 

reactions.  For heterogeneous catalytic reactions in general, the reaction rate is 

determined by the rds and the intermediate species involved in that step.  If the 

intermediate binds too weakly to the catalytic surface, then the molecule adsorbing on the 

surface and resultant interaction limit the reaction step.  On the other hand, if the 

intermediate binds too strongly, then the reaction will occur rapidly but is limited by the 

removal of the final adsorbed product.  This is known as the Sabatier principle, and it has 

been used on other heterogeneous reactions to select the most active material [37, 38].  

The Sabatier principle is usually described in terms of a volcano plot, where reaction 

activity is plotted as a function of the intermediate’s adsorption strength.  On one side, 

the reaction is controlled by the ability of the intermediate to dissociate on the surface, 

while on the other side, the reaction is controlled by the ability of the intermediate to 

desorb.  The plot results in maximum reaction kinetics at one point at the top of the 

“volcano” as shown for the Figure 1.12.  As discussed in the previous section, O and OH 

are the key intermediate species for the ORR.  Therefore, the binding energy of O is used 

to correctly predict the ORR activity on various metals surfaces as plotted in Figure 1.12.  
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Figure 1.10 is also a type of three-dimensional volcano plot plotted as a function of the 

binding energies of O and OH.   

 

Figure 1.12. Volcano plot of oxygen reduction activity as a function of oxygen binding 
energy for various pure metals, reprinted from Nørskov et al. [13]. 

The d-band model [39] has been extensively used to examine the coupling of 

adsorbate valance level electrons with the transition metal s- and d-electrons for the study 

of Pt alloy [36, 40, 41], Pd alloy [42, 43], and monolayer-based electrocatalysts [42, 44].  

The adsorbate-metal bond energy [39] is a contribution of two components as shown in 

Equation 1.28: 

!! ! !!!! ! !!!!          (1.28) 

The coupling of the adsorbate states to the transition metal s-electrons, which act as free-

electrons, is given as !!! and assumed to be independent of the specific metal to a first 

approximation.  The bond energy contribution from the coupling of adsorbate states with 

the d-electrons is given as !!!.  As a result of d-band theory, the center of the d-band,!!!, 

is often used as a parameter that is strongly related to adsorbate binding strength and, 

therefore, overall reaction rate. The d-band center can vary for a specific metal by 

alloying with other transition metals, by use of sub-surface layers (or core-shell 
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structures), and on different crystallographic structures.  Figure 1.13 shows that by 

decreasing the local coordination of Pt atoms by going from the close-packed plane (111) 

to step and kink sites, the d-band center increases resulting in lower adsorption strength 

of CO on Pt [39].  For oxygen reduction, the volcano plot in Figure 1.12 shows that O 

binds to the Pt surface too strongly and that greater activity could be achieved by slightly 

lowering the binding strength.  The d-band model predicts that negative shifts to the d-

band center of Pt will result in a decrease in the binding strength of O, proposing this as a 

method for developing new catalyst materials. 

 

Figure 1.13. Calculated density of states of the d-electrons on different Pt surfaces 
showing the d-band center, !!, reprinted from Bligaard & Nørskov [39]. 

1.4.3 Methods of improving ORR activity 

ORR activity can be improved by a number of methods such as decreasing 

electrocatalyst particle size, changing crystallographic orientation, alloying with other 

transition metals, and creating electrocatalysts with different surface and sub-surface 

materials.  By decreasing the particle size of ORR electrocatalysts, the number of active 
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sites is increased and, therefore, the mass-based activity is increased.  While the mass-

activity increases, the specific-activity (activity per unit active surface area) of Pt is 

known to decrease with decreasing particle size [45].  The ORR activity is also known to 

depend on the crystallographic planes of the metal.  For Pt, the activity decreases in the 

order of Pt(110) > Pt(111) > Pt(100) in the non-adsorbing HClO4 electrolyte using 

rotating disk electrode techniques [46].  The activity of Pd decreases in the opposite order 

as Pt, Pd(100) > Pd(111) > Pd(110), in the same electrolyte [47].  By increasing the 

proportion of the more highly active planes, the overall activity can be increased.  Pt-

based alloys have also been extensively studied with some alloys showing enhancements 

in ORR activity [48-53].  Pd-based alloys show similar activity enhancements relative to 

Pd, some with activity comparable to Pt at lower costs [54-58].  The last approach to be 

discussed here to increase ORR activity is the development of a new class of 

electrocatalysts with a thin layer of one metal on top of another [44, 59-61].  One 

technique to prepare these types of materials is to deposit a monolayer of one metal on 

another metal by the underpotential deposition (UPD) of Cu, and was first developed by 

Adzic’s group [62].  For instance, a electrocatalyst with a Pt monolayer on Pd (PtML/Pd) 

has been shown to enhance Pt-mass activity compared to Pt [59].  Core-shell 

nanoparticles are a similar class to the monolayer-based electrocatalysts, where the core 

of the nanoparticle is one material and the shell (or outermost layer of the nanoparticle) is 

a different material.  For this dissertation, core-shell materials will be designated with the 

convention of shell@core, while in the literature it is common to see it in the reverse 

order (core@shell).  A variety of methods can be employed to produce core-shell 

nanoparticles such as aqueous galvanic displacement [63, 64].  Pt@Pd/C prepared by 

aqueous galvanic displacement exhibited 2x the Pt-mass activity of Pt/C [63]. Further 

discussion of aqueous galvanic displacement will be given in Chapters 2 – 4. 
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1.4.4 Methods for enhancing methanol tolerance 

As discussed in Section 1.3.4, the development of methanol tolerant cathode 

electrocatalysts is one of the approaches to improve DMFC performance.  The two main 

approaches to enhancing methanol tolerance are to reduce methanol adsorption and 

decreasing CO oxidation [65].  The adsorption of methanol requires several active sites 

(or ensembles) [66], while the adsorption of oxygen requires at most two adjacent sites.  

By diluting the surface of a methanol active metal with an inactive metal, the adsorption 

of methanol can be reduced without sacrificing oxygen reduction activity.  This is 

illustrated schematically in Figure 1.14.   

 

Figure 1.14. Schematic illustrating the ensemble effect of adsorption of methanol and 
diatomic oxygen on catalytic sites. 

An example of this ensemble effect for improving methanol tolerance is a Pt single 

crystal (active metal) with sub-monolayers of Pd (inactive metal) deposited on top [67].  

The second method for reducing methanol oxidation is by decreasing CO oxidation.  CO 
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oxidation can be reduced by decreasing the formation of oxygen-containing species 

required for oxidizing CO to CO2 or by increasing the adsorption strength of CO [65].  

Since CO is a key intermediate for the methanol oxidation reaction (MOR), reduction in 

CO oxidation impedes the forward progress of the reaction, but has the unwanted side 

effect of making the electrocatalyst easily poisoned by CO.  Therefore, reducing the 

adsorption of methanol is the preferred method of increasing methanol tolerance.  
 

1.5 OBJECTIVES OF THIS DISSERTATION 

The objectives of this dissertation are to synthesize novel nano-structured 

electrocatalysts for the oxygen reduction reaction in fuel cells and develop an 

understanding into the mechanisms that account for the activity enhancements.  The aim 

is to prepare new ORR electrocatalysts that meet or exceed the demands for 

commercially viable fuel cells.  These demands are to improve ORR activity (compared 

to the state-of-the-art Pt/C), reduce the cathode cost by reducing the amount of Pt and 

other precious metals necessary, and enhance long-term stability.  In this regard, a series 

of core-shell Pt@PdxCuy/C electrocatalysts are prepared by polyol reduction of the core 

followed by aqueous galvanic displacement to create the Pt-rich shell.  The effect of core-

shell structure and composition on ORR activity and fuel cell performance is discussed in 

Chapter 3.  Then, the relationship between the Pt shell coverage on Pt@PdCu5/C and 

ORR activity and methanol tolerance is discussed in Chapter 4 as it pertains to PEMFCs 

and DMFCs.  In Chapter 5, a novel approach to the synthesis of Pd88W12/C is discussed 

and the electrocatalyst is characterized.  Comparisons between this electrocatalyst 

prepared by the novel approach and by a conventional approach are given along with 

comparisons to Pt/C and Pd/C with similar particle sizes.  After which, the discovery of 

aluminum as an effective reducing agent for wet-chemical synthesis of a range of 
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metallic particles is detailed.  A mechanism for this new synthesis approach is proposed 

in Chapter 6.  Lastly, ways to control the morphology of metallic particles prepared using 

aluminum as a reducing agent are investigated in Chapter 7 as it relates to specific 

material applications.  All electrocatalysts presented in this dissertation are systematically 

characterized (as described in Chapter 2) by X-ray diffraction, energy dispersive X-ray 

spectroscopy, X-ray photoelectron spectroscopy, and transmission electron microscopy to 

obtain information on crystal structure, composition, chemical state, and particle 

morphology.  Electrochemical characterizations of the electrocatalysts are conducted with 

cyclic voltammetry, rotating disk electrode experiments, CO-stripping voltammetry, and 

single PEMFC and DMFC testing to investigate the activity towards oxygen reduction 

and tolerance to methanol.     
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Chapter 2: Experimental Techniques 

2.1 MATERIALS SYNTHESIS 

All chemicals used in the synthesis of electrocatalysts were ACS grade and used 

as received without any further purification.  This chapter will detail the various 

techniques used throughout the dissertation to synthesize core-shell and other 

nanostructured carbon-supported nanoparticles.  Any novel techniques or important 

variations will be discussed in the appropriate chapters.     

2.1.1 Polyol reduction 

Polyol reduction or the polyol process is the reduction of inorganic metal 

compounds using a liquid polyol, such as ethylene glycol (EG) or tetraethylene glycol 

(TEG), as both a reducing agent and solvent to produce metallic particles [68].  The 

process is capable of reducing precious metals, copper, nickel, and cobalt to produce 

uniform sub-micron sized particles with a narrow size distribution.  Typically, the 

inorganic compound that serves as a precursor to the metallic particle is dissolved in the 

polyol and then heated to a specific temperature to reduce the compound (under air or a 

protective atmosphere such as nitrogen or argon).  It is possible to tune the particle size 

by adjusting synthesis parameters such as pH, temperature, and reaction time.  Polyol 

reduction is a simple, environmentally friendly, solution-based synthesis procedure.  

2.1.2 Aqueous galvanic displacement  

Aqueous galvanic displacement is the chemical reaction between a metallic phase 

and a different metallic ion in solution.  The metallic ion is reduced while the metal is 

oxidized, because of the more positive reduction potential of the metallic ion.  For 

instance, the galvanic displacement of metallic Cu by K2PtCl4 in solution is favored 



 31 

thermodynamically (E[PtCl4]2-/Pt = + 0.73 V and ECu2+/Cu = + 0.34 V) and can be expressed 

by the following two equations: 

[PtCl4]2- + 2e- = Pt + 4Cl-       (2.1) 

Cu = Cu2+ + 2e-        (2.2) 

The metallic Cu is oxidized to Cu2+ and then goes into solution, while the [PtCl4]2- is 

reduced to metallic Pt and then deposits on the surface of the Cu particle. These 

displacement reactions are heterogeneous reactions as they occur at the interface between 

the solid metal phase and the metal ion in solution and, therefore, are governed by 

heterogeneous nucleation and growth.  

2.1.3 Impregnation method 

The impregnation method is a commonly used synthesis method for producing 

supported catalysts.  The basic scheme is that a support material is mixed into a solution 

containing the catalyst precursor(s).  The solution is then dried and the precursor is 

absorbed on the surface of the support and/or drawn into the pores by capillary forces.  

The supported catalyst is then calcined or heat-treated to obtain the final state of the 

precursor.  This synthesis method is ideal for large-scale production of supported 

catalysts because there is no waste solution to dispose of or loss of precious metals in the 

waste [69].  The impregnation method will be discussed in more detail in Chapter 5. 

2.1.4 Thermal treatment 

 Thermal treatment is used to reduce metal precursors such as those used during 

the impregnation method, alloy binary or multi-component metallic systems, and clean 

the electrocatalyst surface of impurities.  Heat treatment as used in this dissertation was 

done in a quartz or glass tube within a tube furnace.  Typically, the tube is purged by 
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flowing an inert gas, N2 or Ar, and then with a reducing gas mixture, 10 % H2 / Ar.  The 

furnace is then brought to temperature at a fixed ramp rate, typically 10 °C min-1. 

2.2 MATERIALS CHARACTERIZATION 

2.2.1 Energy dispersive X-ray spectroscopy 

 Energy dispersive X-ray spectroscopy (EDS) was used throughout this 

dissertation to determine the atomic metal compositions of the electrocatalysts studied.  

EDS was done on a JEOL-JSM5610 scanning electron microscope (SEM) with an 

Oxford Instruments EDS attachment.  The theory of EDS is as follows and a schematic of 

this can be found in Figure 2.1a.  The high-energy incident electron beam of the SEM 

creates electron holes in the inner electron shell of an atom in the sample.  The inner shell 

electron hole is then filled by an outer shell electron, which causes the emission of X-ray 

radiation with a characteristic energy.  A set of these characteristic X-rays can then be 

identified as a particular element such as in Figure 2.1b.  The intensity of the spectra 

peaks can be used to quantify the amounts of the elements in the sample based on pure 

elemental standards.   

 

Figure 2.1. (a) Schematic drawing of energy dispersive X-ray spectroscopy (EDS) and 
(b) an EDS spectra showing characteristic elemental peaks. 
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2.2.2 X-ray diffraction 

 X-ray diffraction (XRD) is a technique that uses Bragg’s law as a foundation for 

determining the crystal structure of phases.  Bragg’s Law relates the wavelength of 

incident X-rays (#) to incident angle (!) and interplanar spacing (d) and is given by 

Equation 2.3: 

n # = 2 d sin(!)        (2.3) 

At the Bragg angle (!b), the X-rays are in-phase and constructively interfere with one 

another.  Constructive interference multiplies the signal collected at the detector resulting 

in a peak on the intensity vs. 2! plot. XRD was carried out on a Phillips APD 3520 X-ray 

diffractometer using Cu K$ radiation.  This diffractometer steps the X-ray source in steps 

of 2! and the sample in steps of ! to maintain the geometry shown in Figure 2.2. For this 

dissertation, 2! was typically stepped from 30° to 90° in steps of 0.03° or 0.04°.  Profile 

fitting and lattice parameter evaluation of the powder diffraction patterns were analyzed 

using JADE 9.0 software package.  

 

Figure 2.2. Schematic diagram of X-ray diffraction (XRD) of a crystalline material with 
an interplanar spacing of d and incident X-ray radiation at an angle of ! with 
respect to the atomic plane. 
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2.2.3 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) involves the study of a material’s mass as a 

function of temperature [70].  TGA instrumentation (schematic diagram shown in Figure 

2.3) allows for the precise monitoring of a small mass of sample using a defined 

temperature program in a controlled atmosphere.   

 

Figure 2.3. Schematic diagram of the instrumentation used in thermogravimetric 
analysis, adapted from reference [70]. 

The uses of TGA include determining the moles of water in hydrated compounds, 

studying the decomposition and properties of polymers, oxidation studies, studying 

volatiles present in materials, and oxidation of carbon in carbon-support catalysts among 

many others.  The last use is important for the study of fuel cell electrocatalysts because 

by oxidizing the carbon support to gaseous carbon dioxide (CO2) we can determine the 

mass of metal remaining.  In the case of Pt/C, the remaining sample after oxidizing the 
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carbon support during TGA is pure Pt and this mass is the metal loading of the Pt/C 

sample.  With less noble metal present in a sample, it is necessary to determine the phase 

of the material with XRD after the TGA run.  Therefore, the level of oxidation of the 

sample can be determined and compensated for in the calculation of metal loading.  TGA 

in this dissertation was done in a Pt crucible with flowing air from room temperature to 

800 °C at a ramp rate of 10 °C, holding at 800 °C for 30 min, and then cooling to room 

temperature at the same ramp rate.  If enough sample is available, it is also possible to 

determine the metal loading by oxidizing the carbon support in a box furnace and 

measuring the sample before and after with a conventional mass balance.  The larger 

mass of sample is required with this technique to limit the error in measuring the mass. 

2.2.4 Transmission electron microscopy 

Transmission electron microscopy (TEM) is an electron microscopy technique 

where the electron beam is transmitted through an ultra-thin sample.  The resulting 

resolution is extremely small, currently < 50 pm [71, 72], due to the small de Broglie 

wavelength of an electron.  A diagram showing the various components of a TEM can be 

found in Figure 2.4.  An electron gun produces an electron beam that is accelerated by an 

applied voltage and manipulated by electromagnetic lenses and apertures that focus and 

correct the beam to produce a clear image.  TEM has the capability of producing high-

resolution images, and in conjunction with other modes and techniques TEM becomes an 

extremely powerful analytical tool.  The electron beam can be used to probe the crystal 

structure of TEM samples by diffraction.  This is particularly useful because it allows for 

the diffraction of nano-scaled crystals as opposed to XRD that can only perform bulk 

diffraction [73].  Other techniques can also be used in conjunction with TEM such as 

EDS and electron energy loss spectroscopy (EELS).  TEM was conducted on a JEOL 
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2010F operating at 200 keV.  In some cases specifically mentioned in later chapters, a 

Hitachi S-5500 SEM operated at 30 keV with scanning transmission electron microscopy 

(STEM) capability was used. 

 

Figure 2.4. Diagram showing the components of a transmission electron microscope 
(TEM), from Transmission Electron Microscopy and Diffractometry of 
Materials [74]. 

2.2.5 X-ray photoelectron spectroscopy 

 X-ray photoelectron spectroscopy (XPS) is a surface-sensitive characterization 

technique that can be used to determine chemical state and quantitative chemical 

composition.  The basic principle of XPS is the photoelectric effect [75], in which a 

material is irradiated with short wavelength radiation (such as X-rays) producing emitted 
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electrons (photoelectrons).  By knowing the energy of the X-ray photons (Ephoton) used and 

the work function of the instrument (!), the binding energy of the escaped photoelectron 

(Ebinding) can be determined by measuring its kinetic energy (Ekinetic) as shown in Equation 

2.4: 

 Ebinding = Ephoton – (Ekinetic + !)       (2.4) 

XPS is said to be a surface-sensitive technique, because generally photoelectrons can 

only escape to vacuum from within the top 10 nm of the sample.  Photoelectrons 

produced below 10 nm are scattered, losing kinetic energy, and are not able to escape the 

sample.  The spectra produced from XPS are plotted as intensity against binding energy.  

Peaks at a specific binding energy correspond to the emission of a core-level electron 

from an atom.  By measuring this binding energy, the element it escaped from can be 

identified.  From this, quantitative chemical analysis can be conducted based on relative 

sensitivity factors.  Another extremely useful characteristic of the photoelectrons 

produced is that small shifts in the binding energy can give information about the 

chemical environment of the element.  For example, the binding energy of Pt 4f7/2 for Pt 

is 71.2 eV, while for PtO it is 74.2 eV.  Therefore, XPS is a powerful technique that 

allows for the measurement of chemical state and composition of the outmost surface of 

materials.  By combining XPS with sputtering, the chemical state and composition as a 

function of material depth can be determined.  Sputtering is the bombardment of the 

specimen with an ionized gas, such as Ar, that removes surface atoms at a specific rate 

determined by the sputter beam energy and extractor current. 

XPS was carried out in this dissertation with a Kratos Analytical spectrometer 

using a monochromatic Al K" radiation source. All spectra were fitted with Gaussian-

Lorentzian (30 % Gaussian) functions and a Shirley-type background by deconvolution 

software (CasaXPS, Casa Software). 
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2.3 ELECTROCHEMICAL CHARACTERIZATION  

2.3.1 Cyclic voltammetry 

 Cyclic voltammetry (CV) is a potential sweep method widely used to evaluate 

electrochemical systems [76].  The potential is swept at a scan rate, ", and then reversed 

at a switching potential, E#, and the resulting CV plot can be found in Figure 2.5.  The 

ratio of peak currents, ip,c/ip,a, and separation between peak potentials, Ep,a – Ep,c, are two 

important measures of the CV response.  For reversible reactions, ip,c/ip,a = 1 regardless of 

scan rate, while deviations from unity indicate kinetic considerations or other 

complications [76].  The peak separation is also used as an indicator for reversible 

reactions. A peak separation close to 59/n mV at 25 °C, where n is the number of 

electrons, corresponds to a reversible or Nernstian reaction [76].  In the following 

chapters, CV is used to study the electrochemical surface area (ESA), surface 

composition, and oxidative processes of the electrocatalysts.  

 

Figure 2.5. Typical cyclic voltammetry (CV) curve of a one-electron reaction at scan 
rate, ", and reversal potential, E#. 
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For this dissertation, CV was conducted in the typical three-electrode 

configuration consisting of reference, counter, and working electrodes.  The reference 

electrode used in this work was either a double junction silver-silver chloride (Ag/AgCl) 

or saturated calomel electrode (SCE).  These reference electrodes were routinely tested 

against a reversible hydrogen electrode (RHE) before conducting experiments.  All 

potentials recorded in the three-electrode configuration are reported against the RHE.  

The counter electrode used was a Pt mesh.  The working electrode consisted of a glassy 

carbon (GC) electrode with the electrocatalyst ink drop cast on top.  The 5 mm diameter 

GC electrode (Pine Research Instruments, geometric area of 0.196 cm2) was freshly 

polished to a mirror finish with a 0.05 &m alumina suspension (Buehler) prior to all 

electrochemical testing.  CV experiments were done in a three-neck flask with N2-purged 

electrolyte solution and an Autolab potentiostat (PGSTAT302) using Nova software 

(version 1.7.8, Metrohm Autolab B.V.). 

2.3.2 CO stripping voltammetry 

 Carbon monoxide (CO) stripping voltammetry involves the adsorption of a 

monolayer of CO followed by its oxidation during a potential sweep.  CO stripping 

voltammetry serves two purposes.  The first is to evaluate the ESA of an electrocatalyst.  

The current from CO oxidation of the absorbed CO monolayer can be measured and 

converted into ESA of the electrocatalyst.  The charge density of a monolayer of CO on 

Pt on Pt/C is widely accepted to be 420 µC cm-2.  The other reason for performing CO 

stripping is to study the oxidation of CO.  CO is an important intermediate for the 

methanol oxidation reaction (MOR).  The study of CO oxidization can be used as an 

indicator for how an electrocatalyst will perform in regards to the MOR or during oxygen 

reduction in the presence of methanol.   
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Figure 2.6. CO stripping voltammogram of 20 wt. % Johnson Matthey Pt/C conducted 
in 0.1 M HClO4 by adsorbing CO at 0.085 V vs. RHE and then scanning 
from 0.085 V to 1.2 V at a scan rate of 20 mV s-1.  

The CO stripping voltammogram of a 20 wt. % Pt/C electrocatalyst (Johnson Matthey) 

conducted in 0.1 M perchloric acid (HClO4) can be found in Figure 2.6.  Typically, CO 

stripping is done by adsorbing a monolayer of CO on the electrocatalyst’ surface in CO-

purged electrolyte at a potential hold near 0.05 V.  The electrolyte is then purged with N2 

until CO is completely removed from the solution.  The potential is scanned to above 0.9 

V to oxidize the CO, followed by another CV scan to confirm the complete removal of 

CO from solution.  The area underneath the CO oxidation peak corresponds to the ESA 

of the electrocatalyst, and the peak potential is a measure of the CO binding strength. 

2.3.3 Rotating disk electrode 

 Rotating disk electrode (RDE) is a type of hydrodynamic voltammetry with a 

well-defined velocity profile near the rotating disk [76].  The rotation of the disk 
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electrode as opposed to stirring the solution results in uniform, reproducible convection 

as shown in Figure 2.7a-b.   

 

Figure 2.7. Flow velocities (a) and streamlines (b) of fluid convection near a rotating 
disk electrode from Electrochemical Methods [76].  (c) Current density-
potential RDE plot of a commercial Pt/C electrocatalyst with a red dashed 
line as an approximation of the limiting current density.  

