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Controlling catalyst morphology and composition are required to make 

meaningful structure-activity/stability relationships for the design of future catalysts.  

Herein, we have employed strategies of presynthesis and infusion or electroless 

deposition to achieve exquisite control over catalyst composite morphology.  The oxygen 

reduction (ORR) and the oxygen evolution reactions (OER) were chosen as model 

systems, as their slow kinetics is a major limiting factor preventing the commercialization 

of fuel cells and rechargeable metal air batteries.  In acid, bimetallic (Pt-Cu, Pd-Pt) and 

monometallic (Pt) catalysts were presynthesized in the presence of capping ligands.  Well 

alloyed Pt-Cu nanoparticles (3-5 nm) adsorbed on graphitic mesoporous carbon (GMC) 

displayed an ORR activity >4x that of commercial Pt.  For both presynthesized Pt and Pt-

Cu nanocrystals on GMC, no activity loss was also observed during degradation cycling 

due to strong metal-support interactions and the oxidation resistance of graphitic carbon.  

Similar strong metal-support interactions were achieved on non-graphitic carbon for 

Pd3Pt2 (<4 nm) nanoparticles due to disorder in the metal surface  This led to enhanced 

mass activity 1.8x versus pure Pt, as well as improved stability.  For basic electrolytes, 

we developed an electroless co-deposition scheme to deposit Ag (3 nm) next to MnOx 

nanodomains on carbon.  We achieved a mass activity for Ag-MnOx/VC, 3x beyond the 
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linear combination of pure component activities due to ensemble effects, where Ag and 

MnOx domains catalyze different ORR steps, and ligand effects from the unique 

electronic interaction at the Ag-MnOx interface.  Activity synergy was also shown for 

Ag-Pd alloys (∼5 nm), achieving up to 5x activity on a Pd basis, resulting from the 

unique alloy surface of single Pd atoms surrounded by Ag.  Lastly, we combined arrested 

growth of amorphous nanoparticles with thin film freezing to create a high surface area, 

pure phase perovskite aggregate of nanoparticles after calcination.  Sintering was 

mitigated during the high temperature calcination required to form the perovskite 

crystals.  The high surface areas and phase purity led to OER mass activities ~2.5x higher 

than the benchmark IrO2 catalyst. 
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Chapter I: Introduction 

There is a need for synthetic methods that allow for exquisite control over catalyst 

morphology and composition if desired selectivities, as well as high activities and 

stabilities, are to be achieved.
1-3

  Furthermore, well-defined catalysts enable the 

elucidation of structure-performance relationships for the design of future catalysts.  For 

applications such as fuel cells
4-6

 and rechargeable metal air batteries,
7,8

 this is of utmost 

importance as their widespread commercialization has not been achieved due to slow 

reaction kinetics at the cathode.  The sluggish reactions are the oxygen reduction oxygen 

reduction (ORR) and oxygen evolution reactions (OER), and are used as the model 

reactions in this dissertation (primarily ORR).  Current state of the art catalysts are 

composed of Pt (ORR)
5
 or precious metal oxides such as IrO2 (OER)

9,10
 on Vulcan 

carbon, which are both expensive and scarce.
11

  In addition, they experience large kinetic 

polarization as demonstrated by the case for an acid fuel cell (Figure 1.1).  At the anode 

(hydrogen oxidation), a small change in potential around the equilibrium potential, 

generates a significant amount of current.  However, to generate the same amount of 

current at the anode (for ORR), the potential typically drops >300 mV.
5,8

  The power 

density of a cell scales as V
2
, therefore there is significant power loss due to the cathode.  

Besides activity, catalyst stability is also an issue.  Typical loss for long term stability 

tests have shown >70% degradation.
12,13

  Therefore, novel catalyst particles with well-

defined morphologies and compositions are needed for to achieve higher activities. 
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Figure 1.1: Typical polarization curves for ORR and hydrogen oxidation in acid 

 

1.1 MECHANISM FOR ORR AND OER 

To develop new catalysts, an understanding of the ORR/OER mechanism in acid 

and base is necessary.  The stability of reaction intermediates plays a role in the choice of 

catalyst.  For acid conditions, the reaction is as stated in Figure 1.1: 

O2 + 4H
+
 + 4e

-
  2 H2O (1.229 V)                               1.1 

It is proposed that the mechanism in acid occurs primarily due to this direct 4 

electron reduction.
5,11

  However, under basic conditions, a 2 by 2 electron transfer 

mechanism (Equation 1.1)  is possible due to the enhanced stability of the 

hydroxyperoxyl anion relative to acidic conditions:
4,14

 

O2 + 4H2O + 2e
-
  HO2

-
 + OH

-
  (-0.76 V)                         1.2 
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     HO2
-
 + H2O + 2e

-
  3OH

-  
(0.877 V)                                     1.3 

   2HO2
-
 2OH

-
 + O2                                                      1.4 

The kinetics of Equation 1.3 are extremely slow, even on Pt.  However, due to the 

stability of HO2
-
 in base, it may also be catalytically disproportionated back into O2 

(Equation 1.4) rather than electrochemically reduced (Equation 1.3).
15

  Therefore, by 

combining a catalyst that can perform Equation 1.2 with one with fast disproportionation 

kinetics, a pseudo-4 electron reduction is possible.  Therefore, unique alkaline ORR 

catalysts can be designed to either enhance the direct or pseudo-4 electron reduction of 

oxygen electrochemically for better kinetics, or perform the fast chemical 

disproportionation of HO2
-
 into O2 for enhanced utilization of the O2 reactant.  Both 

acidic and alkaline conditions are studied in this dissertation. 

1.2 SYNTHESIS OF ACTIVE/STABLE COMPOSITES 

Bimetallic systems have been a popular route to obtaining both high activity and 

stability.  A widely used means for catalyst synthesis is wetness impregnation.  Typically, 

bimetallic alloys (e.g. PtCu,
16

 PtNi,
17

 PtCo,
18

 and PdTi
19

) are synthesized via wetness 

impregnation.
4,11,20-23

 The production of catalysts via wetness impregnation proceeds by 

contacting carbon with a solution of the metal ions, drying the water to precipitate the 

metal salt in the carbon pores, and finally reducing the metal salts to nanoparticles at high 

temperature in reducing gas.
24

 However, this can lead to polydisperse particle sizes, non-

uniform distribution, and multiple alloy phases due to varying diffusion rates of different 

metal ions through the various pore sizes
25

 and inhomogeneous salt deposition from 

drying effects.
24

  In addition, metal ions may diffuse into micropores (<2nm diameter), 

thereby forming particles in regions inaccessible to reactants.
5,25

 

Perovskite catalysts are another promising class of catalysts to perform both the 

ORR and OER,
10,26

 but are limited to alkaline conditions due to their instability in acid.
6
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Their activity is shown to follow a volcano type relationship as a function of the number 

of electrons in the eg orbital, where perovskites such as LaNiO3 is shown at the top for 

both ORR
26

 and OER.
10

 For the synthesis of oxide catalysts, a wide range of synthetic 

techniques have been employed, such as sol-gel,
27-29

 reverse micelle,
30-33

 co-

precipitation,
34-37

 and hydrothermal.
38,39

  However, due to aggregation of precursors 

during particle formation and the high temperatures required for crystallization, particle 

sizes are typically >200 nm.
18,28,29,36,38

  Thus, high mass activities have yet to be 

achieved.  Other oxides, like MnOx, have been synthesized at the nanoscale with control 

over phase and morphology.
40,41

  However, the activities remain low due to the primary 

ability of the MnOx to function as a disproportionation catalyst (Equation 1.4).
4
  

Combination of the oxide with metals could be a promising route to achieving high 

activities, as is suggested by the increase in activity in response for doping with Ni,
42

 and 

for reasons that will be discussed in the following section.  However, for both metal 

nanoparticles and oxides, a synthetic scheme is need to produce particles with uniform 

size and composition, so that the theoretically predicted activities and stabilities can be 

achieved, as well as structure-performance relationships defined. 

Presynthesis and infusion of nanoparticles offers the ability to obtain exquisite 

control over particle morphology and composition, while tailoring the interaction of the 

particles with the support to achieve active, stable composites.  Arrested growth 

precipitation of nanoparticles in the presence of capping ligands has been used to create 

colloidally stable nanocrystals.
1,3,43-45

  A generalized scheme is shown in Figure 1.2.  

First, metal precursors are dissolved in the presence of a capping ligand.  Upon 

heating
44,46

 or reaction to form insoluble hydrolysis products,
32,34

 the metal precursors 

transform into a species with high supersaturation, followed by burst nucleation to form 

small nuclei.
46

  The morphology, composition, and size can be adjusted by judiciously 
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modifying reaction temperature, time, and concentrations of precursors and ligands.  For 

systems with two metal precursors, bimetallic nuclei are formed when the equilibrium 

solubilities are similar.
44

 Additionally, uniform alloys can still be achieved even when the 

solubilities rates different, as nuclei from one metal may act as a center for deposition of 

the second before two distinct phases nucleate.
47

  This so called “composition focusing” 

is important for consistently producing the desired bimetallic compositions.  By using 

weakly bound ligands, sufficient metal surface may be exposed to an added support for 

strong adsorption.  This process is amenable to graphitic supports, where the pi electrons 

of the carbon interact with the metal d-electrons to create strong binding to the support.
48