The mass-transfer-limited current or the limiting current of an RDE is defined by the 

Levich equation (Equation 2.5), in which the diffusivity of species O is !!, the angular 

velocity of the disk is !, and the kinematic viscosity is !: 

 !!!! ! !!!"!"#!!!!!!!!!!!!!!!!!       (2.5) 

The total disk current (!) of an RDE system for a totally irreversible one-step, one-

electron reaction is obtained by the Kouteck'-Levich equation (Equation 2.6) where !! is 

the kinetic current and !!!! is defined by Equation 2.5: 
 !

! ! !
!
!!
! ! !!!!!         (2.6) 

For the study of electrocatalysts, the kinetic current is an important quantity.  A good 

approximation for extracting the kinetic current from the disk current is to subtract the 

limiting current using the plateau of the current-potential plot as the limiting current such 

as in Figure 2.7c, where the red dashed line is the limiting current density.  A more 

(a) (b) (c)
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precise method for determining !! is to prepare a Kouteck'-Levich plot where !!! is 

plotted against !!!!!!! and !!!! is the intercept with the !!! axis. 

RDE experiments in this dissertation were conducted with the same three-

electrode setup as for CV and CO stripping.  Initially, the electrocatalyst-coated GC 

electrode was cleaned by potential cycling.  After which, the GC electrode was attached 

to a rotator (Pine) and then immersed in O2-saturated 0.1 M HClO4 (diluted from Fisher 

Scientific, Optima*).  Previous studies have used 0.05 M H2SO4 as an electrolyte, but the 

bisulfate ion (HSO4
-) is known to strongly adsorb on the catalysts [77].  After immersion, 

the rotator is slowly increased to the desired rotational frequency, typically 1600 rpm, 

and the potential is swept linearly.   

 

Figure 2.8. (a) An example of a non-uniform (bad) electrocatalyst ink coating, (b) an 
example of a uniform (good) coating, and (c) current density-potential RDE 
plot comparing the effects of working electrode coating. 

The quality of the RDE data is strongly dependent on the experimental setup.  

Only high purity materials should be used and extensive cleaning is a requirement for 
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obtaining good data.  The perchloric acid used in this study is extremely pure and only 18 

M("cm deionized water is used in the preparation of solutions.  The RDE vessel and 

everything that comes into contact with the solution must also be laboriously cleaned 

before each use.  The reference electrode should be calibrated to determine the true 

potential with respect to the RHE.  Additionally, the coating of the electrocatalyst ink on 

the working electrode strongly influences the results.  Figure 2.8a shows an image of a 

bad coating on a working GC electrode, while Figure 2.8b shows a good coating achieved 

by increasing the ratio of isopropanol to water in the catalyst ink.  Ink ratios should be 

fine tuned for different types of electrocatalysts.  The RDE plot in Figure 2.8c shows that 

coating quality can greatly affect the limiting current density, shape of the kinetic region, 

and overall kinetic activity.  Other perimeters that affect RDE performance are the 

number of cleaning CV cycles and scan rate.  For instance, the optimal number of 

cleaning CV cycles for commercial Pt/C is 30 cycles from 0.05 V to 1.2 V; fewer cycles 

result in lower surface area (Figure 2.9a).  Increasing the scan rate can also result in 

increased RDE performance as seen in Figure 2.9b.  This is thought to be due to the 

hysteresis of oxygen-containing species and impurities in the electrolyte solution [10].   

 

Figure 2.9. (a) Plot of electrochemical surface area (ESA) as a function of cleaning CV 
cycle number and (b) RDE polarization plot at two scan rates for a 
commercial Pt/C. 
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On the other hand, increasing scan rate increases the capacitive current, but this can be 

corrected for by subtracting out this current with a blank CV conducted in N2 [78]. 

2.4 FUEL CELL TESTING 

2.4.1 Membrane-electrode assembly fabrication 

 Fabrication of the membrane-electrode assembly (MEA) is the first step in testing 

a single fuel cell.  A catalyst ink is prepared by weighing the required amount of catalyst 

powder and wetting with deionized water to avoid combustion.  An equal amount of 

ethanol is then added so that the powder is 1 – 5 wt. % of the ink.  The required amount 

of 5 wt. % Nafion solution was added to the ink so that the solid ionomer is 30 wt. % and 

catalyst powder is 70 wt. %.  Sonication and magnetic stirring is used to disperse the 

resulting ink.  The ink is then spray-coated onto a gas diffusion layer (GDL) on top of a 

hot plate.  Spraying is finished when the weight added to the GDL is the mass required 

for the desired metal loading.  Spray coating results in a smooth, even catalyst layer on 

the GDL.  Heating the GDL with the hot plate ensures that the ink dries quickly, also 

resulting in a smooth coating.  The resulting electrode is cut to size with a geometric 

surface area of 5 cm2.  To complete the MEA, the anode and cathode are placed on either 

side of the treated membrane (Nafion 115, DuPont) with the catalyst layers facing the 

membrane.  The MEA is then hot pressed at a temperature of 140 °C and applied mass of 

200 kg for 150 s. 

2.4.2 Single cell testing 

 Single fuel cell testing for this dissertation was carried out on a fuel cell test 

station (850C, Scribner).  The test station controls cell temperature, gas flow rate, and 

relative humidity.   
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Figure 2.10. Scribner fuel cell test station with attached single cell fixture. 

The MEA fabricated in the manner described in Section 2.4.1 was placed in the single 

cell fixture consisting of two graphite bipolar plates with straight channels for fuel and 

oxidant distribution.  Gaskets were placed on either side of the MEA before sandwiching 

in between the bipolar plates.  The entire fixture was closed, the thermocouple was 

inserted into the cell, and the electric heater was connected to the test station.  For 

PEMFC testing, humidified H2 and O2 were introduced into the anode and cathode, 

respectively.  For DMFC testing, humidified O2 was introduced to the cathode and 

methanol solution was pumped into the anode chamber with a peristaltic pump at the 

desired flow rate and the cell temperature is set to 65 °C.  The MEA was conditioned for 

maximum performance by activating the cell at constant currents until the cell potential 

stabilized.  After conditioning, the test station was turned off for at least 8 h before 



 46 

further testing.  The DMFC polarization curves before and after this rest period are 

presented in Figure 2.11, showing the advantage of this conditioning step.  Polarization 

curves were recorded galvanostatically by the fuel cell software (Scribner) and iR-

correction was done by measuring the cell resistance with a built-in current-interrupt 

technique.  Currents are normalized by the geometric area of the MEA and the 

polarization curves were recorded in triplicate to ensure stability of the signal. 

 

Figure 2.11. Single DMFC polarization plots operating on 1 M methanol for a Pt/C 
cathode electrocatalyst before and after an 8 h cell rest period. 

2.4.3 Fuel cell techniques – in situ 

 Several techniques are readily available to characterize the MEA within the fuel 

cell fixture non-destructively.  AC impedance or electrochemical impedance 

spectroscopy (EIS) is one such technique that uses a small sinusoidal voltage perturbation 

to measure and separate the various losses within an operating fuel cell [1]. From the 
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resulting Nyquist plot, the losses can be individually identified and quantified in terms of 

resistance.  Typically, EIS is conducted by setting the potential and the AC amplitude (10 

mV in this work).  At that set potential, the various impedances can be attributed to 

overpotentials from ohmic, activation, or mass transport losses.  Another technique is 

CV, which can be performed on either the anode or cathode by using the opposite 

electrode as a reference electrode.  H2 is flowed onto the opposite electrode forming what 

is known as a dynamic hydrogen electrode (DHE).  The electrode of interest is purged 

with N2 gas, and an external potentiostat is used to sweep the potential of the working 

reference against the DHE in a two-electrode set-up. 

2.4.4 Post-mortem fuel cell techniques 

 Following single cell evaluation, it may be necessary to characterize the MEA in a 

destructive manner.  The particle size, morphology, and distribution of electrocatalysts 

can change within the harsh environment of a fuel cell.  A small amount of the catalyst 

layer can be scraped away and tested with TEM to determine if there is an increase in 

particle size due to coarsening or aggregation.  The catalyst layer could also be 

characterized by any other useful characterization method such as XRD or EDS.  Another 

method for post-mortem evaluation is to examine the cross section of the MEA by 

microscopy.  This can give information on layer thicknesses, structure, interfacial 

contact, and composition.  To prepare the MEA for examination, a portion of the MEA is 

cut perpendicular to the cross section with a sharp implement.  Liquid nitrogen can be 

employed to make the polymeric membrane brittle and cut more easily and uniformly.  In 

this dissertation, a cross section of the MEA was cut and mounted for evaluation by 

SEM-EDS to determine elemental composition throughout the assembly.  Evaluation of 

the MEA cross-section is described in Chapter 4. 
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Chapter 3:  Pt@PdxCuy/C core-shell electrocatalysts for oxygen 
reduction reaction in fuel cells 

3.1 INTRODUCTION 

Proton exchange membrane fuel cells (PEMFCs), employing H2 as a fuel, have 

been the focus of much research because of the potential for a clean and efficient 

alternative to internal combustion (IC) engines [1, 10]. In a PEMFC, the chemical energy 

of H2 is converted directly into electrical energy that can power an electric motor for 

vehicular applications. The use of expensive and scarce Pt as an electrocatalyst has been 

a major hurdle for the widespread commercialization of the PEMFC technology. 

Moreover, even with Pt (the most active pure metal), the oxygen reduction reaction 

(ORR) suffers from a huge overpotential of as much as 400 mV [79].   

A considerable effort has recently been made to improve the kinetic activity of 

ORR electrocatalysts while, at the same time, reducing the amount of Pt used. 

Accordingly, alloying Pt with first-row transition metals (V, Cr, Mn, Fe, Co, Ni, and Cu) 

has been shown to improve the ORR kinetics while reducing the amount of Pt required 

[48, 80-85]. Several theories have been proposed to account for the increase in activity 

including Pt skin formation [49, 83], lattice contraction [80, 84], and increased d-band 

center that facilitates weaker adsorption of reaction intermediates such as OH [48, 80, 83, 

85, 86]. In addition, Adzic and co-workers [59, 87-90] have demonstrated that Pt 

monolayers applied by the displacement of underpotential deposited (UPD) Cu on 

different substrates have significantly increased Pt-mass activity compared to Pt. The Pt 

monolayer on Pd/C electrocatalyst showed Pt mass activities of 5-8 times that of Pt/C 

[59]. Strasser and co-workers [84, 91] have employed dealloying of Cu from Cu-rich Pt-

Cu alloys to obtain a Pt-rich shell surrounding a Cu-rich alloy, resulting in high Pt-mass 

activity. 
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Our group and others have similarly shown that Pd-M (where M = W, Mo, Fe, 

Co, Ni, Cu, and Au) alloys show an increase in ORR activity compared to Pd [55, 57, 92-

96]. Several groups have independently explored core-shell Pt@PdxCuy/C type 

electrocatalysts for the ORR and methanol oxidation, employing various synthesis 

techniques [64, 97, 98]. Our group has previously reported that Pt@Cu core-shell 

nanoparticles synthesized by a galvanic displacement of Cu nanoparticles exhibit 

enhanced Pt-mass activity [64]. Lei and co-workers [97] reported that a Pt decorated 

PdCu/C alloy, synthesized by subsequent polyol reductions, shows improved methanol 

oxidation activity. Most recently, researchers at United Technologies Corporation (UTC) 

and Toyota synthesized an electrocatalyst with a Pt monolayer deposited by Cu UPD on 

an electrochemically dealloyed PdCu6/C with extremely high Pt-mass activities [98]. 

However, to the best of the author’s knowledge, a systematic study of the effect of 

varying Cu content on the Pt@PdxCuy/C core-shell electrocatalysts for ORR is not 

available in the literature. 

In this chapter, a series of carbon-supported core-shell nanoparticles with PdxCuy-

rich cores and Pt-rich shells (Pt@PdxCuy/C) for ORR in PEMFC will be presented. This 

type of core-shell structure offers greater Pt utilization. In addition, interactions between 

Pt and the underlying core have been shown to modify the electronic structure of Pt and 

thereby affect the ORR activity [44, 99]. Thus, it is anticipated that the activity of 

Pt@PdxCuy/C electrocatalysts will be influenced strongly by the composition of the core. 

While displacement of UPD Cu [59] and electrochemical dealloying [84] result in 

electrocatalysts with impressive Pt-mass activity, these techniques make production of 

large quantities of catalyst difficult. Accordingly, easily scalable techniques such as the 

polyol reduction and direct galvanic displacement of the core material are pursued in this 

study to obtain the Pt@PdxCuy/C electrocatalysts and illustrate the possibility for 
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commercialization. The synthesized Pt@PdxCuy/C electrocatalysts are characterized by 

X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS), rotating disk electrode (RDE) measurements, and electrochemical 

evaluation in a single-cell PEMFC. 

3.2 EXPERIMENTAL METHODS 

3.2.1  Catalyst Synthesis  

A series of Pd-Cu alloys supported on carbon black was synthesized by polyol 

reduction. In a typical experiment, 120 mg of Vulcan XC-72R carbon black (Cabot 

Corp.) was dispersed in 30 mL of ethylene glycol (EG, Fisher Sci.) and 7.7 mL of 

deionized water (>18 M), Millipore) by ultrasonication (Branson 1510) and stirring. The 

pH of this N2-saturated carbon-ethylene glycol mixture was adjusted by adding drop-wise 

12.5 mL of 1 M NaOH in ethylene glycol. Two metal precursor solutions were prepared 

by dissolving separately in 15 mL each of ethylene glycol the required amounts of 

sodium tetrachloropalladate (Na2PdCl4, Alfa Aesar) and copper sulfate pentahydrate 

(CuSO4"5H2O, Alfa Aesar) for the desired stoichiometry so that the Pd + Cu metal 

loading on carbon is 23 wt. %. These metal precursor solutions were then added drop-

wise to the carbon/ethylene glycol mixture, and the mixture was heated at a ramp rate of 

~ 5 ° min-1 to 180 °C and kept at that temperature for 3 h under vigorous stirring. After 

cooling to room temperature, the supported nanoparticles were filtered, washed with * 3 

L of deionized water (18.2 M(.cm), and dried in a vacuum oven at 60 °C. The as-

synthesized samples will hereafter be referred to as PdxCuy/C – AS, where 1 + x + 3 and 0 

+ y + 5. The PdxCuy/C – AS samples were then heated in a tube furnace at a ramp rate of 

5 °C min-1 to 300 °C for 2 h under a flowing 10 % H2 / 90 % N2 gas mixture. These heat-

treated samples will hereafter be referred to as PdxCuy/C – 300.   
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The galvanic displacement reaction of Pd and Cu in PdxCuy by Pt to obtain the 

core-shell Pt@PdxCuy/C electrocatalysts was carried out by treating the synthesized the 

PdxCuy/C – 300 with [PtCl4]2-. The PdxCuy/C – 300 powder was dispersed in deionized 

water, and a required amount of potassium tetrachloroplatinate (K2PtCl4, Alfa Aesar) was 

dissolved in deionized water to result in 40 wt. % Pt of the total metal mass.  For 

instance, 30 mg of PdCu5/C (20 wt. % metal loading) consists of 6 mg of Pd and Cu, so 4 

mg of Pt would be added by the equivalent weight of K2PtCl4. The K2PtCl4 solution was 

added drop-wise to the N2-saturated PdxCuy/C suspension in water, and the resulting 

suspension was heated to 100 °C for 2 h. After cooling to room temperature, the product 

was filtered, washed with * 3 L of deionized water, and dried in a vacuum oven at 60 °C. 

The resulting material will hereafter be referred to as Pt@PdxCuy/C, where x and y refer, 

respectively, to the nominal Pd and Cu contents of the core before galvanic displacement.  

3.2.2  Structural and Compositional Characterizations  

The structural characterization and phase identification were performed as 

described in Section 2.2.2 in 2! steps of 0.04°. The lattice parameter values were 

calculated from the (111) peak of the face-centered cubic (fcc) nanoparticles. Bulk metal 

compositions were determined using energy dispersive X-ray spectroscopy (EDS) within 

a scanning electron microscopy (SEM) as described in Section 2.2.1. Transmission 

electron microscopy (TEM) was employed to evaluate particle size, distribution, and 

morphology (details in Section 2.2.4). The near-surface composition was determined by 

X-ray photoelectron spectroscopy (XPS) as detailed in Section 2.2.5.  

3.2.3  Electrochemical Characterization  

The working electrode was prepared by ultrasonicating 5 mg of the catalyst 

powder with 2.5 mL of deionized water and 2.5 mL of 0.15 wt. % Nafion solution 
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(diluted from 5 wt. % Nafion solution with ethanol, DuPont). A 20 µL aliquot of the 

homogeneous catalyst ink was then drop-cast onto a glassy carbon (GC) electrode and 

allowed to dry at room temperature, yielding a loading of 20 – 31 &gmetal cm-2 for all 

catalysts investigated here or 20 &gPt cm-2 for Pt/C and ~ 10 &gPt cm-2 for Pt@PdxCuy/C 

samples. Electrochemical studies were carried out with an Autolab PGSTAT302N 

potentiostat (Eco Chemie B.V.).  Cyclic voltammetry (CV) was conducted using the 

three-electrode configuration outlined in Section 2.3.1. The potentials reported herein are 

in reference to the reversible hydrogen electrode (RHE). All electrochemical experiments 

were recorded at room temperature. Cyclic voltammograms were measured in N2-

saturated 0.1 M HClO4 with a scan rate of 20 mV s-1 from 0.04 to 1.24 V. Each sample 

underwent 30 potential cycles, and the 30th voltammograms are reported here. RDE 

experiments were conducted in O2-saturated 0.1 M HClO4 from 0.04 to 1.04 V at a scan 

rate of 5 mV s-1 and rotation rate of 1600 rpm.  

Accelerated durability testing (ADT) was performed after the completion of RDE 

measurements for the most active Pt@PdxCuy/C sample and 20 wt. % Pt/C (HiSpec 3000, 

Alfa Aesar). ADT consisted of cycling the potential from 0.04 to 1.24 V at a scan rate of 

100 mV s-1 in N2-saturated 0.1 M HClO4. After 500 cycles at 100 mV s-1, the cyclic 

voltammogram was recorded at 20 mV s-1 and then the RDE polarization curve was 

obtained in O2-saturated 0.1 M HClO4 at 5 mV s-1. Additionally, EDS was performed on 

the Pt@PdxCuy/C sample after drop-casting onto the GC electrode, after the initial RDE 

measurement, and after the ADT potential cycling.  

3.2.4 Membrane-electrode Assembly (MEA) Fabrication 

The most active electrocatalysts, determined by the RDE experiments, were also 

tested as cathode catalysts in a single PEMFC. A more detailed description of MEA 
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fabrication can be found in Section 2.4.1.  Equal amounts of water and ethanol were 

added to the catalyst powder to obtain a 1 wt. % ink. The solid ionomer (Nafion) to 

carbon weight ratio was set to be 0.54.  The metal loading was 0.5 mgmetal cm-2 for the 

cathode catalyst layer. For a comparison, a cathode catalyst layer containing 20 wt. % 

Pt/C (HiSpec 3000, Alfa Aesar) was also prepared in the same manner and with the same 

metal loading. The anode used in both MEAs consisted of 20 wt. % Pt/C with a metal 

loading of 0.5 mgmetal cm-2 and prepared by the same procedure as for the cathodes.  All 

other fabrication details can be found in Section 2.4.1.  

3.2.5 Fuel Cell Testing  

Fuel cell operation is detailed in Section 2.4.2. Humidified H2 and O2 were used in 

the anode and cathode chambers, respectively, at flow rates of 0.2 L min-1 at the anode 

and 0.5 L min-1 at the cathode. The cell temperature and humidifier were set to 80 °C.  

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis  

A general illustration for the synthesis of the core-shell nanoparticles by galvanic 

displacement is presented in Figure 3.1. The PdxCuy/C cores were synthesized with the 

polyol process. Since Cu and Pd both have high positive reduction potentials (+ 0.342 V 

and + 0.951 V, respectively) [100], the polyol process is effective in producing bimetallic 

nanoparticles [101]. Surfactants, such as polyvinylpyrrolidone (PVP), were not utilized to 

control the size and dispersion of the nanoparticles since PVP is difficult to remove and 

might, therefore, inhibit the galvanic displacement on the surface of the core. The cores 

were heat treated to clean the surface of adsorbed by-products of the polyol process, 

further alloy the bimetallic particles, and reduce any oxides. The shell was applied by 

galvanic displacement between the core and [PtCl4]2- in solution. The reduction potential 
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of [PtCl4]2- + 2 e- ! Pt + 4 Cl- is + 0.755 V [100], so the galvanic displacements of both 

Pd and Cu are thermodynamically favorable according to the reactions below:  

[PtCl4]2- + Pd ! Pt + [PdCl4]2- and [PtCl4]2- + Cu ! Pt + Cu2+ + 4 Cl-.  

However, the displacement of Cu by [PtCl4]2- is more favorable thermodynamically and 

kinetically.   

 

 

Figure 3.1. Schematic diagram illustrating the galvanic displacement of a PdxCuy core 
with [PtCl4]2- to form a Pt@PdxCuy core-shell nanoparticle. 

3.3.2 Structural and Compositional Characterizations 

3.3.2.1 X-ray Diffraction Analysis  

Figure 3.2a shows the XRD patterns of the heat-treated PdxCuy/C – 300. With the 

exception of PdCu/C, all of the compositions resulted in a single phase: a solid solution 

of Pd and Cu atoms (Pearson symbol, cF4). Interestingly, PdCu/C forms two distinct 

phases upon heat treatment: a solid solution close to that of (CuPd) (PDF # 97-010-3082) 

and a Cu-rich phase with reflections at higher 2! values. The (111) peak of the (CuPd) 

solid solution phase is broad and centered at ~ 42°, while the (111) peak of the Cu-rich 

phase is sharper and located at ~ 43°.  

 

[PtCl4]2- 

Copper 

Palladium 

Platinum 
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Figure 3.2. (a) XRD patterns of the PdxCuy/C – 300 samples with the expected positions 
for the Pd and Cu (111) peaks indicated by dashed lines, and (b) variations 
of the lattice parameters of the as-synthesized and heat treated PdxCuy/C as a 
function of the bulk alloy composition, with the expected lattice parameter 
values based on Vegard’s law, indicated by the dashed line. 

!
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The Pd-Cu phase diagram [102] predicts that PdCu/C should consist of ,-CuPd (with the 

CsCl structure, cP2) and a Cu-rich solid solution phase at equilibrium. The heat treatment 

at 300 °C for 2 h perhaps does not provide enough thermal energy to fully form the 

ordered ,-CuPd phase predicted by the equilibrium phase diagram.  Vegard’s law [103] 

can be employed to predict the lattice parameter of a solid solution alloy, 

, where  is the alloy lattice parameter,  is the constituent 

atomic concentration, and  is the constituent lattice parameter. A good agreement 

between the experimental lattice parameter values and the expected values based on 

Vegard’s law in Figure 3.2b indicates that the PdxCuy/C nanoparticles have a high degree 

of alloying. In addition, the degree of alloying increases with heat treatment. The XRD 

pattern of PdCu/C shows two distinct phases and, therefore, was not included in Figure 

3.2b. 

The XRD patterns of the samples after the displacement reaction are shown in 

Figure 3.3a, which demonstrate that the phases present in the cores are maintained 

following galvanic displacement with [PtCl4]2-, but with a shift of the reflections to lower 

2! values. The shift in 2! is consistent with the incorporation of Pt into the lattice, which 

has a larger atomic radius (1.77 Å) compared to those of Pd (1.69 Å) and Cu (1.45 Å). 