 

For wetness impregnation, the ionic precursors are not able to stick to the graphite 

surface due to a lack of polar groups and dangling bonds.  For example, Pt can be 

strongly adsorbed on carbon to show a remarkable improvement in activity compared to 

commercial Pt on amorphous carbon.
49

  Thus, arrested growth in the presence of capping 

ligands is a general technique that may be employed to create bimetallic metal and oxide 

nanoparticles with controlled composition and morphology for high catalytic activities 

and stabilities. 
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Figure 1.2: Process of arrested growth precipitation and infusion 

 

1.3 DESIGN CRITERIA FOR CATALYST COMPOSITES 

1.3.1 Mechanisms for activity enhancement 

There are three main mechanisms of activity enhancement for composite systems: 

ligand, ensemble and geometric effects, depicted in Figure 1.3.
50-52

  Firstly, ligand effects 
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result from dissimilar atoms or materials contacting one another and disturbing each 

other’s electronic structure.
50,53

 These effects are common for bimetallic systems.  DFT 

calculations have shown that alloying has led to a significant ORR activity increases in 

both acid
54,55

 and base
56

 due to a shift in the metal d-band that changed the adsorption 

energy of reaction intermediates.  Another mechanism of activity enhancement is the 

ensemble effect, where two dissimilar catalytic sites in close proximity cooperate to 

accomplish a reaction mechanism.  An example of this is shown in Figure 1.2, where one 

site on a catalysts binds oxygen strongly for bond breaking, while the other site is weak 

binding to facilitate product desorption.
57

  Iron oxide on nitrogen doped carbon
58

 and Ag 

on MnOx
59

 both enhance ORR activity by having the carbon or metal facilitate the first 2 

electron transfer (equation 1.2), while the oxide catalyzed the disproportionation reaction 

to recycle the reactant, O2. This can free up catalytic sites to allow the reaction to 

continue to proceed.  Lastly, there are geometric effects, whereby the specific position of 

the atoms are favorable for a reaction, of strain in a material causes a shift in binding 

energy to allow for higher activities.
55,60,61

 A prime example of this is a core-shell system, 

formed either by growing an active metal atop an inactive metal
60,61

 or selective leaching 

a metal from an alloy to create a shell enriched in one component.
52,62-64

 In both cases, the 

dissimilar atoms cause a strain in the shell, shifting the electronic structure to more 

favorable binding energies for ORR.  It should be noted that the electronic effect in such 

a system due to ligand effects and geometric effects are difficult to deconvolute, but the 

mechanisms are distinct. 
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Figure 1.3: Mechanisms of activity enhancement: ligand, ensemble
57

, and geometric
63 

1.3.2 Mechanism for catalyst degradation 

During catalysis, the particles typically undergo three main degradation 

mechanisms: dissolution, coalescence, and support degradation, as depicted in Figure 1.4.  

Dissolution is important in acidic conditions, as metal ions, even Pt, dissolve under the 

high potentials within the water stability window.
13,65

  This Pt ions can become trapped in 

the polymer electrolyte network,
5,66

 or deposit on existing particles via 2D or 3D Ostwald 

ripening from migration on the surface or in solution, respectively.
48

 In both cases the 

active surface are of the catalysts is decreasing.  The dissolution may be mitigated 

through creating a mixed metal system, where the mixture is more stable than the pure 

components as demonstrated for Pd-Pt clusters.
67,68

 Here, the uniformity of the alloy is 

crucial for obtaining the enhanced dissolution resistance.  Particles may also migrate 

along the support surface and coalesce into a larger particle, thus decreasing the available 

catalytic surface area.
69-71

  Lastly, the support may degrade, which causes the particles to 

become electrically isolated and therefore inactive.  At the cathode, the potential can 

reach 1 V vs RHE during idle conditions.  As the typical support, carbon, will oxidize at 

these potentials, especially in the presence of a catalyst like Pt.
48

  However, graphitic 

      

      

      

      

 

Ligand Ensemble Geometric 
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carbon offers a potential solution, as its structure is significantly more resistant to 

oxidation due to a high number of non-reactive basal planes relative to edge planes.
12

 

 

Figure 1.4: Catalyst degradation mechanisms 

1.4 OBJECTIVES 

The primary objective of this dissertation is to control the synthesis of catalysts 

composites for the achievement of high catalyst activities and stabilities, along with the 

development of meaningful structure-performance relationships.  Initially, the focus is for 

ORR in acidic media.  To the objective of producing catalyst particles with uniform 
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particle sizes and compositions, nanocrystals were synthesized via arrested growth 

precipitation in the presence of organic stabilizing ligands.  Presynthesized Pt 

nanoparticles (~3 nm) supported on graphitic carbon demonstrated activities on par with 

commercial Pt on Vulcan carbon (Pt/VC), but with only a 2% loss in mass activity after 

potential cycling, compared to a 70% loss for the commercial catalyst.  The strong 

binding of the Pt particles on the support and oxidation resistance of the carbon helped 

accomplish the mitigation of carbon degradation and Pt sintering.  Both stability and 

activity are presented for a presynthesized, uniformly alloyed PtCu3 nanoparticle (~4 nm) 

supported on graphitic mesoporous carbon.  A ~0% loss in activity is achieved for PtCu3 

due to the suppression of degradation mechanism as in the Pt study.  Furthermore, the 

activity is 4x higher (0.45 mA/mgPt) than commercial Pt/VC (0.11mA/mgpt) due to the 

generation of a strained Pt shell.  This same strong metal-support interaction is used to 

design a Pd3Pt2 alloy for achieving a strong wetting interaction with carbon, which 

mitigates stability loss during potential cycling, while the alloy morphology leads to 2x 

mass activities relative to pure Pt. 

The main objective is extended to alkaline systems due to the ability to use non-Pt 

catalysts that would readily dissolve in acid.  Here, catalysts are designed with the 

specific intent to make use of cooperative effects between metal-oxide, metal-metal, and 

metal oxide-support, to achieve activity synergy.  We employed a new electroless 

deposition scheme to deposit Ag nanoparticles (3 nm) next to thin MnOx domains on 

carbon.  The proximity of the domains favored ensemble effects for the various oxygen 

reduction and hydroperoxide disproportionation steps, which have not been reported 

previously for metal/metal oxide systems involving nanoparticles (<10 nm) for the ORR.  

Arrested growth precipitation of an Ag-Pd alloy was used to control the distribution of 

the Pd and Ag on the surface.  Cyclic voltammetry was used to find determine that at low 
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Pd concentrations in the alloy, the surface is composed of single Pd atoms surrounded by 

Ag.  The unique morphology is correlated to activity among various alloy ratios, showing 

that a combination of ensemble and ligand effects is responsible for activity 60% higher 

than pure Pd for AgPd2.  Finally, a combination of arrested growth precipitation and thin 

film freezing is employed to create high surface area LaNiO3.  Mixing the perovskite 

with nitrogen doped carbon created a bifunctional catalyst for ORR/OER.  The activities 

are shown to exceed current benchmark precious metal and metal oxide catalysts, as well 

as other LaNiO3 synthesized without nitrogen doped carbon and with methods that 

produce lower surface area perovskites.   

1.5 OUTLINE 

Chapters 2-4 focus on the presynthesis and infusion of nanocrystals on carbon for 

achieving highly active and stable oxygen reduction catalysts in acid.   In chapters 2 and 

3, graphitic mesoporous carbons are employed as the support material due to their 

inherent stability against oxidation.  Superior stability of Pt on graphitic carbon relative to 

commercial Pt on VC is demonstrated in Chapter 2.  The use of graphitic mesoporous 

carbon is extended to use for a PtCu alloy support in Chapter 3.  Here, a superior stability 

as well as a 4x mass activity increase over Pt/VC is shown.  The effect of alloy surface 

morphology and strong binding to the support are discussed in regards to the high activity 

and stability, respectively.  Strong particle support interactions are examined for a Pd3Pt2 

alloy catalyst on Vulcan carbon in Chapter 4.  A 2x activity enhancement for the alloy 

and better stability than pure Pt is explained relative to the alloy structure and deformed 

wetting morphology of the particle on the carbon.  The ORR activity and synthetic 

schemes for ORR and OER in base are expressed in Chapters 5-7.  Chapter 5 describes a 

new electroless deposition scheme to deposit Ag (3nm) nanoparticles next to MnOx 

domains on Vulcan carbon.  A significantly higher activity than what is expected for a 
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mixture of pure Ag and MnOx is explained by a combination of ligand and ensemble 

effects that result from the intimate contact between the Ag and MnOx domains.  In 

chapter 6, presynthesis and infusion is revisited for an Ag-Pd alloy.  Here, the unique 

alloy surface morphology is examined electrochemically.  The total mass activity 

enhancement beyond pure Pd is explained via the ensemble and ligand effect from having 

Pd single atoms surrounded by Ag in the alloy surface.  Lastly, a pure metal oxide 