The lattice parameter values of Pt@PdxCuy/C are plotted in Figure 3.3b along with the 

value for pure Pt. The Pt@PdxCuy/C lattice parameter decreases linearly with increasing 

initial Cu concentration. Pt@PdCu5/C has the largest decrease in lattice parameter 

compared to that of Pt, by nearly 0.2 Å. Thus, Pt and the initial PdCu5/C core have a 

potential lattice mismatch of -6.5 %. Evidently, the data suggest the formation of an alloy 

to some degree during the galvanic displacement of the PdxCuy/C cores by [PtCl4]2- at 100 

°C. Low-temperature alloying of nanostructures has been previously reported [104, 105]. 

For instance, Shibata and co-workers [104] found that the room-temperature alloying of 

! 

aPd "Cu = xPdaPd + xCuaCu

! 

aPd "Cu

! 

x
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Au-Ag core-shell nanoparticles was size-dependent. Large nanoparticles maintained the 

core-shell structure while small nanoparticles exhibited more interdiffusion of Au and Ag 

across the core-shell interface.  

 

Figure 3.3. (a) XRD patterns of the Pt@PdxCuy/C samples with the expected position 
for the Pt (111) peak indicated by a dashed line, and (b) variations of lattice 
parameters of the original PdxCuy/C core as a function of the experimentally 
determined Cu content with the lattice parameter of Pt indicated by a 
horizontal dashed line. 

!



 58 

This model applied to the Pt@PdxCuy/C series would predict a Pt-rich shell surrounding a 

PdxCuy-rich core with a certain amount of interdiffusion or alloying occurring near the 

interface between the core and the shell. The increase in lattice parameter seen from 

PdxCuy/C – 300 to Pt@PdxCuy/C indeed indicates interdiffusion between the core and the 

shell. 

3.3.2.2 Transmission Electron Microscopy Analysis  

The size and distribution of the Pt@PdxCuy/C particles were characterized by 

TEM, and the images of Pt@Pd/C and Pt@PdCu5/C are shown in Figure 3.4. TEM 

images of Pt@Pd3Cu/C, Pt@PdCu/C, and Pt@PdCu3/C can be found in Appendix A 

(Figure A.1). The Pt@PdxCuy nanoparticles have a spherical morphology. The mean 

particle size of Pt@Pd/C (Figure 3.4a) is 10 nm with a large standard deviation due to a 

wide size distribution. Heat treatment of the core and the lack of surfactants to stabilize 

the nanoparticles seem to lead to the large size distribution. On the other hand, 

Pt@PdCu5/C (Figure 3.4b) has a smaller mean particle size and a narrower distribution of 

6.7 nm ± 2.4 nm. For the Pt@PdxCuy/C samples with y > 0, similar size distribution and 

mean particle size were observed as in the case of Pt@PdCu5/C. The observed differences 

in size suggest that the addition of Cu decreases particle agglomeration. Furthermore, as 

the value of y increases in Pt@PdxCuy/C, the dispersion of the nanoparticles on the 

carbon support increases.  The size distribution and dispersion could be a result of 

changing surface energy with the addition of Cu that results in less aggregation. Earlier 

studies of supported Pd nanoparticles showed that the addition of an alloying element 

such as Fe, Sn, or Ca resulted in decreased particle size and better dispersion on the 

support [106, 107].   
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Figure 3.4. TEM images of (a) Pt@Pd/C and (b) Pt@PdCu5/C. The insets show the 
particle size distributions. 
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3.3.2.3 EDS and XPS Analysis  

Bulk compositions determined by EDS and near-surface compositions determined 

by XPS are tabulated in Table 3.1 and compared to the nominal compositions based on 

the addition of the equivalent amount of Pt from K2PtCl4 to the alloy core. The nominal 

composition does not account for the loss of Cu or Pd by galvanic displacement. The bulk 

compositions of PdxCuy/C cores are comparable to the nominal values expected based on 

the stoichiometry. As expected, Pd decreases and Cu increases in Pt@PdxCuy/C with 

increasing Cu in the initial core material. The Pt content is ~ 25 atom % and similar in all 

Pt@PdxCuy/C catalysts with only a difference of 5 % between Pt@Pd/C and 

Pt@PdCu5/C. The near-surface Pt composition is approximately double the bulk content 

with 67 and 46 atom % Pt for Pt@Pd/C and Pt@PdCu5/C, respectively. Clearly, an 

enrichment of Pt on the surface can be seen from the comparison of bulk and near-surface 

compositions in Table 3.1. The Pt surface enrichment further supports the formation of 

core-shell nanoparticles. 

An estimation of the shell thickness is also provided in Table 3.1 in terms of Pt 

monolayers. The number of Pt monolayers is calculated from the mean particle size 

determined by TEM and the bulk Pt content obtained with EDS. All the samples have 

approximately 1 monolayer of Pt with the exception of Pt@Pd/C, which is closer to 2 

monolayers. The larger particle size of Pt@Pd/C leads to decreased surface area and 

hence an increase in shell thickness with the same Pt content as the other samples. The 

actual thickness of the Pt@PdxCuy/C shells may be different than these estimates because 

of the alloying between Pt and the PdxCuy-core and possible irregular coverage during 

galvanic displacement.  
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Table 3.1. Nominal and experimentally determined compositions of the Pt@PdxCuy/C samples 

Sample Initial core 
composition 

Nominal 
compositiona 

Bulk composition 
from EDS 

Near-surface 
composition from XPS 

Calculated number 
of Pt monolayers 

Pt@Pd/C Pd100 Pt27Pd73 Pt23Pd77 Pt67Pd33 1.6 

Pt@Pd3Cu/C Pd78Cu22 Pt25Pd56Cu19 Pt24Pd60Cu16 Pt62Pd35Cu3 0.9 

Pt@PdCu/C Pd54Cu46 Pt22Pd39Cu39 Pt25Pd45Cu30 Pt61Pd29Cu10 1.3 

Pt@PdCu3/C Pd28Cu72 Pt20Pd20Cu60 Pt25Pd25Cu50 Pt48Pd20Cu32 1.3 

Pt@PdCu5/C Pd24Cu76 Pt20Pd13Cu67 Pt28Pd22Cu50 Pt46Pd13Cu41 1.3 

a based on complete utilization of all precursors  
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The core-level XPS spectra of Pt 4f, Pd 3d, and Cu 2p are presented in Figure 3.5. 

In Figure 3.5a, peaks 1, 2, and 3 correspond to the Pt 4f 7/2 peaks of, respectively, Pt0 

[108], Pt2+ (PtO) [109], and Pt2+ (PtCl2) [110]. The three peaks at ~ 74.4, 75.7, and 76.9 

eV correspond to the Pt 4f 5/2 peaks of, respectively, Pt0, Pt2+ (PtO), and Pt2+ (PtCl2). 

Interestingly, PtCl2 is present on the surface of all Pt@PdxCuy/C samples even after 

rinsing with several liters of deionized water. The presence of Cl was confirmed with 

EDS as well. It is possible that PtCl2 is present due to incomplete galvanic displacement. 

Figure 3.5b shows peaks 1 and 2 corresponding to, respectively, Pd0 and Pd2+ (PdO) [111, 

112]. The core-level spectra in the region of Cu 2p are shown in Figure 3.5c. The 

predominant 2p3/2 peak is located at a binding energy of 932.2 eV (peak 1), which is 

slightly less than the binding energy for Cu0, 933 eV [113]. This shift to a lower binding 

energy is consistent with alloyed Cu. Peak 2 at ~ 934 eV is due to Cu2+ (CuO) [114]. An 

increase in the CuO peaks with increasing Cu present in the core material can also be 

observed. For low initial concentrations of Cu, the Cu signal observed is mostly Cu0 that 

is from subsurface layers and thus protected from oxidation. However, at higher initial 

concentrations of Cu, there is a noticeable fraction of Cu left on the surface, which gets 

oxidized when in contact with atmospheric O2 and thus accounts for the increased CuO 

signal at higher Cu concentrations. However, the overall concentrations of CuO in the 

supported catalysts are small and not detectable by XRD (Figure 3.3a). 
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Figure 3.5. Core-level XPS spectra of the Pt@PdxCuy/C samples: (a) Pt 4f region, (b) Pd 
3d region, and (c) Cu 2p region. For Pt 4f and Pd 3d, the circles indicate 
experimental data, while the solid and dashed lines indicate the 
deconvolution fits.  The Cu 2p region is shown without deconvolution. 

3.3.3 Electrochemical Characterization  

3.3.3.1 Cyclic Voltammetry  

The stable cyclic voltammograms of Pt@PdxCuy/C and commercial Pt/C are 

presented in Figure 3.6. The electrochemical surface area (ESA) is determined by 

integrating the anodic curve from 0.04 to 0.41 V after subtracting the double layer 

capacitance and applying a charge density of 210 !C cm-2 for the UPD of hydrogen. ESA 

values, in terms of Pt mass and total metal content, are tabulated in Table 3.2. However, 

the presence of Pd on the Pt@PdxCuy/C surface could influence the ESA values and, 

therefore, they should be considered mainly to understand the relative trend.  

!
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Figure 3.6. (a) Cyclic voltammograms of the Pt@PdxCuy/C and Pt/C samples recorded 
in N2-saturated 0.1 M HClO4 at a scan rate of 20 mV s-1 and (b) an 
enlargement of the oxide reduction region in (a). 

!
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The Pt@PdxCuy/C electrocatalysts have lower ESA values than Pt/C, in terms of total 

metal content. The lower ESA is due to the larger particle sizes, lack of hydrogen UPD 

on Cu, and possibly a lower dispersion of the Pt@PdxCuy nanoparticles compared to that 

in commercially available Pt/C.  However, the Pt mass ESA of Pt@PdxCuy/C 

electrocatalysts is equal to or greater than Pt/C, illustrating greater Pt utilization. The 

characteristic peaks of hydrogen UPD on different Pt crystal faces cannot be observed, 

but this lack of distinctive peaks is common for core-shell and monolayer-based 

electrocatalysts [59]. Pt@Pd/C has a large sharp peak at 0 V due to hydrogen absorption 

on Pd.  The hydrogen absorption peak decreases with increasing Cu content and it is no 

longer visible in Pt@PdCu3/C, indicating decreased Pd on the electrocatalyst surface. 

Charge from the hydrogen absorption peak was not used in the calculation of ESA. The 

voltammograms of Pt@PdCu/C, Pt@PdCu3/C, and Pt@PdCu5/C in Figure 3.6a show a 

minor shoulder to the oxide formation region at approximately 0.7 V, which can be 

attributed to the dissolution of Cu from the alloy. This shoulder decreases with increasing 

cycle number during CV, indicating that surface Cu is not stable under these conditions 

and is removed from the surface leaving behind a Pt-enriched surface. The positive shift 

from the standard reduction potential (+ 0.342 V) can be attributed to the oxidation of Cu 

from the alloy as opposed to pure Cu, termed dealloying; Strasser and co-workers [84] 

employed this technique to form Pt-enriched surfaces with Cu-rich alloy cores that 

exhibit high Pt mass activities towards the ORR. 

The oxide reduction peaks are highlighted in Figure 3.6b. The cathodic oxide 

reduction peaks, along with the anodic oxide formation region (> 0.65 V) in Figure 3.6a, 

show a positive shift for the Pt@PdxCuy/C series compared to that in Pt/C. Other 

researchers have attributed this positive shift in oxide formation/reduction to the delay in 

the onset of Pt-OH formation [10, 59]. Adzic and co-workers [59] noticed this positive 
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shift in Pt monolayer on Pd/C electrocatalysts and confirmed the delay in Pt-OH 

formation by X-ray absorption near-edge spectroscopy (XANES). The oxide reduction 

peak center is chosen as a readily accessible quantity to describe the positive shift of the 

Pt@PdxCuy/C series and is tabulated in Table 3.2. Positive shifts of 30 – 39 mV are seen 

for the Pt@PdxCuy/C samples. The observed shifts are counterintuitive since both Pd and 

Cu have more negative oxide formation/reduction values than Pt. Therefore, the positive 

shifts seen for the Pt@PdxCuy/C series indicate that the PdxCuy-rich core modifies the Pt-

rich shell as opposed to directly contributing to the oxidation processes. The modified Pt-

rich shell results in a weakening of the OH adsorption strength.
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Table 3.2. Electrochemical parameters for the Pt@PdxCuy/C and commercial Pt/C electrocatalysts 

Sample Oxide reduction 
peak center, Epeak,ox 

(V) 

ESA 
(m2 gmetal

-1) 
ESA 

(m2 gPt
-1) 

Half-wave 
potential, E1/2 

(V) 

Tafel slope, b 
(mV dec-1) 

ESA-specific ik
a 

(mA cm-2) 

Pt@Pd/C 0.795 26.8 75.5 0.864 -65 0.277 

Pt@Pd3Cu/C 0.794 43.5 112.0 0.868 -68 0.258 

Pt@PdCu/C 0.790 47.8 113.1 0.868 -73 0.243 

Pt@PdCu3/C 0.786 38.1 83.4 0.890 -67 0.423 

Pt@PdCu5/C 0.795 41.6 83.2 0.889 -64 0.543 

Pt/C 0.756 76.1 76.1 0.867 -67 0.168 

akinetic current calculated at 0.9 V. 
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3.3.3.2 RDE Analysis  

The catalytic activity towards the ORR was investigated by linear sweep 

voltammetry with an RDE. The RDE polarization curves for Pt@PdxCuy/C and 

commercial Pt/C are compared in Figure 3.7a. The electrocatalysts tested show a constant 

limiting current density of 6 mA cm-2 within reasonable experimental variation. There is a 

shift towards lower overpotentials in the polarization curves with increasing Cu content 

that reaches a maximum value at Pt@PdCu3/C. These shifts can be quantified directly by 

the half-wave potentials presented in Table 3.2, and a maximum shift of 23 mV compared 

to Pt/C is observed.   

The kinetic current density is calculated by the equation, , where  is 

the kinetic current density and  is the limiting current density. Tafel plots using this 

mass transfer corrected kinetic current are presented in Figure 3.7b. With the Tafel 

equation, , where is the overpotential, , and the Tafel 

slope,  [76], a single Tafel slope can be fitted reasonably well (R2 ! 0.96) in 

the region of 0.84 – 0.99 V for all electrocatalysts, and the Tafel slopes are presented in 

Table 3.2. The similar Tafel slopes suggest that the Pt@PdxCuy/C series follows the same 

reaction pathway as Pt/C. Since the exchange current  obtained from the Tafel intercept 

 is proportional to the reaction constant , the Tafel intercept is related to the reaction 

rate. Therefore, it is seen in Figure 3.7b that Pt@PdCu3/C and Pt@PdCu5/C have faster 

reaction rates than Pt/C.   

The Pt- and platinum group metal (PGM)-mass activities were calculated at 0.9 V 

with the kinetic current and are presented in Figure 3.7c. The Pt-mass activity of the 

Pt@PdxCuy/C series is greater than that of Pt/C.  Pt@PdCu5/C shows the greatest Pt-mass 
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activity, 0.45 A mgPt
-1, which is 3.5 times greater than that of Pt/C. This activity meets the 

Department of Energy’s 2015 target for fuel cell electrocatalysts [115]. From a cost 

viewpoint, the PGM-mass activity is more significant since Pd is nearly half the cost of Pt 

at the time of publication. The PGM-mass activity of Pt@PdCu5/C is still 2.5 times that 

of Pt/C. The ESA-specific activities summarized in Table 3.2 show that the mass activity 

enhancements are not attributed to surface roughening or particle size effects.  

 

 

Figure 3.7. (a) Hydrodynamic polarization curves of the Pt@PdxCuy/C and Pt/C samples 
in O2-saturated 0.1 M HClO4 at 1600 rpm and a scan rate of 5 mV s-1, (b) 
mass transfer-corrected Tafel plots, and (c) Pt- and noble-metal-mass 
activities obtained at 0.9 V. 

!
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The activity enhancement seen is due to the delay in the onset of Pt-OH 

formation, caused by the interaction between the PdxCuy-rich core and the Pt-rich shell. 

The lattice parameter values of the PdxCuy/C cores indicate that a compressive strain on 

the Pt shell could occur, weakening the OH adsorption and thereby increasing the ORR 

activity [40, 43, 116]. This is supported by the linear increase in Pt mass-specific activity 

with increasing lattice mismatch between the core and Pt as seen in Figure 3.8.  With 

Pt/C taken as having a 0 % lattice mismatch between the core and the shell, the activity 

steadily increases up to 0.45 A mg-1 for Pt@PdCu5/C with a lattice mismatch of -6.5 %. 

 

 

Figure 3.8. Variations in the Pt mass-specific activity at 0.9 V of Pt@PdxCuy/C with the 
lattice parameter of the PdxCuy/C core and the % mismatch between the 
lattice parameter of Pt and the core. PdCu/C was not included as it showed 
two distinct phases. 

!
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3.3.3.3 Accelerated Durability Testing  

Cyclic voltammograms before and after 500 potential cycles from 0.04 to 1.24 V 

are shown for Pt@PdCu5/C and Pt/C in Figure 3.9. ADT potential cycling resulted in a 30 

% loss of the ESA for Pt@PdCu5/C and 27 % for Pt/C. These losses of active sites are 

comparable.  RDE polarization curves before and after ADT are also presented in Figure 

3.9. While the half-wave potential of Pt/C shifts by -81 mV, Pt@PdCu5/C shifts only by -

65 mV.  Due to the large shifts in the half-wave potential, both electrocatalysts show 

significantly reduced kinetic current at 0.9 V.  The mass- and ESA-specific activities of 

Pt@PdCu5/C were still higher than those of Pt/C after potential cycling. EDS, carried out 

after the initial RDE polarization curve of Pt@PdCu5/C, shows only 36 % of the initial 

Cu present. This indicates that Cu dissolves during the initial potential cycling as noted in 

Section 3.3.3.1.  The rate of Cu dissolution slows following the initial RDE.  The amount 

of Cu decreased to 21 % of the initial content at the completion of ADT. No increase in 

size was observed by TEM for Pt@PdCu5/C after the durability testing (Figure A.3 of 

Appendix A). 
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Figure 3.9. Cyclic voltammograms of (a) Pt@PdCu5/C and (c) Pt/C before and after 500 
potential cycles from 0.04 to 1.24 V at a scan rate of 100 mV s-1 in N2-
saturated 0.1 M HClO4. Hydrodynamic polarization curves of (b) 
Pt@PdCu5/C and (d) Pt/C performed before and after 500 potential cycles in 
O2-saturated 0.1 M HClO4 at a scan rate of 5 mV s-1 and rotation rate of 
1600 rpm. 

3.3.3.4 PEMFC Testing  

The single PEMFC polarization curves of Pt@PdCu5/C and commercial Pt/C are 

presented in Figure 3.10a. In the activation region (< 100 mA cm-2), the polarization 

curve is governed primarily by reaction kinetics [1]. Due to rapid kinetics of the 

hydrogen oxidation reaction (HOR), the activation overpotential is mainly determined by 

the ORR.  

!
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Figure 3.10. (a) Single cell PEMFC polarization curves of the Pt@PdCu5/C and Pt/C 
samples with iR-corrected electrode potential and geometric current 
densities and (b) single cell PEMFC Tafel plots. 

!
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It can be seen in Figure 3.7a that the overpotential of Pt@PdCu5/C is less than Pt/C at a 

given current density in the activation region. Figure 3.10b shows the Tafel plots for the 

ORR by plotting the iR-corrected electrode potential against the logarithm of current 

density. The single PEMFC Tafel plots agree well with the Tafel plots obtained from 

RDE.  The Pt-mass activities calculated at 0.9 V (iR-corrected) are 0.081 and 0.038 A 

mg-1, respectively, for Pt@PdCu5/C and Pt/C. Pt@PdCu5/C has a mass activity that is 2 

times that of Pt/C.  

3.4 CONCLUSIONS 

A series of Pt@PdxCuy/C samples with PdxCuy-rich cores and Pt-rich shells have 

been synthesized by a polyol reduction method followed by heat treatment at 300 °C to 

first obtain the PdxCuy/C core and then by a galvanic displacement with [PtCl4]2- to obtain 

the Pt-rich shell. XRD analysis suggests the cores are highly alloyed and the galvanic 

displacement results in a certain degree of alloying between Pt in the shell and the 

underlying PdxCuy alloy core. TEM images show that the Pt@PdxCuy/C catalysts with y > 

0 have a mean particle size of < 8 nm. Compositional ratios obtained from EDS and XPS 

clearly show a strong enrichment of Pt near the surface of the nanoparticles. Cyclic 

voltammograms show a positive shift of as much as 39 mV for the onset of Pt-OH 

formation in the Pt@PdxCuy/C electrocatalysts compared to that in Pt/C. Hydrodynamic 

methods indicate an increase in Pt-mass activity by 3.5 times and noble-metal activity by 

2.5 times compared to that of Pt/C. These activity enhancements over Pt/C are due to the 

delay in the onset of Pt-OH formation caused by interactions between the PdxCuy-rich 

core and the Pt-rich shell. The relationship between activity and lattice parameter shown 

in Figure 3.8 illustrates this connection of the core-shell structure to ORR activity. The 

improvements in Pt- and noble-metal-mass activities compared to that of Pt/C and the 
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easily scalable synthesis method employed to obtain the Pt@PdCu5/C make this 

electrocatalyst attractive for the oxygen reduction reaction in fuel cells.  
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Chapter 4:  Effects of Pt coverage in Pt@PdCu5/C core-shell 
electrocatalysts on the oxygen reduction reaction and methanol 

tolerance 

4.1 INTRODUCTION 

Proton exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells 

(DMFCs) are ideal candidates for transportation and portable power sources due to high 

efficiencies, reduced emissions, lack of moving parts, and low operating temperatures 

[1]. However, these low-temperature fuel cells (LTFCs) must overcome several obstacles 

to achieve widespread commercialization. Particularly, LTFCs must lower the large 

overpotential associated with the use of Pt at the cathode [79], and the electrocatalyst 

needs to possess greater tolerance to methanol due to methanol crossover through the 

membrane. 

Alloying Pt has been extensively shown to increase the activity towards the 

oxygen reduction reaction (ORR) [48, 80, 82-85], while in some cases, improving the 

methanol tolerance [117-121]. Alloying Pd can also increase the ORR activity near or 

equal to that of Pt, while offering greater methanol tolerance compared to Pt. Shao [58] 

provides a review of recent advances in Pd-based ORR electrocatalysts and methanol 

tolerance. The results in Chapter 3 showed that Pt@PdxCuy/C core-shell electrocatalysts 

exhibit enhanced ORR activity compared to Pt/C [122]. However, contradictory results 

are found in the literature pertaining to the methanol tolerance of similar materials. Liu et 

al [123] used a high-throughput optical screening technique to show that PtCu exhibits 

higher activity and methanol tolerance than Pt. On the other hand, Baglio et al. [124] 

tested DMFC single cells and found that Pt3Cu/C has performance similar to that of Pt/C, 

while Pt-Cu prepared by a partial galvanic replacement of Cu deposited on a glassy 

carbon electrode [125] and Pt decorated on PdCu/C by a two-stage ethylene glycol 
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reduction [126] both showed enhanced methanol oxidation compared to Pt (indicating a 

potential decrease in methanol tolerance).  

An investigation of the effect of Pt shell coverage in carbon-supported 

Pt@PdCu5/C core-shell nanoparticles with PdCu-rich cores and Pt-rich shells on the ORR 

activity and methanol tolerance is presented in this chapter. The initial core composition 

is held constant while varying the Pt content and thus the effective Pt shell coverage. 

Additionally, the methanol tolerance of these electrocatalysts is studied with 

hydrodynamic voltammetry in the presence of methanol along with single DMFC testing. 

The structure, morphology, and composition of the carbon-supported nanoparticles are 

characterized with X-ray diffraction (XRD), transmission electron microscopy (TEM), 

energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy 

(XPS).  Electrochemical characterizations are carried out with cyclic voltammetry (CV), 

hydrodynamic voltammetry with a rotating disk electrode (RDE), CO stripping 

voltammetry, and single cell testing. 

4.2 EXPERIMENTAL METHODS 

4.2.1  Catalyst Synthesis  

The series of carbon-supported Pt@PdCu5 core-shell nanoparticles (Pt@PdCu5/C) 

was synthesized in a manner similar to that previously described in Chapter 3. A carbon-

supported PdCu5 alloy was synthesized by polyol reduction. Briefly, 385 mg of carbon 

black (Vulcan XC-72R, Cabot) was dispersed in 96 mL of ethylene glycol (EG) and 25 

mL of deionized water. The pH of the N2-saturated carbon-EG dispersion was adjusted 

by adding 40 mL of a 1 M NaOH in EG solution. Required amounts of sodium 

tetrachloropalladate (80 mg Na2PdCl4, Alfa Aesar) and copper sulfate pentahydrate (340 

mg CuSO4!5H2O, Alfa Aesar) were dissolved in 48 mL of EG each and added drop-wise 



 78 

to the carbon dispersion in order to obtain a nominal composition of 16.7 atom % Pd and 

83.3 % Cu and a Pd + Cu metal loading on carbon of 23 wt. %. The mixture was heated 

to 180 °C for 3 h. After cooling, the supported nanoparticles were filtered, washed, and 

dried. The as-synthesized sample will hereafter be referred to as PdCu5/C – AS. The 

PdCu5/C – AS sample was then heated in a tube furnace at a ramp rate of 10 °C min-1 to 

300 °C for 2 h under a flowing 10 % H2 – 90 % Ar gas. This heat-treated sample will 

hereafter be referred to as PdCu5/C – 300.   

The galvanic displacement reaction of Pd and Cu in PdCu5 by Pt to obtain the 

core-shell Pt@PdCu5/C electrocatalysts was carried out by treating the synthesized 

PdCu5/C – 300 with [PtCl4]2-. Typically, 80 mg of the PdCu5/C – 300 powder was 

dispersed in 25mL deionized water, and 25 mL of a potassium tetrachloroplatinate 

(K2PtCl4, Alfa Aesar) solution containing the required amount of K2PtCl4 was then added 

to the N2-saturated PdCu5/C suspension drop-wise; the resulting suspension was heated to 

100 °C for 2 h. The amount of K2PtCl4 was varied from 12 mg to 45 mg.  After cooling, 

the product was filtered, washed, and dried. The resulting material will hereafter be 

referred to as Pt@PdCu5/C with its actual Pt content determined by energy-dispersive X-

ray spectroscopy (EDS). For example, the sample with a composition of Pt27Pd18Cu55/C 

determined by EDS will be referred to as Pt@PdCu5/C – 27% Pt.  

4.2.2 Structural and Compositional Characterizations  

The structural characterization and phase identification were performed in the 

same manner as described both in Section 2.2 and in Chapter 3.  Particle size 

distributions were calculated from at least 100 particles using image-processing software 

(ImageJ, NIH).  
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4.2.3 Electrochemical Characterization  

Electrochemical characterization was performed in the manner detailed in Chapter 

3 and in Section 2.3. Cyclic voltammograms (CVs) were measured in N2-saturated 0.1 M 

HClO4 (diluted from Fisher Chemical Optima* perchloric acid) with a scan rate of 20 mV 

s-1 from 0.04 to 1.23 V. Each sample underwent 30 potential cycles, and the stable 

voltammograms are reported here.  

CO-stripping voltammetry was performed after the electrode was cleaned with 30 

CV cycles.  While the potential was held at 0.085 V, the electrolyte solution was purged 

with a 5 % CO – 95 % Ar gas mixture for 30 min.  After 30 min, the solution was purged 

with N2 for 30 min.  Then the potential was scanned from 0.085 to 1.23 V and then back 

to 0.04 V at 20 mV s-1.  After the CO-stripping voltammetry, another CV scan was 

conducted to ensure complete removal of CO from the solution.  Hydrodynamic 

voltammetry with a rotating disk electrode was conducted in O2-saturated 0.1 M HClO4 

from 0.04 to 1.13 V at a scan rate of 10 mV s-1 and a rotation rate of 1600 rpm. A blank 

CV recorded in N2-saturated 0.1 M HClO4 was used to subtract currents from adsorption 

processes and capacitive effects from the RDE polarization curve in a manner described 

in more detail elsewhere [78].  Methanol tolerance was tested by performing RDE under 

the same procedure as above except in O2-saturated 0.1 M HClO4 + 0.1 M CH3OH. 

4.2.4 Membrane-electrode Assembly (MEA) Fabrication  

Pt@PdCu5/C – 27% Pt was selected for testing as cathode catalyst in PEMFC and 

DMFC single cells, and MEA fabrication followed that detailed in Section 2.4.1. The 

precious metal loading was 2.06 mg cm-2 for the cathode catalyst layer. For a comparison, 

a cathode catalyst layer containing 20 wt. % Pt/C (HiSpec 3000, Johnson Matthey) was 

also prepared in the same manner and with a metal loading of 2.01 mgPt cm-2. The anode 

in both MEAs was prepared in the same manner as the cathode, but employing 60 wt. % 
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PtRu/C (HiSPEC 10000, Johnson Matthey) with a metal loading of 2.6 mg cm-2 and 

Nafion loading of 20 wt. %.  Prior to hot pressing, the Pt@PdCu5/C – 27% Pt cathode 

was treated for 21 h in 0.05 M H2SO4 to remove the exposed Cu. The compositions 

before and after the treatment were recorded with EDS.  After the acid treatment, the 

relative amount of Cu in the cathode was 30 % of the initial amount.   

4.2.5 Fuel Cell Testing  

More complete details of fuel cell conditioning and testing can be found in 

Section 2.4.2. For PEMFC testing, humidified H2 and O2 were introduced into the anode 

and cathode chambers, respectively, with a flow rate of 0.2 L min-1 at the anode and 0.5 L 

min-1 at the cathode. While for DMFC testing, a methanol solution (0.5 to 5 M CH3OH, 

Fisher Scientific ACS) was fed to the anode at a flow rate of 1.0 mL min-1. The cell 

temperature and cathode humidifier were set to 65 °C.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Structural and Compositional Characterizations 

4.3.1.1 EDS and XPS Analysis  

Figure 4.1 shows the atomic percentages of Pt in the Pt@PdCu5/C samples.  As 

can be seen, the amount of Pt determined by XPS is uniformly higher than the amount 

determined by EDS. This supports the formation of a Pt-rich shell atop a Pd-Cu-rich alloy 

core. The core-level XPS spectra of the Pt 4f, Pd 3d, and Cu 2p regions are presented in 

Appendix B (Figure B.1). The number of Pt monolayers is calculated from the mean 

particle size and EDS Pt content and using the ratio of surface atoms to total atoms given 

by Benfield [127], and is presented in Figure 4.1. This is an approximation, as aqueous 

galvanic displacement does not necessarily result in uniform Pt coverage. Pt@PdCu5/C – 
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49% Pt is the only sample with a calculated full monolayer of Pt or higher; all other 

samples have sub-monolayers of Pt. 

 

Figure 4.1. Atomic percentages of Pt in the Pt@PdCu5/C samples (left y-axis) 
determined by EDS (black circles) and XPS (red squares) along with the 
calculated number of Pt monolayers (green diamonds, right y-axis) as a 
function of atomic percentage of Pt determined by EDS.  

4.3.1.2 X-ray Diffraction Analysis  

The XRD patterns of PdCu5/C – 300 and Pt@PdCu5/C are shown in Figure 4.2.  

All but Pt@PdCu5/C – 49% Pt show diffraction peaks for CuO present as an impurity. 

Exposure to oxygen at elevated temperatures could be responsible for the formation of 

CuO. The amount of this impurity decreases with increasing Pt content. The observed 

impurity is not likely to affect the electrochemical performance as CuO dissolves in 

acidic environments [128].  Pt@PdCu5/C – 14% Pt has a lattice parameter of 3.77 Å, 

while Pt@PdCu5/C – 49% has a lattice parameter of 3.83 Å. The increased lattice 

parameter of Pt@PdCu5/C with increasing Pt content is consistent with the larger atomic 
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radius of Pt (1.77 Å) compared to those of both Pd (1.69 Å) and Cu (1.45 Å). Separate 

diffraction peaks are not observed for Pt and PdCu5 unlike as would be expected for two 

distinct phases present in a core-shell structure. However, the broad peaks due to the very 

small crystallite sizes and proximity of the diffraction peaks for Pt and Pd-Cu solid 

solutions make this observation impractical. Further evidence of core-shell formation is 

provided by comparing the lattice parameter of the Pt@PdCu5/C samples to the expected 

lattice parameter of Pt-Pd-Cu alloys calculated from Vegard’s Law. For example, the 

lattice parameter of Pt@PdCu5/C – 27% is 3.81 Å compared to 3.75 Å for a solid solution 

alloy of the same composition.  The higher lattice parameter than the calculated alloy 

value illustrates that Pt after galvanic displacement is not fully alloyed and is, therefore, 

present as a Pt-rich shell. 

 

Figure 4.2. XRD patterns of the PdCu5/C and Pt@PdCu5/C samples with the expected 
positions of the Pt and Cu (111) peaks indicated by dashed lines and CuO 
impurity indicated by *. 
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4.3.1.3 Transmission Electron Microscopy Analysis 

TEM images of two of the Pt@PdCu5/C samples can be found in Figure 4.3. All 

Pt@PdCu5/C samples have a similar mean particle size of ~ 3.9 nm. This is nearly the 

same as that of commercially available Pt/C, which has been shown to have a mean 

particle size of 3.8 nm [129].  The standard deviation of Pt@PdCu5/C – 49% Pt is larger 

than that of Pt@PdCu5/C – 27% due to a significant number of smaller nanoparticles, 

approximately 1 nm in diameter.  It is believed that these smaller nanoparticles are small 

clusters that have detached from the parent nanoparticle during the galvanic displacement 

reaction as was observed by our group recently [130].  The TEM images of the other 

Pt@PdCu5/C samples can be found in Appendix B (Figure B.3).  

 

Figure 4.3. TEM images of (a) Pt@PdCu5/C – 27% Pt and (b) Pt@PdCu5/C – 49% Pt, 
with the insets showing the particle size distributions. 

4.3.2 Electrochemical Characterization  

4.3.2.1 Cyclic Voltammetry 

The stable cyclic voltammograms of selected Pt@PdCu5/C samples and Pt/C are 

presented in Figure 4.4a.  The hydrogen adsorption region of the voltammograms from 0 
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– 0.4 V, corresponding to the electrochemically active surface area (ESA), increases with 

increasing Pt content. Since hydrogen does not adsorb on Cu, ESA should increase with 

decreasing amounts of Cu. No detectable peaks for the dissolution of Cu from the alloy 

are observed in any of the Pt@PdCu5/C electrocatalysts after 30 cycles. The first anodic 

scans in Figure 4.4b show the presence of Cu dissolution peaks for the same 

electrocatalysts.  The relatively large hydrogen adsorption region and small Cu 

dissolution peak of Pt@PdCu5/C – 49% Pt confirms the presence of a nearly complete Pt 

shell coverage, while the Cu dissolution peaks of the other two electrocatalysts show that 

incomplete or sub-monolayer Pt shells are formed during galvanic displacement.  These 

findings agree with the composition data presented in Figure 4.1. An enlargement of the 

oxide reduction peaks is shown in Figure 4.4c. The oxide reduction peak was chosen as a 

reliable and easily attainable indicator of the formation/reduction of oxide species on the 

electrocatalysts. The series of Pt@PdCu5/C electrocatalysts show a positive shift in the 

oxide reduction peak with respect to Pt/C.  This positive shift ranges from 25 to 36 mV 

with the maximum at Pt@PdCu5/C – 27% Pt. This positive shift in the oxide reduction 

peak has previously been linked to the delay in the onset of Pt-OH formation [10, 59] and 

is consistent with our previous findings with the Pt@PdxCuy/C series discussed in 

Chapter 3. 
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Figure 4.4. (a) Cyclic voltammograms of the Pt@PdCu5/C and Pt/C electrocatalysts 
recorded in N2-saturated 0.1 M HClO4 at a scan rate of 20 mV s-1, (b) the 
first anodic voltammograms, and (c) an enlargement of the oxide reduction 
region in (a). 
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4.3.2.2 RDE Analysis 

The catalytic activity towards the ORR in the absence of methanol was 

investigated by linear sweep voltammetry, and the RDE polarization curves are shown in 

Figure 4.5a. The kinetic current densities at 0.9 V normalized by Pt-mass, platinum-group 

metal (PGM)-mass, and ESA are presented in Figure 4.5b. In all three categories (Pt-

mass activity, PGM-mass activity, and specific activity), the Pt@PdCu5/C series of 

electrocatalysts is superior to Pt/C. The Pt-mass activity of 49% Pt is 0.61 A mg-1 

surpassing the DOE’s 2015 target for fuel cell electrocatalysts of 0.44 A mgPt
-1 [131].  

Since the current cost of Pd is roughly 40 % the cost of Pt, the activity normalized by 

mass of both Pt and Pd is important from a cost point-of-view.  The PGM-mass activity 

of Pt@PdCu5/C – 49% Pt (0.51 A mgPGM
-1) even surpasses the DOE’s Pt-mass activity 

target.  Additionally, Pt@PdCu5/C – 19% Pt meets the specific activity target of 720 "A 

cm-2 set by the DOE (728 "A cm-2). The similar particle sizes of all the Pt@PdCu5/C 

electrocatalysts and Pt/C exclude particle size effects. The RDE results of the 

Pt@PdCu5/C series agree with the previously tested Pt@PdxCuy/C series (Chapter 3).  

Therefore, it is concluded that the observed activity enhancements over Pt/C are a result 

of the delay in the onset of Pt-OH formation seen in Figure 4.4c, caused by the 

synergistic interaction between the core and shell. 
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Figure 4.5. (a) Hydrodynamic polarization curves of the Pt@PdCu5/C and Pt/C in O2-
saturated 0.1 M HClO4 at 1600 rpm and 10 mV s-1 scan rate, (b) Pt-, PGM-
mass, and specific activities obtained at 0.9 V, and (c) polarization curves in 
O2-saturated 0.1 M HClO4 + 0.1 M CH3OH. 
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4.3.2.3 CO-Stripping Voltammetry 

CO is a key intermediate in the methanol oxidation reaction (MOR) [3] and, 

consequently, to the methanol tolerance of ORR electrocatalysts. If Pt is used for the 

DMFC anode, high potentials or a second oxophilic metal that supplies oxygen-

containing species to the adsorbed CO, are required to oxidize CO to CO2 [3].  Since the 

cathode is operated at a higher potential than the anode, the kinetics of CO oxidation on 

pure Pt are faster resulting in a mixed current (iORR + iMOR) in the presence of methanol. 

Two proposed methods for reducing the MOR activity of cathode catalysts are to (i) 

reduce methanol adsorption through the ensemble effect (dilution of active material with 

inactive one) and (ii) reduce CO oxidation by increasing the strength of CO and OH 

adsorption [65].  Therefore, CO-stripping voltammetry can provide useful information 

pertaining to the methanol tolerance of electrocatalysts.  

The CO oxidation on the Pt@PdCu5/C electrocatalysts was studied, and the CO-

stripping voltammograms are presented in Figure 4.6.  The dashed line represents the CO 

oxidation peak potential for Pt/C shown in Figure 4.6a, and this value is consistent with 

the literature [132].  The peak potential is shifted 12 mV more positive for Pt@PdCu5/C – 

14% Pt compared to Pt/C, while the values are more negative for all other Pt@PdCu5/C 

electrocatalysts.  The negative shift for samples with greater than 14 % Pt indicates a 

weakening of the CO adsorption strength consistent with the previous finding that this 

core-shell structure weakens the OH adsorption strength. As a result, the interaction 

between the core and the Pt-rich shell leads to a weakening of the Pt-CO adsorption 

strength. The positive shift of Pt@PdCu5/C – 14% Pt appears to be an anomaly amongst 

the Pt@PdCu5/C samples. The estimated Pt shell coverage and first cycle 

voltammograms point to this sample having an incomplete Pt shell, and as a result Pd is 

present on the catalyst surface.  
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Figure 4.6. CO-stripping voltammograms of (a) Pt/C, (b) Pt@PdCu5/C – 14% Pt, (c) 
Pt@PdCu5/C – 27% Pt, and (d) Pt@PdCu5/C – 49% Pt electrocatalysts for 
CO adsorbed at 85 mV with subsequent cyclic voltammograms in N2-
saturated 0.1 M HClO4 at a scan rate of 20 mV s-1. The dashed line indicates 
the peak position for Pt/C. 

The presence of Pd on the surface is supported by the observed positive shift as the CO-

stripping peak potential of Pd/C (shown in Figure B.4 of Appendix B) is ~ 130 mV more 

positive than that of Pt/C. It is also known that the CO adsorption strength is greater on 

Pd than that on Pt [133].  The positive CO-stripping shift of Pt@PdCu5/C – 14% Pt points 

to an increased CO adsorption strength on the mixed Pt-Pd surface compared to Pt/C. 
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Interestingly, Pt@PdCu5/C – 49% Pt shows a second CO oxidation peak at 0.711 

V (peak “i”), 64 mV more negative than the predominate peak (peak “ii”). Other groups 

have shown the existence of two peaks for Pt nanoparticles [134-138].  Several theories 

have been introduced to explain the presence of two CO oxidation peaks including 

different particle sizes [132, 134, 139], particle agglomeration [135, 136], and oxidation 

at different crystallographic planes [138].  It is impossible to exclude the effect of 

crystallographic planes on CO oxidation peaks without more detailed TEM analysis. 

Based on the similar particle dispersions observed in Figure 4.3, agglomeration can be 

ruled out as a possible cause for the second peak. However, the TEM image of 

Pt@PdCu5/C – 49% Pt in Figure 4.3b does show a significant number of smaller 

nanoparticles (~ 1 nm) that the other Pt@PdCu5/C samples do not. It is reasonable to 

conclude that the bimodal nature of the Pt@PdCu5/C – 49% Pt size distribution is 

responsible for the two CO oxidation peaks seen in Figure 4.6d. The proximity of the 

potential of peak “ii” (Figure 4.6d) to the singular peak for Pt@PdCu5/C – 27% Pt in 

Figure 4.6c suggests peak “ii” corresponds to the oxidation on the 3.8 nm set of 

nanoparticles.  Therefore, peak “i” corresponds to the CO oxidation on the set of ~ 1 nm 

nanoparticles.  This is in agreement with Arenz et al. [139] who found that the CO 

stripping peak for 5 nm Pt nanoparticles is slightly higher than the peak for 1 and 2 nm 

nanoparticles. This is contrary to the findings of the Stimming group [140] that found a 

“positive shift of the CO stripping peak with decreasing particle size” for Pt loaded on a 

GC electrode. However, along with the positive shift with decreasing particle size, they 

found that when the particle size decreases, the oxide reduction peak shifts more 

negative. So as the oxide reduction peak becomes more negative, the CO stripping peak 

becomes more positive. This trend is observed in the comparison of Pt/C and 

Pt@PdCu5/C electrocatalysts with the exception of Pt@PdCu5/C – 14% Pt, which shows 
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the presence of Pd on the catalyst surface.  The oxide reduction peak increases from 

0.760 for Pt/C to 0.786 V for Pt@PdCu5/C – 49% Pt, while the CO stripping peak 

decreases from 0.805 V for Pt/C to 0.775 V for peak “ii” and 0.711 V for peak “i” of 

Pt@PdCu5/C – 49% Pt. 

4.3.2.4 Methanol Tolerance 

Linear sweep voltammetry in the presence of 0.1 M methanol was conducted to 

evaluate the methanol tolerant ORR behavior of the electrocatalysts.  The hydrodynamic 

polarization curves in the presence of methanol are presented in Figure 4.5c. The large 

positive peaks near 0.8 V are a result of methanol oxidation countering the negative 

oxygen reduction current. The peak increases in magnitude with increasing Pt content, 

while the half-wave potential shifts more negative. With increasing Pt content, the 

methanol tolerance decreases as observed by the increasing peak height related to 

methanol oxidation and the negative half-wave shift in Figure 4.5c. For samples with 

greater than 14% Pt, the CO stripping results suggest a weakened CO adsorption strength. 

As a result, the MOR activity is enhanced by the fast removal of CO from the active sites. 

Therefore, the negative shift in CO-stripping peak potential matches with the observed 

decrease in methanol tolerance for Pt@PdCu5/C samples with greater than 14% Pt. 

Conversely, the increased CO adsorption strength seen in Figure 4.6b for Pt@PdCu5/C – 

14% Pt suggests sluggish removal of CO resulting in increased methanol tolerance. 

Additionally, the presence of surface Pd could lead to an ensemble effect, whereby the 

MOR inactive Pd dilutes the MOR active Pt. Since MOR requires several adjacent active 

sites while ORR only requires two [65], MOR activity decreases and ORR activity is 

largely unaffected. The methanol tolerance results predict that in the presence of 

methanol that has crossed over from the anode, Pt@PdCu5/C – 14% Pt will have the best 
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DMFC performance, better than Pt/C. Methanol tolerance and CO-stripping data suggest 

a way to further improve the current core-shell structure for higher methanol tolerance by 

displacement with Pt and a second MOR inactive metal, such as Pd or Au, thus taking 

greater advantage of the ensemble effect. 

4.3.3 Single Cell Testing 

4.3.3.1 DMFC Testing  

Initially, Pt@PdCu5/C – 14% Pt was chosen as the cathode for DMFC testing 

based on the CO-stripping and methanol tolerance findings. However, while conditioning 

the single cell at constant current in 1 M CH3OH the potential rapidly decreased. The 

same MEA was then tested under PEMFC conditions and a stable polarization could be 

obtained but with much higher ohmic and mass transport overpotentials than the Pt/C 

MEA. The PEMFC polarization curve of Pt@PdCu5/C – 14% Pt is presented in Figure 

4.7.  Metallic Cu could be seen on the anode side of the Nafion membrane after removing 

the MEA from the single cell fixture.  To further investigate the distribution of Cu, an 

SEM-EDS line scan was conducted on the cross section of the MEA after the conclusion 

of testing. The line scan results show that Cu was present in both the Nafion membrane 

and on the anode side of the MEA (Figure 4.8). This suggests that the exposed Cu in the 

Pt@PdCu5/C – 14% Pt electrocatalyst is oxidized on the cathode then diffuses through 

the membrane where H+ is exchanged for Cu2+ on the sulfonic acid groups or continues 

onto the anode layer and is reduced to metallic Cu.  
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Figure 4.7. PEMFC polarization curves for MEAs containing Pt@PdCu5/C – 14% Pt 
(noble-metal loading of 1.96 mg cm-2) and Pt/C (Pt metal loading of 2.01 mg 
cm-2) at the cathode. The inset shows an enlargement of the highlighted 
kinetic region of the curve. 