(LaNiO3 perovskite) is shown to exhibit high bufunctionality toward ORR and OER 

(Chapter 7).  The activity is rationalized by the high surface area of the perovskite due to 

the synthesis technique of arrested growth precipitation combined with thin film freezing, 

as well as the use of an ORR active nitrogen doped carbon support.  A summary of the 

studies and future work is presented in Chapter 8. 
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Chapter 2: Highly Stable Pt/Ordered Graphitic Mesoporous Carbon 

Electrocatalysts for Oxygen Reduction1 

2.1 INTRODUCTION 

The limited stabilities of catalysts for the oxygen reduction reaction in proton 

exchange membrane fuel cells (PEMFCs) has been a major bottleneck for developing 

transportation applications.
1-5

 The catalyst must be stable at 1.2V for 100 h corresponding 

to the accumulated life time of the vehicle, with a maximum allowable performance loss 

of < 30 mV at 1.5A/cm
2
.
4,5

  Pt-catalyzed oxidation of carbon to CO and CO2 at potentials 

above 0.7 V can cause the Pt nanoparticles to become electrically isolated. 
1,5

 Oxygen 

species bound to the carbon withdraw electrons, weakening the binding of Pt to carbon.
6
 

For Pt on VulcanXC-72 carbon, the loss in the electrochemical surface area was 70% 

upon potential cycling between 0.5V and 1.2V for 1000 cycles.
7
 The repeated oxidation 

(potentials > 1.0 V) and reduction cycles promote Pt dissolution.  Consequently, during 

potential cycling between 0.5V and 1.2V, both the mechanisms of carbon oxidation and 

Pt dissolution/redeposition and agglomeration degrade the catalyst.
8
  

The stability of Pt catalysts may be enhanced by the use of highly graphitized 

carbon supports.
5
 Here, the crystallinity of the carbon support can be considerably higher 

than in typical, more amorphous carbons such as VulcanXC-72.  Highly graphitic carbon 

supports are far more resistant towards degradation, given the relatively small number of 

edge plane sites, which act as reactive centers for carbon oxidation.
8-10

 The abundant  

sites on the surface of graphitized carbon interact strongly with Pt as demonstrated by 

XPS and electron-spin resonance (ESR) studies.
3,8,9

 The Pt-C interactions are partially 

covalent, due to electron delocalization between the carbon  sites and the Pt d-orbital, 

and also partially ionic due to electron transfer from Pt to carbon.
11

 These strong metal-

                                                 
1 Large parts of this chapter have been published as Gupta, G.; Slanac, D. A.; Kumar, P.; Wiggins-Camacho, 
J. D.; Kim, J.; Ryoo, R.; Stevenson, K. J.; Johnston, K. P. Journal of Physical Chemistry C 2010, 114, 10796. 
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support interactions may help to partially inhibit Pt oxidation and dissolution during 

potential cycling.
8
  Platinum supported on highly graphitic carbon nanotubes (CNT) has 

proven to be more stable than Pt on amorphous carbon.
12-14

 For example, a 30% loss in 

the electrochemical surface area (ECSA) was observed for a Pt-CNT catalyst during 

potential cycling between 0.5 – 1.2V for 1000 cycles.  

The dispersion of metal catalysts on graphitic supports by traditional techniques 

such as wetness impregnation is often unsuccessful.
15

 The number of oxygen surface 

functionalities on graphitized carbon, needed for adsorption of the ionic Pt precursors, is 

insufficient to achieve practical metal loadings. 
3,8

  However, Pt precursors may be 

reduced on graphitic mesoporous carbon in an organic solvent to form a highly stable 

catalyst.
16

  Employing this approach, the ECSA decreased only 14% after maintaining a 

potential at 0.9 V for 160 hours in argon purged 0.5 M H2SO4, but stability under 

aggressive potential cycling remains to be shown.
16

  An alternative approach is to 

enhance precursor adsorption by refluxing graphitic carbons in nitric acid to introduce 

polar oxygen groups on the surface.
17-20

 However, the polar groups may  accelerate 

carbon oxidation..
14

  

Catalyst structure and composition may be precisely controlled by pre-

synthesizing colloidal metal particles and then dispersing them onto high surface area 

supports.
21-24

 This technique has been reported for the preparation of fuel cell catalysts on 

amorphous carbon, whereby the nanoparticles were stabilized with either ligands
25-27

 or 

microemulsions.
28,29

 High metal loadings have been achieved for nanoparticle catalysts 

coated by weakly bound hydrocarbon capping ligands.
22

  Furthermore, the ligands are 

readily removed at temperatures of ≤ 500 °C to activate the metal surface prior to 

catalysis, as shown for FePt coated with weakly bound oleic acid and oleylamine ligands.
 