 

Figure 4.8. (a) SEM image of a cross-section of the Pt@PdCu5/C – 14% Pt MEA after 
single cell testing, (b) line scan of the F K#1 spectra over the cross-section 
in (a), and (c) line scan of the Cu K#1 spectra over the cross-section in (a).  
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It is, therefore, reasonable to conclude that the presence of Cu in the membrane and 

anode layer has an adverse effect on DMFC and PEMFC performances. Previous work 

by Okada et al [141, 142] has shown detrimental effects of Cu2+ on Nafion membranes, 

such as decreased ionic conductivity, water permeability, and water content. This is 

consistent with our single cell findings (additional impedance plots shown in Figure B.5 

of Appendix B). A recent study by Yu et al [143] has shown that during PEMFC testing 

Cu from dealloyed PtCu3 will plate on the anode, increasing the overpotential for the 

hydrogen oxidation reaction. However, to the best of author’s knowledge, the literature 

does not show the effects of Cu2+ or similar transition metal ions dissolved from the 

catalyst layer on the membrane during single cell operation. This is an important finding 

for identifying and overcoming potential obstacles to using transition metal-containing 

catalysts that can adversely affect MEA performance. Pt@PdCu5/C – 27% Pt was, 

therefore, chosen to mitigate the effect of Cu on the MEA. Pt@PdCu5/C – 27% Pt is seen 

as having the best combination of ORR activity, methanol tolerance, and Cu 

concentration. Also, the prepared Pt@PdCu5/C – 27% Pt cathode layer was acid treated 

to further reduce the Cu content as explained in the Experimental Methods section. The 

effect of cathode layer acid-treatment in 0.05 M H2SO4 on DMFC performance is shown 

in Figure 4.9. 
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Figure 4.9. DMFC polarization curves for MEAs containing Pt@PdCu5/C – 27% Pt 
(noble-metal loading of 2.06 mg cm-2) before and after acid treatment (in 
0.05 M H2SO4 for 21 h to remove exposed Cu) and with a methanol 
concentration of 1 M at the anode. 

The DMFC polarization curve of Pt@PdCu5/C – 27% Pt after acid-treatment is 

shown in Figure 4.10a. The polarization curve of acid-treated Pt@PdCu5/C – 27% Pt 

looks very similar to Pt/C at a methanol concentration of 0.5 M. When the methanol 

concentration at the anode is increased, the current density at 0.4 V continuously 

decreases for Pt@PdCu5/C while the current density of Pt/C increases up to a maximum 

value at a concentration of 1 M and then decreases in a manner similar to that of 

Pt@PdCu5/C (Figure 4.10b). The difference in performance is most likely a result of Cu 

in the membrane and at the anode because the methanol tolerance by linear sweep 

voltammetry (Figure 4.5c) showed similar results for Pt@PdCu5/C – 27% Pt and Pt/C. 

Even though the cathode underwent acid washing, Cu was still present but to a lesser 
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extent. It is also possible that acid washing of the cathode could cause loose particle 

contact. Further work would need to be conducted to find a better pre-treatment to 

effectively remove Cu from this electrocatalyst. 

 

Figure 4.10. (a) Single cell DMFC polarization curves for MEAs containing acid-treated 
Pt@PdCu5/C – 27% Pt (noble-metal loading of 2.06 mg cm-2) or Pt/C (Pt 
metal loading of 2.01 mg cm-2) at the cathode and with a methanol 
concentration of 0.5 M at the anode and (b) the current density at 0.4 V as a 
function of methanol concentration. 

4.3.3.2 PEMFC Testing  

Upon completion of DMFC testing, the Pt@PdCu5/C – 27% Pt acid-treated MEA 

and Pt/C MEA were tested under PEMFC conditions. The PEMFC polarization and 

power density curves for Pt@PdCu5/C – 27% Pt and Pt/C are shown in Figure 4.11. 

Pt@PdCu5/C – 27% Pt shows better performance than Pt/C up to 500 mA cm-2. At 0.9 V, 

well within the kinetic region, Pt@PdCu5/C – 27% Pt offers a 4 times and 2.8 times 

advantage over Pt/C in terms of Pt-mass activity and PGM-mass activity, respectively. At 

current densities larger than 500 mA cm-2, the voltage of Pt@PdCu5/C – 27% Pt 

decreases more rapidly. This rapid decrease is likely attributed to the adverse effect of Cu 

in the membrane and anode, increasing the ohmic and mass transport overpotentials. 
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However, this effect is not as pronounced as it is for Pt@PdCu5/C – 14% Pt without any 

pre-treatment, shown in Figure 4.7. The maximum power density of Pt@PdCu5/C – 27% 

Pt is 276 mW cm-2, which is 1.2 times greater than that of Pt/C. The location of the 

maximum power density is shifted to a lower current density because of the adverse mass 

transport effect of the residual Cu. It is, therefore, reasonable to suggest that the 

maximum power density of Pt@PdCu5/C – 27% Pt would be even greater if Cu was not 

present in the membrane and anode layer. 

 

Figure 4.11. Single cell PEMFC polarization (left y-axis) and power density (right y-
axis) curves for MEAs containing Pt@PdCu5/C – 27% Pt acid-treated 
(noble-metal loading of 2.06 mg cm-2) or Pt/C (Pt metal loading of 2.01 mg 
cm-2) at the cathode. 

4.4 CONCLUSIONS 

A series of Pt@PdCu5/C core-shell electrocatalysts with Pt contents from 14 to 49 

atom % has been synthesized and the physical characteristics have been related to 
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electrochemical performances. As the Pt coverage increases, the methanol tolerance of 

the electrocatalyst decreases while the ORR activity in the absence of methanol remains 

higher than that of Pt/C. These trends were correlated, respectively, to the negative 

potential shift of CO-stripping voltammetry and positive potential shift of oxide 

reduction. For instance, the Pt-mass activity of Pt@PdCu5/C – 49% Pt measured by RDE 

is 0.61 A mg-1, surpassing the DOE’s 2015 target for fuel cell electrocatalysts of 0.44 A 

mgPt
-1; even the PGM-mass activity (0.51 A mgPGM

-1) surpasses the DOE target. However, 

these electrocatalysts undergo dissolution of Cu, which adversely affects the MEA, 

particularly the membrane. Single cell performance is negatively affected in the high 

current density region for both DMFC and PEMFC, where the membrane conductivity is 

known to decrease due to Cu2+ ion contamination. This issue is important for a thorough 

understanding of the use of transition metal-rich catalysts in LTFCs and it can be 

mitigated by acid washing of the cathode to remove unstable Cu. The DMFC 

performance of acid-washed Pt@PdCu5/C – 27% Pt is comparable to Pt/C when operated 

at 0.5 M methanol, but less than that of Pt/C at higher concentrations.  The decreased 

DMFC performance at concentrations greater than 0.5 M is believed to be due to 

contamination by residual Cu.  
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Chapter 5:  Spray-assisted impregnation synthesis of carbon-supported 
Pd-W electrocatalysts for oxygen reduction reaction in fuel cells 

5.1  INTRODUCTION 

Low-temperature fuel cells (LTFCs) are a class of fuel cells that operated at 

temperatures < 100 °C and include proton exchange membrane fuel cells (PEMFCs) and 

direct methanol fuel cells (DMFCs). LTFCs are of particular interest for portable and 

transportation applications because they offer high power densities, fast starting 

capability, and low operating conditions [1]. However, certain obstacles limit the 

widespread commercialization of these fuel cells. LTFCs must overcome the large 

cathode activation loss associated with the use of the state-of-the-art platinum (Pt) 

electrocatalysts [10], and for DMFCs, the cathode electrocatalyst must possess excellent 

tolerance to methanol due to methanol crossover through the membrane [58]. 

Theoretical and combinational screening studies have predicted high oxygen 

reduction reaction (ORR) activity for alloys of Pt [144] and palladium (Pd) [145, 146] 

with tungsten (W).  He and Chen’s research groups [147-149] have experimentally 

shown that Pt-W alloy electrocatalysts show improved ORR activity compared to that of 

Pt. He et al. [147, 148] demonstrated that a Pt39W61/C electrocatalyst displayed a 3.4-fold 

increase in ORR activity compared to a benchmark Pt/C, while Chen et al. [149] showed 

that a PtW2/C electrocatalysts showed a 4 times increase in ORR activity and enhanced 

stability compared to Pt/C. Our group was the first to confirm the theoretical predictions 

of Goddard [145] by demonstrating that a carbon-supported Pd95W5 alloy, synthesized by 

a thermal decomposition route, is an effective electrocatalysts with activities comparable 

to Pt/C along with improved methanol tolerance [95]. Bard’s group [146] has also shown 

improved activity for carbon-supported Pd0.7W0.3 prepared by a borohydride reduction 

method comparable to the activity of Pd0.8Co0.2/C.  However, controlling particle size and 
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dispersion on the carbon support along with the formation of a second phase (body-

centered cubic W) have limited the performance of these carbon-supported 

electrocatalysts for uses in PEMFCs and DMFCs. 

Spray drying has long been used in industry to prepare a variety of catalysts 

because it offers a continuous, easy to use process that can prepare consistently uniform 

particles [150-153].  Improvements to conventional spray drying have included drying 

the solvent on inert particles and by contact-sorption drying with the aid of a solid 

sorbent material [154]. Herein, the synthesis of carbon-supported Pd-W alloys by a novel 

spray-assisted impregnation method and the evaluation of these electrocatalysts for the 

oxygen reduction reaction in DMFCs and PEMFCs are presented. The structure, 

morphology, and composition of the carbon-supported nanoparticles are characterized 

with X-ray diffraction (XRD), transmission electron microscopy (TEM), energy 

dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS).  

Electrochemical characterization, such as ORR activity and stability, was carried out with 

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and single 

DMFC and PEMFC testing. 

5.2 EXPERIMENTAL METHODS 

5.2.1 Catalyst Synthesis   

Synthesis of Pd-W/C by spray-assisted impregnation. Carbon-supported Pd-W 

alloys were prepared using a modified spray drying technique followed by thermal 

treatment.  In the typical synthesis of Pd-W/C, 220 mg of tungsten hexacarbonyl 

(W(CO)6, Alfa Aesar) and 422 mg palladium acetate (Pd(OAc)2, Alfa Aaser), resulting in 

a nominal composition of Pd3W, were dissolved in 40 mL of tetrahydrofuran (THF) by 

magnetic stirring followed by the addition of 300 mg XC-72R carbon black (Cabot 
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Corp), resulting in a final metal loading of 51 wt. % and Pd loading of 33 wt. %.  A 

custom setup detailed in Figure 5.1c was used to spray the mixture through an airbrush 

(Badger 200NH) and evaporate the solvent on contact with the funnel walls.  Once dry, 

the powder was collected and ground with a mortar and pestle. The Pd(OAc)2 and 

W(CO)6 impregnated carbon then underwent a two-step heat-treatment to reduce 

Pd(OAc)2 and decompose W(CO)6 in a tube furnace.  After purging with a 10 % H2 / 90 

% Ar gas mixture for at least 20 minutes, the first step involved raising the temperature of 

the furnace to 120 °C for 2 h at a ramp rate of 10 °C min-1.  The second step then 

involved raising the temperature to 700 °C for 2 h at a ramp rate of 25 °C min-1, after 

which the tube was cooled to room temperature and then purged with N2 for at least 20 

min before removal.  The resulting carbon-supported electrocatalyst preferentially lost 

some W.  EDS showed the composition to be Pd88W12, and therefore this material will be 

referred to as Pd88W12/C-SI.   

Synthesis of Pd-W/C by conventional impregnation. Carbon-supported Pd-W 

alloy electrocatalysts were synthesized by a conventional impregnation method for 

comparative purposes. For the synthesis of Pd88W12/C, 61 mg of tungsten hexacarbonyl 

(W(CO)6, Alfa Aesar) and 281 mg palladium acetate (Pd(OAc)2, Alfa Aaser) were 

dissolved in 25 mL of tetrahydrofuran (THF) by magnetic stirring followed by the 

addition of 200 mg XC-72R carbon black (Cabot Corp), resulting in a final metal loading 

of 45 wt. % and Pd loading of 36.5 wt. %.  After sonication in an ultrasonic bath 

(Branson) for 30 min, the THF was evaporated on a hot plate (with continuous stirring) 

until a thick slurry was formed.  The slurry was dried in a vacuum oven and then ground 

with a mortar and pestle.  The Pd(OAc)2 and W(CO)6 impregnated carbon then 

underwent the same two-step heat-treatment as Pd88W12/C-SI.  The conventionally 

synthesized carbon-supported electrocatalyst is referred to as Pd88W12/C-CI hereafter. 



 102 

Synthesis of Pt/C by polyol reduction. A 40 wt. Pt/C electrocatalyst was prepared 

by polyol reduction for comparative purposes.  The support, 210 mg of XC-72R carbon 

black, was dispersed in 32 mL of ethylene glycol (EG, Fisher Sci.) by vigorous stirring 

and sonication.  Then a solution of K2PtCl4 (301 mg in 16 mL EG, Alfa Aesar) was added 

to the carbon dispersion drop-wise.  The precursor-carbon mixture was then heated to 140 

°C under N2 atmosphere for 2 h.  After cooling to room temperature, the Pt/C was 

filtered, washed with deionized water (18 M$ cm, Millipore), and dried in a vacuum 

oven at 60 °C.  The carbon-supported Pt synthesized by polyol reduction is simply 

referred to as Pt/C hereafter. 

Synthesis of Pd/C by polyol reduction. A 40 wt. Pd/C electrocatalyst was also 

prepared by polyol reduction for comparative purposes.  The support, 150 mg of XC-72R 

carbon black, was dispersed in 60 mL of EG by stirring and sonication.  Then a solution 

of 278 mg sodium tetrachloropalladate (Na2PdCl4, Alfa Aesar) in 30 mL of EG was 

added to the carbon dispersion drop-wise.  After purging the mixture with N2 for at least 

20 min, 2 mL of a 1 M sodium hydroxide in EG solution was added drop-wise.  Then the 

mixture was heated to 140 °C for 2 h.  After cooling to room temperature, the Pd/C was 

filtered, washed, and dried in a vacuum oven at 60 °C.  The ground catalyst powder was 

heat treated in flowing 10 % H2 at 120 °C for 2 h.  The carbon-supported Pd synthesized 

by polyol reduction is simply referred to as Pd/C hereafter. 

5.2.2 Structural and Compositional Characterizations  

The structural characterization and phase identification were performed as 

described in Section 2.2.2 in steps of 0.03° with a dwell time of 20 s.  The lattice 

parameter values were calculated from the (220) peak of the face-centered cubic (fcc) 

nanoparticles.  Bulk metal compositions were determined by energy dispersive X-ray 
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spectroscopy (EDS) within a scanning electron microscope (SEM) was outlined in 

Section 2.2.1. Transmission electron microscopy (TEM) was employed to evaluate 

particle size, distribution, and morphology (detailed in Section 2.2.4). Particle size 

distributions were calculated from at least 500 particles using image-processing software 

(ImageJ, NIH). Chemical states and near-surface compositions were determined by X-ray 

photoelectron spectroscopy (XPS) as described in Section 2.2.5. All reported binding 

energy values are calibrated to the graphitic C 1s peak with a value of 284.5 eV.  UV-Vis 

spectroscopy was performed on a Cary 5000 UV-Vis-NIR spectrophotometer (Varian) 

using a quartz cuvette (Precision Cell Inc.). 

5.2.3. Membrane-electrode Assembly (MEA) Fabrication  

Fabrication of the Pd88W12/C-SI MEA was done in the manner described 

previously (Chapter 5 and Section 2.4.1).  The precious metal loadings of the cathode 

catalyst layers are given in Table 5.1.  For comparison, cathode catalyst layers containing 

Pd88W12/C-CI, 40 wt. % Pt/C, and 40 wt% Pd/C were also prepared in the same manner. 

The anode in all MEAs was prepared in the same manner as the cathode, but employing 

60 wt. % PtRu/C (HiSPEC 10000, Johnson Matthey) with a metal loading of 2.6 mg cm-2 

and Nafion loading of 20 wt. %.  

5.2.4 Fuel Cell Testing.  

Fuel cell testing has been described in more detail elsewhere (Section 2.4.2).  For 

PEMFC testing, humidified H2 and O2 were used in the anode and cathode chambers, 

respectively, with a flow rate of 0.2 L min-1 at the anode and 0.2 L min-1 at the cathode. 

While for DMFC testing, a methanol solution (1 or 2 M CH3OH, ACS Fisher Sci.) was 

fed to the anode at a flow rate of 1.0 mL min-1. The cell temperature and cathode 

humidifier were set to 65 °C.  PEMFC testing was conducted on the MEA after DMFC 
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testing, and the MEAs were re-tested under DMFC conditions to confirm no performance 

degradation upon the completion of PEMFC measurements.   

  Electrochemical impedance spectroscopy (EIS) was performed following the 

acquisition of polarization curves.  EIS was carried out on a potentiostat (Autolab 

PGSTAT302N, Eco Chemie B.V.) over a range of frequencies (100,000 to 0.1 Hz) with a 

sinusoidal amplitude of 0.01 V using Nova software (version 1.7.8, Metrohm Autolab 

B.V.).  Cyclic voltammetry (CV) of the MEAs was performed to determine 

electrochemically active surface area (ESA) and to further characterize the cathode 

electrocatalysts.  The cell was first purged of methanol and O2 by flowing H2 to the anode 

and N2 to the cathode.  After methanol and O2 were fully replaced, N2 flow to the cathode 

was stopped and the chamber was sealed from air while H2 flow continued on the anode 

at a flow rate of 0.2 mL min-1.  For CV, all potentials are reported with respect to the 

anode or the dynamic hydrogen electrode (DHE).  CV was carried out between 0.05 V 

and 1.2 V at a scan rate of 0.02 V s-1 on a potentiostat using Nova software until the 

signal stabilized.  

5.3 RESULTS AND DISCUSSION 

5.3.1 Synthesis 

Conventional impregnation methods allows for limited control over nanoparticle 

size and dispersion on the support and non-uniformity of the components [155].  This is 

especially true for the higher metal loadings necessary for DMFCs.  As can be seen in 

Figure 5.1a, the components do not evenly distribute on the support when dried by a 

conventional impregnation method.  The rust color comes from Pd(OAc)2 while the black 

is from the carbon support.  Since the Pd(OAc)2 and W(CO)6 do not strongly adsorb on 

the carbon support, the effects of drying become critical in controlling the distribution of 
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the precursors [156].  Using conventional impregnation, uniform drying of these Pd-W 

catalysts cannot be easily and reproducibly controlled.  A spray-assisted impregnation 

technique was developed to alleviate these problems associated with conventional 

impregnation and a schematic of the experimental set-up can be found in Figure 5.1c.  

The impregnation mixture (i) is prepared in the same manner as for the conventional 

method, but is then placed in an ultrasonic bath (ii).  The mixture is drawn through Nylon 

tubing (iii) into an airbrush (v) before being sprayed through a nozzle into a heated 

Büchner funnel (vi) where the mixture dries quickly on contact with the glass walls.   

 

Figure 5.1. Photographs of (a) Pd88W12/C-CI and (b) Pd88W12/C-SI powders before 
grinding and heat treatment.  (c) Schematic diagram of the spraying 
apparatus for synthesizing spray-assisted Pd-W/C electrocatalysts. 

The fritted glass serves as a barrier to the powder, but allows air to permeate.  A 

photograph of the resultant powder can be found in Figure 5.1b showing that the spray-
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assisted method results in uniform drying of the metal precursors on the carbon support 

(no rust or white colors from the metal precursors observed).   

Variations of the spray setup shown in Figure 5.1c were tested to remedy the 

preferential loss of W; however the atomic percentage of W did not increase in the final 

electrocatalysts.  For example, changes in the air pressure used to spray the liquid and use 

of vacuum to increase airflow within the funnel did not significantly affect W content in 

the final powder.  UV-vis spectroscopy showed no changes to the concentrations of 

W(CO)6 and Pd(OAc)2 solutions after stirring with carbon black for more than 2 h.  The 

W peak for a 0.2 mM W(CO)6 solution measured at 290 nm and the Pd peak for a 1 mM 

Pd(OAc)2 solution measured at 402 nm did not change in intensity after exposure to 

carbon (data not presented).  This indicates that differences in metal precursor adsorption 

on carbon are not responsible for the loss of W.  A similar metal carbonyl, Mo(CO)6, is 

said to diffuse through plastic stoppers [157].   

 

Figure 5.2. UV-vis spectra of 0.25 mM W(CO)6 in THF before and after exposure to 
Nylon tubing for 18 h. 
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The concentration of a W(CO)6 solution was recorded before and after exposure to Nylon 

tubing (used in the spray setup) with UV-vis.  No change in concentration is observed in 

the UV-vis spectra shown in Figure 5.2.  As a result, the Nylon tubing is not responsible 

for the loss of W during spraying.  Currently, the reason for the loss of W is unknown, 

but possible explanations may include the solubility differences between the two metal 

precursors, the volatility of W(CO)6, or design issues with the spray setup.  

5.3.2 Structural and Compositional Characterizations 

5.3.2.1 EDS and XPS Analysis 

The bulk metal compositions of the electrocatalysts determined by SEM-EDS can 

be found in Table 5.1.  As discussed in the previous section, the composition of the spray 

sample was deficient in W.  The expected atomic percentage of W is 25 %, while the 

actual value is 11.3 %.  On the other hand, the conventional impregnation sample has 

very little difference between the expected and actual compositions.  The near-surface 

composition of both Pd88W12/C samples determined by XPS is richer in W than the bulk 

composition.  Both Pd88W12/C-CI and Pd88W12/C-SI have a near-surface composition of ~ 

24 % W indicating a surface enrichment for the electrocatalysts compared to the bulk 

composition of ~ 12 % as determined by EDS.   
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Table 5.1. Compositional, structural, and physical properties of the electrocatalysts 

Sample Bulk composition* 
(atom %) 

Near-surface 
composition# 

(atom %) 

Lattice 
parameter^ 

(Å) 

PGM metal loading 
of MEA 

(mg cm-2) 

TEM particle 
size 

(nm) 
Pt/C ---------------------- ------------------------- 3.9168 ± 0.0002 2.67 8.1 ± 3.8 

Pd/C ---------------------- ------------------------- 3.8871 ± 0.0002 2.51 7.3 ± 2.9 

Pd88W12/C-CI Pd88.5W11.5 Pd76.1W23.9 3.8877 ± 0.0002 2.52 11.5 ± 14.0  

Pd88W12/C-SI Pd88.7W11.3 Pd76.2W23.8 3.8843 ± 0.0002 2.54 9.5 ± 3.9 

*determined by SEM-EDS 
#determined by XPS 
^calculated from the (220) XRD peak 
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This is contrary to previous studies that have predicted Pd segregation to the surface.   

Theoretical studies have predicted Pd surface enrichment in Pd-W alloys [145, 158].  

Additionally when Pd is deposited on W(111) single crystals and annealed, Pd stays on 

the surface [159].  While, the carbon-supported Pd-W alloys synthesized by thermal 

decomposition in our group previously showed no surface segregation by comparing the 

EDS and XPS compositions [95]. The surface enrichment of W on Pd88W12/C samples 

may be due to the synthesis method in which Pd reduces from Pd(OAc)2 at low 

temperatures (120 °C) then W(CO)6 decomposition and alloying occurs at higher 

temperatures (700 °C) in a similar manner as Pt-W alloys form from H2PtCl6 and W(CO)6 

[149].  It is, therefore, possible that W(CO)6 decomposes on the surface of the Pd 

nanoparticles and does not fully diffuse into the core of the nanoparticle.  