4,22,24
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The primary objective of this study was to design highly stable Pt catalysts for the 

ORR with controlled size and structure, supported on ordered bicontinuous graphitic 

mesoporous carbon. Pt nanoparticles were pre-synthesized by arrested growth 

precipitation with dodecylamine ligands with a controlled size of ~3.3 nm.  The weakly 

binding ligands allow for the exposure of a large fraction of the metal surface to the 

graphitic π sites, promoting high dispersion for loadings up to 20 wt %.
30

 The low 

molecular weight ligands were removed by mild thermal calcination to activate the 

catalyst, while minimizing changes in the catalyst size and structure.  The catalyst 

stability was tested under relatively harsh conditions, 1000 cycles between 0.5 and 1.2 V 

vs. NHE at 50 mV/s.
7
  Strong metal-support interactions between carbon  sites and Pt d-

orbitals, along with the large interfacial contact area afforded by the high surface area 

bicontinuous mesopores, inhibited Pt dissolution, Ostwald ripening and coalescence.  The 

resistance of the graphitic carbon to oxidation further enhances the stability.  The 

stabilities of a high surface area catalyst against this harsh durability test are unparalleled 

versus those for Pt on amorphous mesoporous carbons,
25,31-35

 and are described by a 

combination of characterization techniques.  The carbon pore structures were 

characterized by nitrogen porosimetry and small angle X-ray scattering (SAXS). The 

degree of graphitization of the mesoporous carbons was characterized by X-ray 

diffraction (XRD) and the oxidative stability by thermal gravimetric analysis. The size of 

the supported Pt nanoparticles was characterized by XRD, TEM and the ECSA. Pt-C 

interactions and the oxidation state of the support were quantified by XPS. 

2.2 EXPERIMENTAL 

All chemicals were used as received. Platinum (IV) chloride (99.9%), , 

dodecylamine (98%),  perchloric acid 70% (99.999% purity), sodium borohydride (98%), 

tetradecylammonium bromide (98%), anhydrous ethanol, Pluronic P123 (EO20PO70EO20), 



21 

 

n-butanol (99.9%), and 5 wt% nafion solution in lower alcohols were purchased from 

Aldrich. Toluene (99.9%) was obtained from Fisher Scientific, and ethanol (Absolute 200 

proof) from Aaper alcohol. Polycarbonate filters (0.05 micron) were obtained from 

Osmonics. The deionized water had a resistance of ~ 18 MΩ cm).  

The synthesis of the Pt nanoparticles by the phase transfer method and the 

infusion of these nanoparticles into the mesoporous graphitic carbon is provided in 

Appendix 1.  

2.2.1 Mesoporous carbon synthesis 

Ordered mesoporous carbons were synthesized as described in detail by using 

mesoporous silica of type KIT-6
36

 as a template.
37,38

 Briefly, the mesoporous silica was 

synthesized by mixing Pluronic P123 and n-butanol in aqueous HCl solution. After 

complete dissolution, tetraethyl orthosilicate (TEOS, 98% Acros) was added into the 

mixture at 308 K. The molar composition of the starting reaction mixture was 0.017 

P123 : 1.2 TEOS : 1.31 BuOH : 1.83 HCl : 195 H2O. The mixture was magnetically 

stirred for 1 day at the same temperature. Subsequently, the mixture was heated (373 K) 

for 1 day in an oven for hydrothermal treatment. After the hydrothermal treatment, the 

solid product was recovered by filtration, washed with ethanol, and calcined at 823K to 

obtain mesoporous silica.  

Two types of mesoporous carbon were prepared using the KIT-6 silica as a 

template. For the first carbon, furfuryl alcohol was used as the carbon precursor 

according to a previously reported procedure.
 37

 Briefly,a mixture of  0.46 mL of furfural 

alcohol and 2.2 mg of p-toluene sulfonic acid (PTSA) was  impregnated (before 

polymerization started) into 1 g of KIT-6 at room temperature.  The resultant sample was 

heated at 308 K for 1 h, at 373 K for 1 h and then for 2 h at 623 K, to ensure 

polymerization. After cooling to room temperature, the sample was infiltrated with an 
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additional amount of furfuryl alcohol (0. 35 mL) containing PTSA (1.7mg).  The 

resulting mixture was heated to 1173 K inside fused quartz tubing, which was equipped 

with a porous plug to control the gaseous outflow from the self-generated, non-

combustive atmosphere during carbonization. The silica template was subsequently 

removed by an HF etch to recover mesoporous carbon.  