The XPS results show that W is alloyed with Pd as seen in Figure 5.3.  Positive 

shifts are observed in the Pd0 3d peaks (Figure 5.3a) of Pd88W12/C, +0.3 eV for 

Pd88W12/C-CI and +0.5 eV for Pd88W12/C-SI.  This indicates alloying of Pd, which is 

consistent with our group’s previous report of Pd-W alloys [95], and the degree of 

alloying increases from conventional to spray-assisted synthesis.  The same positive 

shifts are observed in the W 4f region (Figure 5.3b) with shifts of +0.3 eV for Pd88W12/C-

CI and +0.5 eV for Pd88W12/C-SI with respect to metallic W [160].  Along with the 

positive shifts in binding energy, a decrease in the fraction of PdO is also observed for 

Pd88W12/C samples.  The percentage of PdO is 67 % in Pd/C and it decreases to 32 % in 

Pd88W12/C-CI and 29 % in Pd88W12/C-SI, which is consistent with our group’s previous 

work [95].  A majority of W present in Pd88W12/C samples is present in the form of oxide, 

WOx.  The value of the WO3 4f7/2 peak from the literature is given as 35.6 eV [161], 

which is close to the value for the Pd88W12/C samples given in Table 5.2.
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Table 5.2. Compositional, structural, and physical properties of the electrocatalysts 

Sample Percentage of 
Pd as PdO 

(%) 

Percentage of 
W as WOx 

(%) 

Pd 3d5/2 of 
Pd0 
(eV) 

W 4f7/2 of 
W0 
(eV) 

W 4f7/2 of 
WOx 
(eV)* 

Pd/C 66.7 ----------------- 335.3 ---------- ---------- 

Pd88W12/C-CI 32.3 73.1 335.6 32.1 35.2 

Pd88W12/C-SI 29.3 77.8 335.9 32.3 35.6 

*The W 4f7/2 peak of WO3 is taken as 35.6 eV from reference [161]. 
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Figure 5.3. Core-level XPS spectra of the electrocatalyst samples for the (a) Pd 3d 
region and (b) W 4f region.  The open circles indicate experimental data 
while the lines are for deconvolution fits.  The red dashed fit lines indicate 
(a) Pd0 and (b) W0 while the blue dotted fit lines indicate (a) PdO and (b) 
WOx.  The red vertical line represents (a) the Pd 3d5/2 peak of Pd0 and (b) the 
4f7/2 peak of W0. 
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5.3.2.2. X-ray Diffraction Analysis 

The XRD patterns of the electrocatalysts can be found in Figure 5.4 and the lattice 

parameters are tabulated in Table 5.1.  The slightly smaller lattice parameter of 

Pd88W12/C-SI compared to Pd indicates the formation of a Pd-W fcc solid solution.  This 

slight contraction in the lattice for compositions near 10 atom % W is expected [162]. 

 

Figure 5.4. XRD patterns of the electrocatalysts tested with the red dotted line 
indicating the (220) peak of Pd/C. 

The Pd-W alloy lattice parameter has a local minimum at 10 atom %, and then increases 

linearly up to ~ 45 % [162].  This local minimum seems to be counterintuitive since the 

radius of W is 1.5 % larger than Pd (139 pm compared to 137 pm [163]), but has been 

attributed to electronic density changes in Pd upon addition of W [162].  A shift of 

reflections to higher 2! values was observed by Bard’s group [146], i.e. smaller lattice 

parameter than Pd for Pd70W30/C, which might indicate the amount of W alloyed is close 

to 10 atom % (near the lattice parameter minimum) and lower than the bulk W 
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composition in their sample.  As shown by Luo [162], the solid solution lattice parameter 

of Pd70W30 is larger than Pd not smaller.  A similar observation appears to be true for the 

XRD plots given in our group’s previous work on Pd-W/C [95].  The lattice parameter of 

Pd88W12/C-CI is nearly identical to that of Pd/C that may indicate a lower degree of 

alloying than Pd88W12/C-SI. 

5.3.2.3. Transmission Electron Microscopy Analysis 

The TEM images of Pd88W12/C prepared by conventional impregnation and spray-

assisted impregnation can be found in Figure 5.5.  As would be expected from the poor 

distribution of precursors on the support observed in Figure 5.1a, there were regions of 

the Pd88W12/C-CI sample that had very large particles.  On the other hand, the Pd88W12/C-

SI sample had much improved particle distribution on the support along with a smaller 

mean particle size and narrower distribution of sizes (Figure 5.5b).   

 

Figure 5.5. TEM images of (a) Pd88W12/C-CI and (b) Pd88W12/C-SI with insets showing 
particle size distribution. 
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It should be noted that some regions of the Pd88W12/C-CI sample showed a narrower 

distribution of sizes, lacking the presence of the larger particles seen in Figure 5.5a.  

Images and distributions for Pt/C and Pd/C can be found in Appendix C (Figure C.1).  

The TEM particle sizes of all the electrocatalysts tested are tabulated in Table 5.1.  The 

Pt/C (8.1 nm) and Pd/C (7.3 nm) electrocatalysts were specifically synthesized to have 

comparable particle sizes with Pd88W12/C-SI (9.5 nm).  As a result of the similar particle 

sizes, the performance of these electrocatalysts cannot be attributed to particle size 

effects, such as would be present if Johnson Matthey Pt/C 40 wt. % with a particle size of 

3.8 nm [130] was used.  

5.3.3 Single Cell Testing 

5.3.3.1 DMFC Testing 

The performance of the cathode electrocatalysts was tested in single DMFCs 

using 1 and 2 M methanol, and the polarization and power density plots are presented in 

Figure 5.6.  The Pd88W12/C-SI sample shows superior performance to Pd88W12/C-CI.  The 

open circuit voltage (OCV) of Pd88W12/C-SI is the highest of all samples (0.825 V for 1 

M and 0.812 for 2 M) and shows an increase in maximum power density over Pd88W12/C-

CI.  Pd88W12/C-SI has maximum power densities of 63 and 69 mW cm-2, for 1 and 2 M 

methanol, respectively, compared to 53 and 55 mW cm-2 for Pd88W12/C-CI.  The DMFC 

performance of the Pd88W12/C-SI MEA is very similar to that of Pt/C at lower current 

density (< 100 mA cm-2).  However, Pd88W12/C-SI shows higher overpotential in the 

ohmic and mass transport regions compared to the Pt/C MEA.  The OCV of Pd88W12/C-SI 

decreases by 13 mV from 1 to 2 M methanol, while the OCV of Pt/C decreases by 35 mV 

(0.785 to 0.75 V).  The DMFC results show that Pd88W12/C-SI has superior performance 
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to Pd88W12/C-CI at both methanol concentrations and similar performance to Pt/C in the 

kinetic region. 

 

Figure 5.6. Polarization (left axis) and power density (right axis) plots of single DMFCs 
tested with (a) 1 M methanol and (b) 2 M methanol at a flow rate of 1 mL 
min-1 and 0.2 L min-1 O2 at 65 °C. 

(a)

(b)
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Electrochemical impedance spectroscopy (EIS) was also conducted at the DMFC 

operating potential of 0.5 V at both methanol concentrations, and the Nyquist plots are 

presented in Figure 5.7.  The signal in the impedance spectra consists of two overlapping 

hemispheres labeled “i” and “ii” where hemisphere “i” at higher frequencies represents 

the resistance contribution of the anode and hemisphere “ii” at lower frequencies 

represents the charge transfer resistance at the cathode [164].  The increase in hemisphere 

“ii” radius for Pt/C (Figure 5.7a) with increasing methanol concentration indicates 

increased resistance caused by greater methanol crossover.  On the other hand, the radius 

of hemisphere “ii” for Pd88W12/C-SI remains constant with increasing methanol 

concentration indicating no increase in resistance due to higher levels of methanol at the 

cathode.  This observation, the relative decreases in OCV with concentration, and single 

cell performance indicate improved methanol tolerance for Pd88W12/C-SI compared to 

Pt/C. 

 

Figure 5.7. Nyquist plots of (a) Pt/C and (b) Pd88W12/C-SI at an operating potential of 
0.5 V and sinusoidal amplitude of 10 mV at a methanol flow rate of 1 mL 
min-1, O2 flow rate of 0.2 L min-1, and cell temperature of 65 °C. 
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5.3.3.2. PEMFC Testing 

After the completion of DMFC testing, the MEAs were tested under H2-O2 

PEMFC conditions and the PEMFC data are presented in Figure 5.8.  Just like the DMFC 

results in the previous section, Pd88W12/C-SI outperforms Pd88W12/C-CI.  Both Pd88W12/C 

samples have the same OCV, 0.949 V, which is lower than that of Pt/C, 1.021 V.  At 

potentials lower than 0.85 V, the current density of Pd88W12/C-SI is greater than that of 

Pd88W12/C-CI.  This could be attributed to incomplete alloying, poor catalyst distribution, 

and increased particle size for Pd88W12/C-CI.  The spray-assisted sample, on the other 

hand, shows good PEMFC performance, similar to Pt/C of comparable particle size.  The 

noble-metal-mass activity of Pd88W12/C-SI at 0.8 V is lower than that of Pt/C as shown in 

Figure 5.8b, indicating that the Pd88W12 alloy is not as active as Pt in the absence of 

particle size effects.  However, since the cost and abundance of Pt is a hindrance to the 

commercialization of fuel cells, the cost of the platinum-group metals (PGM) should be 

considered.  The right axis of Figure 5.8b shows the relative activities of the 

electrocatalysts normalized by the cost of Pt and Pd (average February 2013 market 

prices).  On this cost basis, Pd88W12/C-SI gives nearly equal current per unit cost of the 

noble metals (95 % of Pt/C).  Additionally, the maximum power density of Pd88W12/C-SI, 

382 mW cm-2, is comparable with Pt/C, 394 mW cm-2.  These measures indicate that 

Pd88W12/C-SI is a good low-cost alternative to Pt/C for PEMFCs with great potential if 

the particle size can be further decreased. 
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Figure 5.8. (a) PEMFC polarization (left axis) and power density curves (right axis) 
with H2 and O2 both at a flow rate of 0.2 L min-1 and temperature of 65 °C.  
(b) Activity plot with platinum-group-metal-normalized activity at 0.8 V 
(left axis) and cost-normalized activity at 0.8 V relative to Pt/C (right axis). 
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5.3.3.3. Stability Testing 

A constant current stability test was conducted at 100 mA cm-2 and the potential-

time plot is shown in Figure 5.9.  Both Pt/C and Pd88W12/C-SI show significant potential 

decay in the first 50 h, which has been observed by our group and others [130, 165].  

After 50 h, the decay decreases linearly at a rate of 74 "V h-1 and 210 "V h-1, 

respectively, for Pt/C and Pd88W12/C-SI.  The decay rate of Pd88W12/C-SI is similar to the 

decay rate of a Pd/C electrocatalyst, 183 "V h-1 (data for Pd/C can be found in Appendix 

C).  The polarization curves before and after the 365 h stability test can be found in 

Figure 5.10a and b.  The polarization loss of Pt/C is very small after 365 h, while the 

difference of Pd88W12/C-SI is relatively larger.  The addition of the alloying element, W, 

does not appear to increase the durability of Pd electrocatalysts.   

 

Figure 5.9. Potential-time plot for the constant current stability test at a methanol 
concentration of 1 M and a flow rate of 2.3 mL min-1 with a O2 flow rate of 
0.2 L min-1 and cell temperature of 65 °C. 
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On the contrary, the durability of Pd88W12/C-SI is slightly less than Pd/C, indicating that 

W leaches out during DMFC operation.  The cyclic voltammetry data supports this 

conclusion.  The initial and final CV curves for Pt/C and Pd88W12/C-SI are shown, 

respectively, in Figure 5.10c and d.  The oxide reduction peak of Pd88W12/C-SI shifts 

from 0.691 to 0.705 V after the stability test.  The final oxide reduction peak value for 

Pd88W12/C-SI is 0.705 V, the same as the value for the Pd/C MEA tested.  The oxide 

reduction peaks indicate that the W leaches out of the cathode and leaves behind nearly 

pure Pd.   

 

Figure 5.10. Pre- and post-stability test polarization curves for (a) Pt/C and (b) 
Pd88W12/C-SI, and the pre- and post-stability test cyclic voltammograms for 
(c) Pt/C and (d) Pd88W12/C-SI. 
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The loss in electrochemically active surface area (ESA) was 11 % for Pt/C and Pd/C and 

nearly the same for Pd88W12/C-SI, 12 %.  The higher near-surface composition of W 

determined by XPS explains its leaching during DMFC operation.  A Pd-rich surface 

composition as predicted in earlier studies [145, 158, 159] could slow the degradation of 

the electrocatalysts.  Therefore, a possible way to increase the durability of the Pd-W 

electrocatalysts is to create a Pd-rich surface composition that slows the leaching of W.  

Many reports in the literature have used thermal treatments with various gas atmospheres 

to preferentially segregate one metal of a bimetallic system [166-172].  For example, 

Mayrhofer and colleagues [167] used a gas-phase CO thermal treatment to create a Pt-

rich shell on a Pt3Co/C electrocatalyst.  The CO adsorption strength on Pd is greater than 

that on W [173], and therefore it could be possible to use thermal treatment in a CO 

atmosphere to create a Pd surface enrichment on Pd-W alloys. 

5.4 CONCLUSIONS 

 A carbon-supported Pd-W alloy was prepared by a novel spray-assisted 

impregnation method.  This new synthesis method results in a smaller mean particle size, 

reproducible drying of the precursor solution on the carbon support, and a higher degree 

of alloying.  However, more work needs to be done to maintain the expected level of W 

in the final powder.  The spray-assisted impregnation methods shows great promise for 

the synthesis of all types of carbon-supported bimetallic electrocatalysts.  The spray 

synthesized Pd88W12/C-SI electrocatalyst showed improved DMFC and PEMFC 

performance over the sample prepared by the conventional impregnation method.  The 

increase in performance is attributed to the decrease in mean particle size and elimination 

of the very large particles seen in the TEM images along with the increase in the degree 

of alloying shown from the lattice parameters.  Additionally, Pd88W12/C-SI shows DMFC 
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performance comparable to Pt/C at low current densities with higher methanol tolerance.  

The durability of the Pd88W12/C-SI electrocatalyst was tested under constant current 

DMFC conditions, and it was found that the durability of Pd88W12/C-SI is similar to a 

Pd/C electrocatalyst of the approximately the same particle size and lower than that of 

Pt/C.  Alloying Pd with W does not improve the durability of Pd as the post-stability test 

CV shows the oxide reduction peak to have shifted to the value of the Pd/C 

electrocatalyst.  The near-surface composition determined by XPS shows a surface 

enrichment of W, which leaches out during the stability test, leaving behind a nearly pure 

Pd/C electrocatalyst with lower performance.  The durability of Pd88W12/C-SI could 

potentially be increased by decreasing the near-surface composition of W observed by 

XPS, which would decrease the leaching of W during operation.  Pd88W12/C-SI shows 

good PEMFC performance with a comparable maximum power density and cost-

normalized activity at 0.8 V to Pt/C with a similar particle size.  These single cell results 

show great promise for carbon-supported Pd-W alloys as low-cost electrocatalysts for the 

ORR in LTFCs.   
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Chapter 6:  Activation of aluminum as an effective reducing agent by 
pitting corrosion for wet-chemical synthesis 

6.1 INTRODUCTION 

Metallic aluminum (Al) is a strong reducing agent with a standard reduction 

potential E°Al3+/Al = -1.662 V. However, Al metal is invariably passivated by a dense 

aluminum oxide film a few nanometers thick, which can serve as a barrier to accessing Al 

as a reducing agent; the oxide film can form instantly on Al surface when exposed to air 

and/or water. The dense oxide film is, however, not a hurdle for employing Al as a 

reducing agent at high temperatures, such as at 1450 °C in melted glass [174], and in a 

high-energy mechanical milling process [175, 176].  In contrast, it is indeed a barrier for 

employing Al as a reducing agent in wet-chemical synthesis. 

Fortunately, Al is susceptible to pitting corrosion which is enhanced by a variety 

of anions, such as F-, Cl-, Br-, SCN-, ClO3
-, ClO4

-, gluconate anions, etc., in aqueous 

solutions at different rates [177-184]. For instance, the pitting corrosion of Al in an 

aqueous solution with Cl- follows three steps: adsorption of Cl- on the oxide surface, 

penetration of Cl- through the oxide film via oxygen vacancies, and localized dissolution 

of Al below the oxide film to release hydrogen gas [185-189]. This pitting corrosion, 

known as an undesired reaction destroying Al and Al alloys, makes it possible to use Al 

as a reducing agent in wet-chemical synthesis. To the best of the author’s knowledge, 

there are no reports in the literature that pitting corrosion is applied beneficially to 

activate Al as a reducing agent for wet-chemical synthesis. 

Using Al as a reducing agent offers several advantages: strong reducing 

capability, easy transportation and storage due to its solid form and stability (protected 

with a dense oxide film), and environmentally benign reactions. In this study, we 

investigate the mechanism for using Al as a reducing agent with the assistance of pitting 
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corrosion in protonic solvents for wet-chemical synthesis. The discovered mechanism 

answers a question raised in a classical general chemistry laboratory demonstration of the 

supposed displacement reactions, i.e., why does Al react with CuCl2 in aqueous solution 

to produce Cu metal, but not with CuSO4 or Cu(NO3)2 [190, 191]? We then demonstrate 

the use of Al as a reducing agent by preparing a wide array of metals at room 

temperature. 

6.2 EXPERIMENTAL METHODS 

6.2.1 Synthesis 

Aluminum foil (24 "m thick, Fisher Sci.) was cut into pieces of approximately 1 

cm x 3 cm prior to the use in the reactions. Al powder (325 mesh, Alfa Aesar), metal 

compounds, polyvinylpyrrolidone (PVP, MW = 40000, MP Biomedicals), and 

FeCl2!4H2O were used as received. The solvent was deionized water or ethylene glycol 

(EG) for different metal compounds. 

A solution of the desired metal compounds (AgF, AgNO3, BiCl3/EG, 

CoCl2!6H2O, Cu(NO3)2!3H2O, CuBr2, CuCl2, CuF2, CuSO4!5H2O, FeCl2!4H2O, 

FeCl3!6H2O, H2PtCl6!6H2O, HAuCl4!xH2O, InCl3!xH2O, K2PtCl4, Na2PdCl4, 

NiCl2!6H2O, PbCl2, PdCl2, SbCl3/EG, and SnCl2!2H2O/EG) was prepared in either 

deionized water (CuCl2 and all others) or EG (BiCl3, CuCl2, InCl3, PbCl2, SbCl3, and 

SnCl2). In most cases, a 20 mM solution was prepared. The required amount of Al foil 

was then added to the stirring solution to result in a molar ratio between Al and the metal 

compound of 10 : 1. The produced metallic powders were separated by centrifugation 

followed by washing in either deionized water or isopropanol. 
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6.2.2 Physical Characterization 

The pH of the solutions was measured by a Corning 313 pH/Temperature meter. 

The concentrations of Na2PdCl4 solutions were characterized by the Pd d–d spin-

forbidden transition peaks between 420 – 450 nm in UV-Vis spectra, recorded with a 

Cary 5000 UV-Vis-NIR spectrophotometer (Varian) using ultramicro UV-cuvettes 

(Fisher Sci.). To determine the reaction conversion with time, Al foil was added to a 10 

mM Na2PdCl4 solution with a 10 : 1 molar ratio of Al to Na2PdCl4 for different times. 

The reaction solution was centrifuged at 10,000 g for 5 min, and the supernatant was 

characterized by UV-Vis.  X-ray diffraction (XRD) and energy dispersive X-ray 

spectroscopy (EDS) were done in the same manner as described in Sections 2.2.1 and 

2.2.2.  

6.3 RESULTS 

6.3.1 Mechanisms: role of pitting corrosion 

The UV-Vis spectra in Figure 6.1 show that a 10 mM Na2PdCl4 aqueous solution 

can be reduced by the addition of Al foil with greater than 95 % conversion at room 

temperature within 5 min. The precipitated particles were confirmed as metallic Pd by the 

XRD pattern (right inset of Figure 6.1). These results imply that the dense aluminum 

oxide film barrier on Al foil is overcome and Pd ions are reduced without requiring any 

assistance or special conditions, such as ultrasonication, mechanical force, pH, 

temperature, atmosphere, etc.  
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Figure 6.1 The UV-Vis spectra at 0 min were obtained for the aqueous Na2PdCl4 
solutions (10 mM, 0.1 mM) without the addition of Al foil. The UV-Vis 
spectra at 2 and 5 min were acquired for the supernatants by centrifuging the 
10 mM Na2PdCl4 aqueous solutions after the addition of Al foil for 2 and 5 
min. The left inset is the images of the supernatants after reacting for 2 and 
5 min, and the right inset is the XRD pattern of the precipitated particles 
after reacting for 5 min.  

The mechanism for [PdCl4]2- to overcome the dense oxide film on Al foil could be 

the pitting corrosion via Cl-. The inset in Figure 6.2 shows that the pH of deionized water 

sharply decreases from about 6 to less than 4 on adding a small amount of Na2PdCl4. This 

suggests that the [PdCl4]2- complex releases free Cl- by the replacement of the Cl- ligands 

with OH- from water to form [PdClx(OH)y]2-, leading to an increase in H+ concentration in 

the solution. It is also supported by a shifting of the peak position of the Pd d–d spin-

forbidden transition to a lower value in the UV-Vis spectra in Figure 6.2 as the 

concentration of Na2PdCl4 decreases [192]. 



 127 

 

Figure 6.2. UV-Vis spectra and pH measurement of Na2PdCl4 aqueous solutions with 
different concentrations.  

To confirm pitting corrosion on the Al foil with the exclusion of stirring effects, 

two drops (20 "L) of a 10 mM Na2PdCl4 aqueous solution were, respectively, placed on 

Al foil for 1 min and 3 min and then the Al foil was rinsed with water.  A SEM image of 

the pristine Al foil surface prior to the addition of the Na2PdCl4 solution is shown in 

Figure 6.3.  In Figure 6.4a, the dark spots without Pd NPs (marked with circles) and with 

Pd NPs (marked with squares) on the Al foil are blisters where pitting corrosion has 

occurred, causing the oxide film to bubble [189]. The reactions may occur first at the 

defect sites on the pristine surface of the Al foil (Figure 6.3), where the positively 

charged hydrated oxide surface is easily attacked by Cl- ions [185-189].  
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Figure 6.3. SEM image of the surface of pristine Al foil.  

As the contacting time increases, the corrosion below the oxide film at those sites 

propagates [189] and more new sites start pitting. Accordingly, the already formed Pd 

particles grow into larger dendrites and more Pd particles nucleate as shown in Figure 

6.4b. When the pitting corrosion evolves to the stage of blistering, the high pressure 

hydrogen gas built up in the blisters ruptures the oxide film and causes the Pd particles to 

detach from the Al foil. New oxide film forms atop the Al instantly because of the fast 

reaction between Al and water (3 x 10-9 s at 25 °C) [189]. New pitting corrosion thus 

occurs below the new oxide films and Pd particles are produced nearby as shown in the 

right inset of Figure 6.4b. 
  

!
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Figure 6.4. SEM images of Al foils in contact with a drop of 10 mM Na2PdCl4 solution 
for (a) 1 min and (b) 3 min. The dark spots without Pd NPs (marked with 
circles) and with Pd NPs (marked with squares) in (a) are blisters where 
pitting corrosion has occurred. The insets of (a) and (b) show the magnified 
images of the Pd NPs on Al foil. (c) Al foil contacted with a drop of 10 mM 
CuF2, CuCl2, CuBr2, Cu(NO3)2, and CuSO4 aqueous solution for 10 min.  

To confirm that pitting corrosion assists the use of Al as a reducing agent, Al foil 

was added into 20 mM aqueous solutions of CuF2, CuCl2, CuBr2, CuSO4 and Cu(NO3)2, 

of which F-, Cl-, Br- are known to enhance the pitting corrosion of Al foil with different 

rates [177-180] while SO4
2- and NO3

- do not [179, 180]. Cu particles, confirmed by XRD 

in Figure 6.5, were produced in minutes in the solutions of CuF2, CuBr2, and CuCl2. In 

contrast, there were no notable changes in the solutions of CuSO4 and Cu(NO3)2 even 
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after a much longer time, indicating that SO4
2- and NO3

- do not cause pitting corrosion of 

Al, which is consistent with the literature reports [179, 180]. The SEM images in Figure 

6.4c show that only the Al foil after being in contact with drops of CuF2, CuBr2, and 

CuCl2 solutions (10 mM) for 10 min had Cu particles. The Al foils after being in contact 

with the CuSO4 and Cu(NO3)2 solutions do not have corrosion pits or Cu particles. 

Another observation is that the number of Cu particles increases as the size of the anions 

decreases, i.e., the Al foil with CuF2 has the most Cu particles and that with CuBr2 has the 

least. The reason is that a smaller anion can more easily transport through the oxide film 

during pitting corrosion [177, 179, 180].  As a result, more Cu particles are nucleated 

with CuF2 and the dendrite size decreases. 

 

Figure 6.5. XRD patterns of synthesized Cu particles. The Cu particles were prepared 
from the aqueous solutions (20 mM) of CuF2, CuCl2, and CuBr2. The * 
indicates oxide phases, which are produced by the oxidation of Cu with air.  

 

!
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6.3.2 Mechanisms: atomic hydrogen (H) as the actual reducing agent 

Water molecules can transport through the oxide film and react with the metallic 

Al beneath to produce H2 gas, in which H is generated as an intermediate [193]. 

Accordingly, H2 gas, H, and metallic Al are the possible reducing agents in this reaction 

system. A controlled experiment with the passage of H2 gas overnight reveals that H2 

cannot reduce an aqueous solution of Na2PdCl4. In contrast, H is more active than H2 and 

it can reduce metal oxides such as CuO at room temperature [194]. As mentioned above, 

Pd particles can form on the Al foil in the early stage of pitting corrosion, when the oxide 

film has not yet been broken. Therefore, the electro-reduction of [PdClx(OH)y]2- in the 

solution does not obtain the electrons released from the Al electro-oxidation reaction 

beneath the non-conductive oxide film, but from the electro-oxidation reaction of the H 

on the top of the oxide film. The H is produced as an intermediate of the pitting corrosion 

of Al below the oxide film [193]. It cannot reduce aluminum oxide [194] because of the 

large negative standard reduction potential of E°Al(OH)3/Al = -2.31 V, but it can diffuse 

through to the top of the oxide film [195]. The hydrogen electro-oxidation reaction 

continues on the top of the oxide film and the released electrons flow onto the surface of 

the formed Pd particles for further reduction of [PdClx(OH)y]2-, leading to the growth of 

the Pd particles. As mentioned above, the Pd particles will become detached when the 

oxide film beneath is broken and a new oxide film forms atop the metallic Al instantly (3 

x 10-9 s at 25 °C) [189]. The whole process is shown by the schematic drawing in Figure 

6.6a. It was observed that the Pd particles develop into dendrites (left insert in Figure 

6.4b), suggesting that the growth rate is limited by the diffusion of the solute species 

from the bulk solution to the surface of the particles [196]. It also suggests an abundant 

supply of the reductant, which is supported with the fast hydrogen electro-oxidation 

reaction and the high mobility of electrons on and within the Pd particles. 
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Figure 6.6. (a) Schematic illustrating the reaction mechanism and (b) results of the 
reactions of stated metal salts with Al foil in H2O or EG at room 
temperature. Metal particles were produced with the compounds indicated in 
green color and no metal particles were produced with the compounds 
indicated in red color. 
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Certainly, Al can reduce metal compounds with positive standard reduction 

potentials and anions that can cause significant pitting corrosion of Al, shown in Figure 

6.6b. It should be noted that some reactions were conducted in ethylene glycol to avoid 

hydrolysis of the metal precursor with water. Some metal compounds with negative 

reduction potential, such as FeCl3 (E°Fe3+/Fe = -0.037 V), PbCl2 (E°Pb2+/Pb = -0.126 V), 

SnCl2 (E°Sn2+/Sn = -0.138 V), CoCl2 (E°Co2+/Co = -0.28 V), NiCl2 (E°Ni2+/Ni = -0.257 V), and 

FeCl2 (E°Fe2+/Fe = -0.447 V), were also tried. It was found that metallic particles were 

produced in the solutions of PbCl2 and SnCl2 but none in the solutions of FeCl3, CoCl2, 

NiCl2, and FeCl2. The FeCl3 solution is a unique case in that it is reduced to FeCl2 owing 

to the positive standard reduction potential, E°Fe2+/Fe3+ = 0.77 V, which is more positive 

than E°Fe2+/Fe and, therefore, is the favored reaction. The lower limit of the standard 

reduction potential for metal compounds to be reduced with Al is located in the range of -

0.138 to -0.257 V. This supports that H is the actual reducing agent because the reduction 

potential of H/H+ is approximately -0.17 and -0.24 V, respectively, at pH = 3 and 4 as 

calculated by the Nernst equation. All produced metallic particles were confirmed by 

XRD (Figure 6.7). 
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Figure 6.7. XRD patterns of the produced metal particles with Al as a reducing agent. 
The * indicates oxide phases, which are produced by the oxidation of the 
metal with air. 

6.4 DISCUSSION 

The experimental results show that Al as a reducing agent in wet-chemical 

synthesis is activated by the pitting corrosion of Al, in which the produced atomic 

hydrogen as an intermediate of the pitting corrosion in protonic solvents provides the 

actual reducing function. This mechanism is dependent on two conditions: the formation 
! "

 

 

Supplementary Figure S3 | XRD patterns of the produced metal particles with Al as a 

reducing agent.!#$%!&!'()'*+,%-!./')%!0$+-%-1!2$'*$!+3%!03.)4*%)!56!,$%!./')+,'.(!.7!,$%!8%,+9!

2',$!+'3: 

 

!

!

;5!<73.8!;5=9>!'(!?@A! ;(!<73.8!;(=9"!'(!?@A!

BC!<73.8!BCDA! B4!<73.8!EB4=9FA G'!<73.8!G'=9>!'(!?@A!

H5!<73.8!H5=9"!'(!?@A=4!<73.8!=4=9"!'(!?@A! H)!<73.8!I+"H)=9FA!

H)!<73.8!H)=9"A! H,!<73.8!E"H,=9JA! H,!<73.8!K"H,=9FA!



 135 

of oxide film in the protonic solvent is instant and the oxide film is non-conductive. The 

former condition ensures that Al does not have a chance to directly react with the metal 

ions for reduction via a displacement reaction; the latter condition means that the 

electrons released from the electro-oxidation of Al cannot travel through the oxide film to 

participate in the electro-reduction of the metal ions on the top surface. For example, 

some reactive metals, such as Zn and Fe, do not follow this mechanism because their 

oxide films are semiconducting [197, 198]. 

This discovered mechanism sheds new light on a classical general chemistry 

laboratory demonstration of the supposed displacement reactions, i.e., why does Al react 

with aqueous CuCl2 solution to produce Cu metal but not with CuSO4 or Cu(NO3)2 [190, 

191]? Here two reasons have been presented as to why the reaction of Al and CuCl2 is not 

a simple displacement reaction as widely believed [190, 191]. First, the stated reaction 

does not occur with CuSO4 and Cu(NO3)2 at observable levels indicating the reaction is 

more complex, and in fact requires specific anions to cause significant pitting corrosion 

as shown in this study. Second, if Al displaces Cu2+, then the standard reduction potential 

of Al (E°Al3+/Al = -1.662 V) suggests that Al will displace any ion with a more positive 

reduction potential; however this is not the case. As we have shown in Figure 6.6b, only 

those with a standard reduction potential at or above E°Sn2+/Sn = -0.138 V react with Al, 

leading to the conclusion that H provides the actual reducing function. Therefore, our 

findings question the mechanisms given in the chemistry text [190, 191] that there is a 

redox reaction between Al and Cu2+ ions. Instead, a more complicated series of reactions 

occur, culminating with the reaction between H and Cu2+ ions. 

This new strategy is applicable to synthesize a range of metallic nanoparticles 

from suitable precursors with anions causing significant pitting corrosion of Al in 

protonic solvents, e.g., F-, Cl-, and Br- as shown in this study and SCN-, ClO3
-, ClO4

-, 
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gluconate anions for future studies. Al activated by pitting corrosion has the reducing 

capability of atomic hydrogen, which can reduce a wide range of metals as demonstrated 

in this study.  Our findings could stimulate the use of other reactive metals with oxide 

films as reducing agents. Further optimization of the reaction conditions could help to 

realize further control of the size and shape of the metallic nanoparticles and enhance our 

ability to prepare a wider array of bimetallic and ternary compounds.  The control of 

particle morphology will be further discussed in Chapter 7 as it applies to specific 

applications. Besides, as a reducing agent, Al activated by pitting corrosion could also be 

applied for wet-chemical synthesis of non-metallic chemicals. 
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Chapter 7:  Application-driven control of morphology for nanoparticles 
synthesized by pitting corrosion activation of aluminum 

7.1 INTRODUCTION 

In Chapter 6, it was shown that aluminum (Al) could be used as an effective 

reducing agent for wet-chemical synthesis.  Pitting corrosion caused by anions such as F-, 

Cl-, and Br- were shown to penetrate the oxide film resulting in the formation of atomic 

hydrogen (H) and gaseous hydrogen (H2).  The intermediate, atomic H, proved to be the 

actual reducing agent when Al is used in wet-chemical synthesis.  It was also 

demonstrated that a wide array of metals with standard reduction potentials at or above 

ESn2+/Sn = -0.138 V could be reduced at room temperature in protonic solvents.  Chapter 6 

showed that Al could successfully be used as a reducing agent and a reaction mechanism 

was proposed.  However to be useful, the morphology of the produced metallic particles 

needs to be tailored for specific applications.   

The size, shape, and dispersion on an inactive support can strongly influence 

performance for the desired application.  In this chapter, Pd, carbon-supported Pd (Pd/C), 

and the carbon-supported intermetallic Cu2Sb (Cu2Sb-C) will be prepared for applications 

such as the formic acid oxidation reaction (FOR), oxygen reduction reaction (ORR), and 

lithium-ion battery anodes.  Among the pure metals, Pd seems to be the most active 

towards formic acid oxidation [199, 200] although Pt has also been extensively studied 

for the FOR.  The FOR activity of both Pd [201] and Pt [202] can be enhanced by 

decreasing particle size and with the addition of carbon supports.  Decreasing particle 

size increases the number of active sites per unit mass, while the use of support materials 

can maximize active sites by increasing the separation between active metal particles.  

The intermetallic Cu2Sb has also been used as an anode for lithium-ion batteries [176, 

203-205].  The Sb lattice framework serves as a host matrix for the displacement of Cu 
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atoms with Li [206].  Reducing particle size or nano-structuring of Cu2Sb anodes can 

result in improved kinetics for the transformation of Li2CuSb to Cu2Sb due to the 

shortened diffusion path lengths associated with nanocrystals [204] and better 

accommodation of volume changes during lithium (Li) ion insertion/extraction [176].  

Catalytic reactions like the FOR [207] and ORR [47, 208-210] are also dependent on 

shape and crystal plane.  The structural dependence of Pt and Pd has been extensively 

studied for the ORR.  Markovic and others [208] showed that the ORR activity for single 

crystal Pt goes in the order Pt(110) > Pt(111) > Pt(100) in a non-adsorption electrolyte 

with small differences between those low-index planes.  On the other hand, Kondo et al. 

[47] demonstrated that for Pd the opposite trend as Pt is observed with Pd(100) being the 

most active plane.  In fact, they showed that Pd(100) was 3x more active towards ORR 

than Pt(110), demonstrating the strong structural dependence of catalytic reactions. 

7.2 EXPERIMENTAL METHODS 

7.2.1 Synthesis 

Synthesis of Pd/C-EG.  The typical synthesis for Pd/C (40 wt. %, denoted Pd/C-

EG) in ethylene glycol (EG) proceeds as follows. Carbon black (90 mg, Vulcan XC-72R, 

Cabot) was dispersed in 30 mL EG by vigorously stirring for at least 3 h. An EG solution 

of Na2PdCl4 (5.638 mL, 0.1 M) was added drop-wise into the carbon dispersion and 

stirred for 1 h. Al foil (24 "m thick, Fisher Sci.), at a 10 : 1 molar ratio, was then added 

and the suspension was kept stirring for 3 h at room temperature in air. To remove a 

majority of the unreacted Al, the suspension was kept sedentary for 15 min. The upper 

suspension was then centrifuged at 20,000 g for 15 min. The precipitated Pd/C-EG 

powders were then redispersed in a solution of 20 mL of water and 5 mL of ethanol, into 

which 1.0 M sulfuric acid was added to result in a final concentration of 0.02 M and 
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stirred overnight to remove the residual Al and Al oxides. The Al-free Pd/C-EG powder 

was then centrifuged and washed with a water/ethanol solution by stirring for 1 h a total 

of three times. Lastly, the washed sample was dried under vacuum at room temperature. 

Synthesis of Pd/C-FeCl2 and Pd/C-PVP.  To prepare Pd/C employing FeCl2 as a 

stabilizer (denoted as Pd/C-FeCl2), FeCl2!4H2O was added to an EG solution of Na2PdCl4 

(0.1 M) at a 10 : 1 molar ratio of Na2PdCl4 to FeCl2 and the solution was stirred for 1 h 

before being added to the carbon black dispersion. As for the Pd/C prepared with PVP as 

a stabilizer (denoted as Pd/C-PVP), carbon black was dispersed in water with PVP at a 10 

: 1 molar ratio of PVP repeat unit to Na2PdCl4 by stirring for 3 h, and then aqueous 

Na2PdCl4 solution (0.1 M) was added and stirred for 1 h. 

Synthesis of Cu2Sb-C intermetallic.  The intermetallic Cu2Sb supported on carbon 

black (100% compressed acetylene black, Alfa Aaser) was prepared in a manner similar 

to Pd/C-EG. Briefly, 100 mg carbon was dispersed in EG to result in a 20 wt. % 

composite with Cu2Sb. After dissolving 432.2 mg of CuCl2 and 366.7 mg of SbCl3, Al 

foil was added at a 25 : 1 molar ratio of Al to Cu + Sb and the reaction took place under 

an N2-atmosphere for 4 h. After straining the unreacted Al, the mixture was filtered and 

washed with isopropanol before drying in a vacuum oven overnight. 

Synthesis of Pd enclosed by (100) facets.  The typical synthesis of Pd enclosed by 

(100) facets was carried out as follows.  Solutions of sodium chloride (0.95 mL of a 2 M 

solution, Fisher Sci.) and cetyltrimethylammonium bromide (CTAB, 3.15 mL of a 0.2 M 

solution, Fisher Sci.) were added to 4.73 mL of deionized water in a 20 mL vial and 

magnetically stirred.  Al foil (4.6 x 4.6 cm square, 24 "m thick) was cut into 36 pieces 

before adding to the NaCl/CTAB solution and heating in a water bath at 80 °C for 10 

min.   Separately, 57 mg of sodium tetrachloropalladate hydrate (Na2PdCl4, Alfa Aaser) 

was dissolved in 2.2 mL of deionized water.  The Na2PdCl4 solution was added to the 20 
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mL vial with a pipette before the vial was capped.  The reaction was allowed to proceed 

for 3 h at 80 °C before cooling to room temperature.  The colloid was collected by 

pipetting the liquid from the top of the vial, leaving a majority of the unreacted aluminum 

in the bottom of the vial.  The colloid was either dropped directly onto the copper grid or 

supported on Vulcan XC-72R carbon black before washing with deionized water and 

drying in a vacuum oven.  The produced Pd nanoparticles will hereafter be referred to Pd-

CTAB, and Pd/C-CTAB for carbon-supported Pd. 

7.2.2 Physical Characterization 

The pH of the solutions was measured by a Corning 313 pH/Temperature meter. 

The concentrations of Na2PdCl4 solutions were characterized by the Pd d–d spin-

forbidden transition peaks between 420 – 450 nm in UV-Vis spectra, recorded with a 

Cary 5000 UV-Vis-NIR spectrophotometer (Varian) using ultramicro UV-cuvettes 

(Fisher Sci.). To determine the reaction conversion with time, Al foil was added to a 10 

mM Na2PdCl4 solution with a 10 : 1 molar ratio of Al to Na2PdCl4 for different times. 

The reaction solution was centrifuged at 10,000 g for 5 min, and the supernatant was 

characterized by UV-Vis. 

X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), and 

transmission electron microscopy (TEM) were done to characterize the samples and 

experimental details can be found in Chapter 2.  Particle size distributions were obtained 

by analyzing at least 140 particles in the TEM images using ImageJ software (NIH).  For 

Pd-CTAB, copper TEM grids with a drop of the colloidal liquid were dried in air, and 

then the grid was suspended in stirring deionized water for 8 h to remove the excess 

CTAB. 
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7.2.3 Electrochemical Evaluation 

The catalyst ink (5.0 mgcat mL–1) was prepared by dispersing the Pd/C catalyst in a 

1:5 (v/v) deionized water/isopropanol mixture by sonication for 15 min. A certain volume 

of the ink was cast onto the freshly polished RDE to give a loading of 51.0 "gmetal cm–2 

and dried at room temperature. The metal loadings of Pd/C-EG, Pd/C-PVP, and Pd/C-

FeCl2 were, respectively, 38.8, 32.6, and 38.3 wt.%, as determined by burning off the 

carbon black and oxidizing Pd to PdO at 550 ºC for 4 h in air. 

Electrochemical experiments were carried out on a potentiostat (Autolab 

PGSTAT302N, Eco Chemie B.V.) in a three-electrode configuration: a Pt mesh as the 

counter electrode, a glassy carbon rotating disk electrode (RDE, 5 mm diameter, Pine 

Instrument) as the working electrode, and a saturated calomel electrode (SCE) as the 

reference electrode. All potentials in this study are reported against the reversible 

hydrogen electrode (RHE).  Cyclic voltammetry experiments were conducted in an N2-

saturated 0.5 M H2SO4 solution (ACS, Fisher Sci.). The 6th cyclic voltammograms in the 

range of 0.05 – 1.2 V at a scan rate of 50 mV s–1 are presented. The catalyst-coated RDE 

was mounted onto an interchangeable RDE holder (Pine Instruments) and immersed in an 

N2-saturated solution of 0.5 M H2SO4 and 0.5 M formic acid. Formic acid 

electrooxidation experiments were performed with a rotation rate of 1000 rpm and a 

potential sweep between 0.1 and 1.1 V at a scan rate of 50 mV s–1. The second forward 

sweep voltammograms are presented. 

The electrochemically active surface areas (ESAs) of the commercial Pt/C 

catalyst and the Pd/C catalysts were characterized as follows. The charge of monolayer 

hydrogen underpotential deposition (HUPD) occurring on Pt nanoparticles (NPs) in the 

range of 0.05 – 0.35 V was used to determine the ESA of Pt/C with the Equation 7.1 

[211]: 
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As for the Pd/C catalysts, since the charge of the HUPD cannot be accurately determined 

because of the interference of hydrogen absorption in Pd, the ESA was estimated by 

measuring the reduction charge of surface PdO in the range of 0.6 – 0.9 V with a charge 

density of 424 "C cm–2 with the Equation 7.2 [212]: 
 !"#!" !! ! !!! ! ! !"#!!"#$%&'()!!!!"#$! !" !!"!!!"!!"!"

!!! !!"!!
!"!!"##!!!!   (7.2) 

7.3 APPLICATIONS 

In order to assess the potential application of using Al as a reducing agent for wet-

chemical synthesis, we prepared two carbon supported metallic nanomaterials: 40 wt. % 

Pd on carbon support (Pd/C) as an electrocatalyst for formic acid electro-oxidation in fuel 

cells and intermetallic Cu2Sb-C as an anode material for lithium-ion batteries.  

Additionally, shape-controlled Pd nanoparticles were prepared for potential application as 

a highly active, Pt-free oxygen reduction electrocatalyst. 

7.3.1 Synthesis of Pd/C for formic acid oxidation  

Both Al foil and powder were used for the preparation of Pd/C, but Al foil was 

chosen rather than powder for the following reasons: the reduction rate with Al foil is 

faster than with Al powder because the latter has a larger ratio of aluminum oxide to 

aluminum; it is easier to separate Al foil from the reaction products; and in the stirring 

reaction solution, Al foil has a lower moving speed than carbon black while Al powder 

has a speed similar to carbon black, implying a larger relative moving speed between Al 

foil and carbon black and thus a larger scrubbing force to detach the Pd NPs from the Al 

surface. Since carbon black cannot be well dispersed in water, the preparation of Pd/C 

was carried out in EG. It was found that the reduction of 10 mM Na2PdCl4 by Al foil in 

EG was complete in about 1 h (Figure 7.1).  
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Figure 7.1. Photographs of 10 mM Na2PdCl4/EG solutions after the addition of Al foil 
for different times. 

The same mechanism occurs in EG solution as described in Chapter 6, and it is supported 

by the change in pH and UV- Vis peaks with concentration (Figure 7.2).  Accordingly, 

Pd/C was first synthesized in EG with Al foil at room temperature for 3 h. Unfortunately, 

the obtained Pd/C (denoted as Pd/C-EG), confirmed by XRD and EDS (Figure 7.3a and 

b), has very large Pd particles as shown in Figure 7.4a. 

 

Figure 7.2. (a) Variation of the pH with the concentration of the Na2PdCl4 EG solutions 
and (b) UV-Vis spectra of the Na2PdCl4 EG solutions with different 
concentrations.  
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Supplementary Figure S4 | Photographs of 10 mM Na2PdCl4 EG solutions after the 

addition of Al foil for different times. 
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Supplementary Figure S4 | Photographs of 10 mM Na2PdCl4 EG solutions after the 

addition of Al foil for different times. 
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Figure 7.3. XRD patterns of (a) Pd/C-EG, (c) Pd/C-PVP, and (e) Pd/C-FeCl2.  EDS 
spectrum of (b) Pd/C-EG, (d) Pd/C-PVP, and (f) Pd/C-FeCl2. 

(a) (b)

(c) (d)

(e) (f)
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Figure 7.4. TEM images of Pd/C prepared (a) in EG, (b) with PVP in water, and (c) 
with FeCl2 in EG. (d) Particle size distribution histograms of Pd NPs on 
Pd/C-PVP and Pd/C-FeCl2. (e) SEM images of Al foil surfaces (left) before 
and (right) after the preparation of Pd/C-FeCl2. 
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Trisodium citrate and polyvinylpyrrolidone (PVP) were considered as stabilizers 

to reduce the particle size. The reactions were carried out in water since carbon black 

with these stabilizers can be dispersed well in water. The aqueous Na2PdCl4 solution with 

PVP became dark within a few minutes after the addition of Al foil and the reaction was 

complete in about 15 min. In contrast, the solution with trisodium citrate did not show a 

noticeable change in 2 h. The difference could be that PVP can interact with the metallic 

Pd atoms through its carbonyl group [213] while trisodium citrate complexes with the Pd 

ions [214]. In addition, citrate can inhibit the pitting corrosion of Al by a competitive 

adsorption with Cl- on the oxide film [215]. Figure 7.4b and d shows that the Pd/C 

(denoted as Pd/C-PVP) prepared with a 10 : 1 ratio of PVP repeat unit to Na2PdCl4 in 

water at room temperature for 1 h results in Pd NPs with a mean particle diameter of 4.9 

nm (additional XRD and EDS data in Figure 7.3c and d), indicating a significant size 

reduction compared to that of Pd/C-EG shown in Figure 7.4a. However, the dispersion of 

Pd NPs on the carbon is irregular; some carbon black is not loaded with NPs. FeCl2 was 

also used as a stabilizer to synthesize Pd/C (denoted as Pd/C-FeCl2) in EG at room 

temperature for 3 h, which was confirmed by XRD and EDS results (Figure 7.3e and f). 

The Pd NPs are stabilized by the adsorption of Fe2+. Figures 7.4c and d show that the 

Pd/C-FeCl2 prepared with a 10 : 1 ratio of Na2PdCl4 to FeCl2 has Pd NPs uniformly 

distributed on the carbon black with a mean diameter of 6.5 nm. Although Pd/C-FeCl2 

has larger Pd NPs than Pd/C-PVP, the carbon black is more uniformly loaded with Pd 

NPs.  Pitting corrosion occurrence during the preparation of Pd/C is shown by the SEM 

images of Al foil surfaces in Figure 7.4e. 