The second carbon was synthesized by using a mesophase pitch (Mitsubishi AR, 

softening point = 558 K) as the carbon precursor.
40

  The details are as follows: 0.73 g of 

the mesophase pitch was mixed with 1 g of KIT-6 in an agate mortar.  This mixture was 

magnetically stirred in 10 mL of ethanol for 30 minutes. Next, the ethanol was 

evaporated through a rotary evaporator. The dried mixture was heated at 573 K for 4 

hours in the same quartz tubing as mentioned above. The mixture was further heated for 2 

h at 1173 K. HF was used to dissolve the silica template.  Mesoporous carbon 

synthesized with furfural alcohol is more amorphous
39

 and is denoted as amorphous 

mesoporous carbon (AMC) and that with mesophase pitch is more graphitic and is 

denoted as graphitic mesoporous carbon (GMC). 

2.2.2 Nitrogen porosimetry 

N2 sorption analysis was performed on a Quantachrome Autosorb-1MP 

volumetric analyzer. Prior to the analysis, the samples were outgassed at 573 K in the 

degas port of the adsorption analyzer. The specific surface area was calculated using the 

BET method from the nitrogen adsorption data in the relative range (P/P0) of 0.05-0.30. 

The total pore volume was determined from the amount of N2 uptake at P/P0 = 0.95. The 

pore size distribution was derived from the adsorption branch of the isotherm based on 

the BJH model. 
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2.2.3 X-ray diffraction 

Wide angle X-ray diffraction was performed with samples on a quartz slide using 

a Bruker Nokius instrument using Cu K radiation with wavelength = 1.54Å.  Samples 

were scanned for 12 h at a scan rate of 12 deg/min (0.02 deg increments).  The average Pt 

nanoparticle size was estimated from the Scherrer equation in JADE software (Molecular 

Diffraction Inc). Chemical surface area (CSA), which is the total geometric area of the 

particles assuming an average diameter, was calculated from the sizes from the Scherrer 

equation (also for TEM, see supplemental information).  Small angle X-ray diffraction 

was collected with a Rigaku Multiplex instrument using Cu K radiation (λ = 1.54 Å), 

operated at 40 kV and 40 mV (1.6 kW) in step scan mode.  

2.2.4 X-ray photoelectron spectroscopy 

XPS was acquired using a Kratos AXIS Ultra DLD spectrometer equipped with a 

monochromatic Al X-ray source (Al Kα, 1.4866 keV).  High-resolution elemental 

analysis was performed on C 1s (295 – 275 eV), O 1s (545 – 525 eV), and Pt 4f (85 – 65 

eV) regions with a pass energy of 20 eV with a 0.1 eV step and 800 ms dwell time.  Each 

spectra is an average of 3 scans.   The peak positions are calculated using a standard 

Gaussian+Lorentzian fit.  All absolute energies were calibrated relative to gold. 

2.2.5 Thermogravimetric analysis 

Thermogravimetric analyses (TGA) were made with a Perkin Elmer TGA 7 

instrument with ~ 2mg catalyst samples. All samples were initially heated to 50 °C, held 

at that temperature for 10 min, and heated to 900 °C at 20 °C/min. Isothermal weight loss 

studies were conducted by holding the samples of 100 mg weight at an elevated 

temperature of 195 °C for 16 days, as described previously.
40
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2.2.6 Transmission electron microscopy (TEM) 

Low resolution TEM was conducted on a Phillips EM280 microscope with a 4.5Å 

point-to-point resolution operated with an 80 kV operating voltage. Platinum catalyst was 

deposited from a dilute ethanol solution onto a 200 mesh carbon-coated copper TEM grid 

(Electron Microscopy Sciences).  

2.2.7 Electrochemical characterization 

Electrochemical measurements were performed using a CHI 832 electrochemical 

workstation.  The experiments were conducted at room temperature (25 °C) using a three-

compartment electrochemical cell with a Pt wire counter electrode and Hg/Hg2SO4 

reference electrode. All potentials in this article are reported with respect to NHE.  A 

glassy carbon rotating disk electrode (0.196 cm
2
, from Pine Instruments) was used as the 

working electrode for the ORR catalyst. It was polished with a 0.3µm alumina suspension 

followed by a 0.05 µm suspension to give a mirror finish. 1.0 mg of Pt catalyst was 

suspended by sonication in 300µL of anhydrous ethanol and 300 µL of 0.15 wt% nafion 

solution (diluted from 5% nafion stock solution). A total of 10 µL of Pt catalyst 

suspension was pipetted onto the substrate and was dried at room temperature for 15 min. 