Electrochemical evaluation in Figure 7.5 shows that Pd/C-FeCl2 and Pd/C-PVP 

have high activity toward formic acid electro-oxidation, consistent with the reports in the 

literature [216, 217].  The ESAs of the Pd/C-EG, Pd/C-PVP, Pd/C-FeCl2, and commercial 
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Pt/C (40 wt.%, Johnson Matthey) are, respectively, 14.3, 45.5, 33.4, and 53.3 m2 g–1 from 

the cyclic voltammograms (CVs) shown in Figure 7.5a.  The higher ESAs for Pd/C-PVP 

and Pd/C-FeCl2 compared to Pd/C-EG confirm the decreased particle size and improved 

particle dispersion on the carbon support.  The formic acid oxidation reaction (FOR) 

curves in Figure 7.5b show that the prepared Pd/Cs have lower onset potentials and much 

higher activities compared to the commercial Pt/C, consistent with the literature data 

[216]. This validates the high performances of the Pd/C electrocatalysts prepared by this 

method, and potential for formic acid oxidation applications. 

 

Figure 7.5. (a) CVs and (b) FOR curves of the Pd/C catalysts and a commercial Pt/C 
catalyst, respectively, in N2-saturated 0.5 M H2SO4 with the potential cycled 
in the range of 50 – 1200 mV and in N2-saturated 0.5 M H2SO4 + 0.5 M 
HCOOH with the potential scanned from 100 to 1100 mV. Both were 
conducted at a scan rate of 50 mV S–1 at room temperature. 

7.3.2 Synthesis of intermetallic Cu2Sb-C for lithium ion battery anodes 

Carbon-supported Cu2Sb (denoted Cu2Sb-C) was prepared using Al foil as a 

reducing agent in EG under an N2 atmosphere and confirmed by XRD and SEM-EDS 

mapping in Figure 7.6.  Cu2Sb crystalized in the expected tetragonal phase (P4/nmm) 

with Sb occupying the face-centered positions of the distorted fcc structure and Cu in 
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both tetrahedral and octahedral sites [204].  The Sb serves as a stable framework for the 

displacement between Cu and Li ions forming Li2CuSb and Cu.  The XRD crystallite size 

of Cu2Sb is about 20 nm, as determined by the Scherrer equation.  The STEM image in 

Figure 7.6b shows that the smaller crystallites (~ 20 nm) form into larger micron-sized 

dendrites with uniform distribution of the Cu and Sb throughout the sample.  The molar 

ratio of Cu to Sb in the product is 2.05 as determined by EDS, indicating complete 

reduction of both CuCl2 and SbCl3. Similar to Pd/C, the carbon black works as a scrubber 

to remove the formed Cu2Sb from Al foil. The quantitative reduction of Cu and Sb and 

formation of the ordered intermetallic compound could be attributed to their similar 

reduction reaction rates.  The small crystalline size, in the presence of a carbon matrix, 

has the potential to buffer the large volume expansion of the anode during 

charge/discharge of lithium-ion batteries [176]. 
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Figure 7.6. (a) XRD pattern and (b) SEM and EDS mapping images of Cu2Sb-C.  

7.3.3 Synthesis of Pd enclosed by (100) facets for oxygen reduction  

Pd nanocubes enclosed by (100) facets and less than 10 nm in size have 

previously been synthesized by Xia’s research group [218] using ascorbic acid as a 

reducing agent, KBr and KCl as capping agents to facilitate preferential growth, and PVP 
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as a surfactant at 80 °C.  This synthesis method was attempted using Al as a source of 

reducing agent instead of ascorbic acid, but PVP resulted in severe aggregation of the 

nanoparticles (Figure 7.7). 

 

Figure 7.7. Pd nanoparticles prepared with Al foil as a source of the reducing agent and 
PVP as a surfactant. 

The cationic surfactant, cetyltrimethylammonium bromide (CTAB), has been used 

extensively in the preparation of shape-controlled gold nanoparticles [219-223].  Herein, 

CTAB is used as a cationic surfactant preventing the agglomeration of Pd nanoparticles 

and as a source of Br-, which causes pitting corrosion of Al.  Figure 7.8b shows Pd 

nanoparticles prepared using Al foil as a source of reducing agent and CTAB as 

surfactant and source of Br- at 80 °C.  A majority of the nanoparticles produced using Al 

as a reducing agent is cubic in shape (~ 80 %).  These nanocubes have a mean width of 

10.1 ± 2.5 nm with an aspect ratio (length/width) of 1.2.  The shapes of the remaining 

nanoparticles are rods (much higher aspect ratio), tetrahedra, and spheres.  To the 

author’s knowledge, this is the first report of the shaped-controlled synthesis of Pd 

nanoparticles using a heterogeneous reducing agent such as Al.  The Pd nanoparticles, in 

Figure 7.8a, prepared by the synthesis method of Xia’s research group [218] have a 
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higher percentage of nanocubes (~ 98 %) with a mean width of 7.2 ± 0.8 nm and aspect 

ratio of 1.3 similar to the experimental results previously reported.  The smaller 

nanocubes and more consistency in shape by Xia’s method indicate improvement can be 

made in the synthesis of Pd nanocubes using Al as a reducing agent.   

 

Figure 7.8. STEM images for (a) Pd nanoparticles prepared by the method of Xia’s 
group at 80 °C [218] and (b) Pd nanoparticles prepared using Al foil as a 
reducing agent and CTAB as a surfactant and source of Br- at 80 °C. 

After adding the Na2PdCl4 precursor solution, the reduction by Al pitting 

corrosion at 80 °C occurs within 1 min, consistent with the reaction rate observations of 
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Xia’s group using ascorbic acid as a reducing agent and similar concentration of Br- 

[218].  The complex of Pd with Br- is known to be more stable than with Cl-, thereby 

slowing the reduction.  By controlling the ratio of Br- to Cl-, the overall reaction rate can 

be controlled.  The reaction rate, in turn, corresponds to the number of Pd seeds or nuclei.  

A faster reaction rate leads to a greater number of nuclei, and a slower rate leads to fewer.  

The number of seeds affects growth by limiting the amount of material that can be added 

to the seeds, therefore, resulting in decreased particle size.  The reaction rate of Pd 

reduced by Al may also be slowed by the cation, CTA+, adsorbing on the Al oxide film. 

It is well documented that the Br- (and to a lesser extent Cl-) ion can facilitate the 

preferential growth of the (100) facets of Pd, whereas the thermodynamically stable 

configuration is a mixture of (111) and (100) that reduces overall surface energy [224, 

225].  It was concluded that the Pd nanocubes produced by Xia’s group and reproduced 

here (Figure 7.8a) were enclosed by (100) facets as a result of the halide capping agents 

used [218].  However, Xia’s group did not discuss the influence of pressure in that report.  

After addition of the Pd precursor, the reaction vial is capped under a temperature of 80 

°C creating a higher than atmospheric pressure (as well as for samples prepared by Al 

reduction).  The so-called hydrothermal method is a method that uses a solvent’s vapor 

pressure to create high pressure at elevated temperatures within a sealed autoclave.  In 

effect, capping the vial creates hydrothermal conditions during the reaction.  Many 

groups including our research group have shown the capability of the hydrothermal 

method to create shape-controlled nano- and micro-particles [226-230].  While the 

precise reason for the control of particle morphology during hydrothermal reactions is 

unclear, super-critical water may contribute [229].  Therefore, the effect of increased 

reaction pressure on shape control cannot be excluded in the preparation of Pd 

nanocubes. 
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As stated in Section 7.1, the (100) plane is the most active towards oxygen 

reduction reaction among the low-index Pd planes, even more active than Pt(110).  To be 

useful for the ORR and potentially for low-temperature fuel cells as a cathode 

electrocatalyst, the produced Pd nanocubes need to be dispersed on a support material.  

The Pd nanocubes reduced by Al pitting corrosion and held in suspension by the cationic 

surfactant CTAB can easily be dispersed on a support material.  After separating the 

colloidal liquid from the residual Al foil, carbon black (Vulcan XC-72R) was added to 

the colloid and allowed to disperse with magnetic stirring and sonication.  Acetone is 

then added to destabilize the suspension [231] and the Pd nanocubes are loaded on the 

carbon support.  Figure 7.9 shows the STEM image of Pd nanocubes, prepared using Al 

as a reducing agent and CTAB as a surfactant and source of Br-, supported on XC-72R 

with an approximate Pd loading of 20 wt. %. 

 

Figure 7.9. Pd nanocubes, prepared by Al as the reducing agent and CTAB as a 
surfactant and source of Br-, supported on Vulcan XC-72R (~ 20 wt. % Pd). 

The crystal structure and elemental composition of the Pd nanocubes is confirmed 

by XRD and EDS as shown in Figure 7.10.  The crystal structure is face-centered cubic 
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(fcc) Pd (Figure 7.10a).  The SEM-EDS spectrum shows Pd and C, but also O, S, Br, and 

Al (Figure 7.10b).  The small amount of S is routinely observed in Vulcan XC-72R, 

while the O is expected from the carbon support and Pd surface oxidation.  Br and Al are 

present in the sample as impurities from the nanoparticle synthesis.  Further work needs 

to be done in order to clean the sample of Br- ions and residual Al while maintaining 

nanoparticle morphology.  Pd nanocubes prepared using the heterogeneous reducing 

agent, Al, and loaded onto carbon have great potential for highly active ORR 

electrocatalysts for low-temperature fuel cell applications. 

 

Figure 7.10. (a) XRD pattern and (b) EDS spectrum of Pd/C-CTAB with 20 wt. % Pd. 

7.4 CONCLUSIONS 

Chapter 6 demonstrated the feasibility as a reducing agent for the wet-chemical 

synthesis for a wide array of metals.  This chapter shows the application-driven tailoring 

of morphology to obtain specific properties for various purposes.  Carbon-supported Pd 

(Pd/C) was prepared using Al as a reducing agent and stabilizers to control the particle 

size and dispersion on the support.  Using PVP and FeCl2 as stabilizers was found to 

decrease particle size (4.9 and 6.5 nm, respectively) and improve particle dispersion with 

lower onset potentials and higher current densities for formic acid oxidation.  The 

(a) (b)
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intermetallic compound, Cu2Sb, was also demonstrated to form at room temperature 

without any further additives or treatments.  Cu2Sb with an average crystallite size of 20 

nm mixed with carbon show promise for decreasing the lithium-ion diffusion path length 

and accommodation of the large volume changes during battery charging and 

discharging.  Lastly, shape-controlled Pd nanoparticles were prepared with Al as a 

reducing agent at 80 °C with CTAB as both a surfactant and a source of the capping 

agent, Br- ion, which results in the preferential growth of the (100) planes.  The resulting 

Pd nanocubes have an average width of 10.1 nm with an aspect ratio of 1.2.  The high 

fraction of exposed Pd (100) planes demonstrates a great potential for highly active Pt-

free oxygen reduction electrocatalysts for low-temperature fuel cells.  These examples 

show the practical applications of using Al as a reducing agent for wet-chemical 

synthesis of a wide range of metals, alloys, and intermetallics and the ability to tailor the 

particle morphology by simple means such as the use of surfactants, capping agents, and 

other additives. 
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Chapter 8: Summary 

The objective of this dissertation was to develop novel electrocatalysts for the 

oxygen reduction reaction in low-temperature fuel cells and to gain an understanding of 

the enhancement mechanisms for improved activity.  In this regard, core-shell 

Pt@PdxCuy/C (shell@core) was synthesized by polyol reduction of the core and aqueous 

galvanic displacement to create the Pt-rich shell and the activity towards oxygen 

reduction was studied.  The effect of Pt coverage on the core-shell Pt@PdCu5/C was 

additionally studied as it pertained to oxygen reduction and methanol tolerance.  A novel 

spray-assisted impregnation method was also developed for the synthesis of Pd88W12/C.  

It was also shown for the first time that aluminum could be activated by pitting corrosion 

to be used as a reducing agent for the wet-chemical synthesis of a wide array of metals, 

and the control of particle morphology was studied as it relates to specific applications.  

The results of this dissertation are briefly summarized below. 

A scalable synthesis method was employed to prepare the core-shell 

Pt@PdxCuy/C electrocatalysts with core compositions ranging from Pd/C to PdCu5/C by 

first using polyol reduction to reduce the PdxCuy/C core and then using aqueous galvanic 

displacement to form the Pt-rich shell.  XRD shows that the initial cores are well alloyed, 

and the core-shell structure is confirmed with the comparison of bulk and near-surface 

compositions along with cyclic voltammetry.  RDE and single cell testing show enhanced 

ORR activity for the Pt@PdxCuy/C samples with maximum activity for the Pt@PdCu5/C 

sample (3.5x that of Pt/C).  It was concluded that this activity enhancement was a result 

of the observed delay in the onset of Pt-OH formation caused by the synergistic effect 

between the core and the shell. 
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The ORR activity and methanol tolerance was then studied on the most active 

core-shell electrocatalyst composition, Pt@PdCu5/C, as a function of Pt shell coverage.  

It was found that methanol tolerance decreased with increasing Pt coverage due to the 

lowered CO adsorption strength observed by CO-stripping voltammetry.  Pt@PdCu5/C 

with 14 atomic % Pt was found to be the most methanol tolerant by RDE.  However, 

single DMFC results with Pt@PdCu5/C – 14% Pt showed detrimental effects on the 

anode and membrane as Cu leaching occurred during conditioning.  Pt@PdCu5/C with 

27% Pt was then used in single cell testing after acid washing the cathode to remove 

excess Cu.  Acid washing improved PEMFC and DMFC performances with acid-washed 

Pt@PdCu5/C – 27% Pt showing 4x the Pt-mass activity of Pt/C under H2-O2 PEMFC 

conditions.  Future work could study the effect of displacing the core with two metals on 

methanol tolerance, one that provides ORR activity (such as Pt) and one that is inactive 

towards adsorbing methanol (such as Pd or Au).  The mixed shell could result in 

improved methanol tolerance by taking advantage of the ensemble effect. 

A Pd88W12/C electrocatalyst was prepared using a novel spray-assisted 

impregnation synthesis method.  The spray-assisted method resulted in more uniform 

drying that yielded improved dispersion on the carbon support, decreased particle size, 

and a higher degree of alloying compared to the conventional impregnation method.  This 

new synthesis method shows great promise and may be extended to the preparation of 

other binary and ternary electrocatalysts.  The PEMFC and DMFC performance of the 

spray-assisted Pd88W12/C was much improved compared to that of Pd88W12/C prepared by 

conventional impregnation.  Additionally, the DMFC performance in the kinetic region 

was the same as Pt/C with a similar particle size.  Single DMFC and impedance results 

also show improved methanol tolerance compared to Pt/C.  Further studies on the spray-
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assisted impregnation technique could be conducted in order to increase the amount of 

tungsten in the final Pd-W/C electrocatalyst. 

A new synthesis method was discovered involving the pitting corrosion activation 

of aluminum.  It was found that certain anions, such as Cl-, Br-, and F-, cause pitting 

corrosion of aluminum and are able to overcome the native aluminum oxide on 

aluminum.  This enables aluminum to be used as an effective reducing agent for the 

synthesis of a range of metal particles.   An intermediate of the reaction between 

aluminum and H2O, atomic hydrogen, was discovered to serve as the actual reducing 

agent.  Metals with a standard reduction potential greater than or equal to -0.138 V were 

reduced with aluminum as a reducing agent at room temperature in protonic solvents.   

The morphology of metallic particles prepared by aluminum as a reducing agent 

could be tailored by controlling reaction conditions and through the addition of various 

additives.  Carbon-supported Pd electrocatalysts using PVP and FeCl2 as stabilizers were 

prepared with small particle sizes (4.9 and 6.5 nm, respectively) and good dispersion, and 

they showed good performance for the oxidation of formic acid compared to a 

commercial Pt/C.  Carbon-supported Cu2Sb, an intermetallic with crystallite size of 20 

nm, could also be prepared using aluminum as a reducing agent at room temperature 

without any further treatments or processing, and it shows promise for use as a lithium-

ion battery anode material.  Lastly, it was found that the shape of Pd nanoparticles could 

be controlled with the use of CTAB as a source of both a surfactant (CTA+) and a 

capping agent (Br-) at 80 °C.  The capping agent leads to the preferential growth of the 

(100) planes resulting in the formation of nanocubes with an average width of 10 nm and 

aspect ratio of 1.2.  These cubic Pd nanoparticles could potentially be used for the 

reduction of oxygen as Pd(100) is the most active crystal plane, even more active than 

Pt(110).  Future work needs to be done to confirm the oxygen reduction activity of these 
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cubic Pd nanoparticles.  The discovery of aluminum as an effective reducing agent means 

that many avenues of study could be taken, such as producing various alloys, other 

intermetallics, and further control of morphology. 

In summary, this dissertation focused on both the synthesis of novel cathode 

electrocatalysts for the oxygen reduction reaction and the electrochemical 

characterization of the prepared electrocatalysts.  Easy and scalable synthesis methods 

were developed to show feasibility for practical applications.  A combination of physical 

and electrochemical techniques were used to characterize the electrocatalysts and elicit 

explanations for the observed catalytic and fuel cell performances.  Finally, performance 

was measured in half-cell configuration (CV and RDE) and full-cell configuration (single 

cell PEMFC and DMFC testing). 
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Appendices 

APPENDIX A 

 

Figure A.1. TEM images of (a) Pt@Pd3Cu/C, (b) Pt@PdCu/C, and (c) Pt@PdCu3/C. 
The insets show the particle size distributions. 
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Figure A.2. (a) Thermogravimetric analysis (TGA) plot of Pt@PdCu5/C at a ramp rate of 
10 °C/min in air and (b) the XRD pattern of Pt@PdCu5/C after the TGA 
experiment. 

 

  

!
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Table A.1. Metal loading for the Pt@PdxCuy/C samples 

Sample Phases after TGAa Metal loadingb 
(wt. %) 

Pt@Pd/C Pt, PdO 30.2 

Pt@Pd3Cu/C Pt, PdO, PdCuO2 22.9 

Pt@PdCu/C Pt, PdCuO2 23.2 

Pt@PdCu3/C Pt, PdCuO2 27.4 

Pt@PdCu5/C Pt, PdCuO2 19.2 

adetermined by XRD after the TGA experiment. 
bcalculated by subtracting the oxygen content from oxides present after 
the TGA experiment. 

 

TGA is done in order to determine the metal loading of the carbon-supported 

electrocatalyst samples.  After the experiment, the weight % of the sample remaining is 

recorded.  For all core-shell samples, Pd is oxidized to PdO and Cu is oxidized to CuO 

while the carbon goes to gaseous CO2.  The stoichiometry of Pd + Cu : O is thus 1 : 1.  

By knowing the weight of PdO and CuO from TGA and the stoichiometry of metal to 

oxygen from XRD, the weight of oxygen can be subtracted and the metal loading is 

obtained.  
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Figure A.3. TEM image of Pt@PdCu5/C after 500 potential cycles from 0 to 1.2 V at 
100 mV/s in N2-saturated 0.1 M HClO4. The inset shows the particle size 
distribution. 
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APPENDIX B 

 

Figure B.1. Core-level XPS spectra of the Pt@PdCu5/C samples: (a) Pt 4f region, (b) Pd 
3d region, and (c) Cu 2p region. The peaks in (a) labeled “i,” “ii,” “iii,” and 
“iv” are, respectively, assigned to Pt 4f 7/2, Pt2+ (PtO) 4f 7/2, Pt 4f 5/2, and Pt2+ 
(PtO) 4f 5/2. The peaks in (b) labeled “i” and “ii” are, respectively, assigned 
to Pd 3d 5/2 and Pd 3d 3/2. The peaks in (c) labeled “i” and “ii” are, 
respectively, assigned to Cu 2p 3/2 and Cu2+ (CuO) 2p 3/2. 

From Figure B.1a, we can see that the intensity of Pt increases with increasing Pt 

content in the Pt@PdCu5/C sample. The Pt 4f region shows a high proportion of Pt2+ in 

the samples.  The small shoulder at ~ 78 eV is due to the overlap with the Cu 3p peaks. 

Figure B.1b shows the XPS core-level spectra in the region of Pd 3d.  The highlighted 
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peaks are for Pd 3d 5/2 and 3/2 of Pd0+. The broad peak that increases with increasing Pt 

content in the Pd 3d region at ~ 332.5 eV is due to the overlap with the Pt 4d 3/2 peak. In 

Figure S1c, the dashed line at ~ 932 eV is the 2p 3/2 peak of Cu0+, while the second 

dashed line at ~ 934 eV corresponds to the 2p 3/2 peak for Cu2+ in CuO. The intensity of 

the Cu 2p peaks decreases with increasing Pt content as expected.
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Table B.1. Compositions and metal loadings of the Pt@PdCu5/C series and Pt/C 

Sample Bulk composition 
from EDS 

Near surface 
composition from 
XPS 

% metal loading 
from TGAa 

PGM loading on 
GC electrode 
(!g/cm2) 

PdCu5/C Pd19Cu81 Pd19Cu81 ----- ----- 

Pt@PdCu5/C – 14% Pt Pt14Pd20Cu67 Pt25Pd19Cu56 24.2 13.0 

Pt@PdCu5/C – 19% Pt Pt19Pd18Cu62 Pt31Pd11Cu58 24.8 15.0 

Pt@PdCu5/C – 27% Pt Pt27Pd18Cu55 Pt41Pd10Cu49 26.5 18.1 

Pt@PdCu5/C – 35% Pt Pt35Pd18Cu47 Pt57Pd15Cu28 27.9 21.2 

Pt@PdCu5/C – 49% Pt Pt49Pd17Cu34 Pt55Pd17Cu28 21.6 18.4 

Pt/C (JM) ---------------- ---------------- 20b 20.4 

a calculated based on a 1 : 1 stoichiometry of oxygen to Pd + Cu from XRD data (Figure B.2b) as described in Appendix A 

b nominal wt. % Pt 
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Figure B.2. (a) Thermogravimetric analysis (TGA) plot of Pt@PdCu5/C – 27% Pt at a 
ramp rate of 10 °C/min in air and (b) XRD pattern of the sample in (a) after 
the TGA experiment. The red “x” in (a) indicates the temperature at which 
the final weight was taken. The metal loadings were calculated by 
subtracting the weight of oxygen using a 1 : 1 stoichiometry with both Pd 
and Cu as determined by the XRD plot.  
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Figure B.3. TEM images of: (a) PdCu5/C, (b) Pt@PdCu5/C – 14% Pt, (c) Pt@PdCu5/C – 
19% Pt, and (d) Pt@PdCu5/C – 35% Pt. The insets show the particle size 
distributions. 
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Figure B.4. CO-stripping voltammogram of a 20 wt. % Pd/C (synthesized in-house by 
the polyol process with a TEM particle size of 6.0 nm) electrocatalyst for 
CO absorbed at 85 mV with subsequent cyclic voltammograms in N2-
saturated 0.1 M HClO4 at a scan rate of 20 mV/s. The dashed line indicates 
the peak position for Pt/C (from Figure 4.6a). 
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Figure B.5. Nyquist plots for MEAs containing Nafion 115 as the electrolyte and either 
Pt/C or Pt@PdCu5/C – 27% Pt acid-washed as the cathode catalyst. 

 

The electrochemical impedance spectra (EIS) in Figure B.5 were recorded with 

N2 and H2 fed to the anode and cathode, respectively, using a frequency range of 0.1 Hz 

to 4000 Hz at a potential of 0.45 V. Figure B.5 shows that the resistance due to proton 

conductivity increases from Pt/C to Pt@PdCu5/C – 27% Pt, confirming the detrimental 

effect of Cu on the Nafion 115 membrane. 
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 APPENDIX C 

 

 

Figure C.1. TEM images of (a) Pt/C and (b) Pd/C with insets showing particle size 
distribution. 

 

Figure C.2. Potential-time plot for the constant current stability test at a methanol 
concentration of 1 M and a flow rate of 2.3 mL min-1 with a O2 flow rate of 
0.2 L min-1 and cell temperature of 65 °C. 
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Figure C.3. (a) Pre- and post-stability test polarization curves for Pd/C.  (b) Pre- and 
post-stability test cyclic voltammograms for Pd/C. 
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