After preparation of the catalyst on the substrate, the catalyst was cleaned by cycling the 

potential between 0.05 and 1.24V at 200 mV/s for 100 cycles in argon saturated 0.1M 

HClO4 electrolyte. The area under the desorption peak of underpotentially deposited 

hydrogen during CV (scanned at 100 mV/sec between 0.05 and 1.24V in argon saturated 

0.1M HClO4) was visually assessed and integrated (after double layer correction) to 

determine the electrochemically active surface area (ECSA) of the Pt catalyst. Rotating 

disk electrode measurements were recorded by scanning the potential from 0.04 to 1.24 V 

at 5 mV/s in 0.1 M HClO4 saturated with oxygen at a partial pressure of 1 atm. Activities 

were determined at 0.9 V in the kinetically controlled region of the voltammogram.  
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Accelerated durability tests (ADT) were employed by cycling the electrode potential 

between 0.5 and 1.2V at 50 mV/s for 1000 cycles in an argon saturated atmosphere over a 

period of 7 h.  Electrochemical oxidation of the carbon supports was performed by 

holding the potential at 1.2V for 5 hours
41

.  Cyclic voltammograms were taken every 

hour to monitor the carbon degradation (50 mV/s in 0.1 M HClO4, Ar saturated).   

2.3 RESULTS 

2.3.1 Carbon characterization 

The structure of the ordered mesoporous carbons was studied using small angle 

X-ray scattering. For both AMC and GMC, multiple reflections associated with the I41/a 

space-group symmetry (3d cubic morphology) are observed (Figure 2.1), indicating long 

range ordering of pores. The first three reflections appear at 2θ = 0.68°, 1.2° and 1.4° for 

GMC and at 2θ = 0.68°, 1.22° and 1.43° for AMC. The d-spacings of the first three 

reflections, calculated from Bragg’s Law ( )sin(.2  dn  ), were 130, 74 and 64 Å for 

GMC and 130, 72.3 and 62 Å for AMC. The ratio of the d-spacings d1:d2:d3 is thus 

3:2:32  for both AMC and GMC, and can be indexed as (110), (211) and (220) 

planes of I41/a tetragonal geometry, which is consistent with the literature.
38
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Figure 2.1: SAXS of mesoporous carbons  

Figures 2.2(A) and 2.2(B) gives the nitrogen adsorption-desorption isotherms and 

corresponding pore size distributions (Figure 2.2 insets) for GMC and AMC, 

respectively. For both AMC and GMC, three well-distinguished regions of the adsorption 

isotherm are evident: (i) monolayer- multilayer adsorption, (ii) capillary condensation, 

and (iii) multilayer adsorption on the outer particle surfaces. The adsorption isotherms 

show a type H1 behavior with capillary condensation at P/Po ~ 0.6 for AMC and of type 

H2 for GMC with onset of capillary condensation at P/Po ~ 0.5. The slope and almost 

vertical step in the hysteresis loops suggest well-defined mesopores that are relatively 

monodisperse, as reflected by the narrow pore size distributions with an average of 7.1 

nm for GMC and 9.5 nm for AMC (Figure 2.2 insets).  
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Figure 2.2: Nitrogen porosimetry of the 

mesoporous carbons  

(A) GMC and (B) AMC.  The insets show their 

corresponding pore size distributions.  

 

The surface area, pore volume and mean pore size for GMC and AMC are shown 

in Table 2.1. The surface areas for AMC and GMC are 978 and 337 m
2
/g, respectively, 

significantly higher than that of VulcanXC-72 (~250 m
2
/g).  Lower surface areas and 

pore volume for GMC relative to AMC can be attributed to the large polyaromatic 

compounds present in mesophase pitch, which yield mesoporous carbon with little 

microporosity after carbonization.
42

 AMC is synthesized from furfural alcohol and 
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contains a significant number of micropores, as indicated by 3-fold increase in uptake of 

N2 at low partial pressure relative to GMC. Thus, it has a higher surface area. GMC has a 

predominant pore size of 7.1 nm but also shows a slight hump at ~ 5 nm, while AMC has 

a pore size of 9.5 nm. The formation of larger pores is facilitated by the lack of 

microporosity in the mesoporous silica template, which prevents formation of the 

interconnecting carbon rods. Upon removal of the silica template, the enantiomeric 

carbon frameworks join pair-wise leading to pore enlargement.
38

 

Table 2.1: Mesoporous carbon characterization 

with nitrogen porisometry and XRD 

Carbon 
SA

a
 

(BET) 

[m
2
/g] 

PV
b
 

[cc/g] 

PSD
c
 

(BJH) 

[nm] 

La 
(XRD) 

[Å] 

Lc 
(XRD) 

[Å] 

d 
(XRD) 

[Å] 

AMC 978.5 1.7 9.5 37 7 3.57 

GMC 337.4 0.43 7.1 55 16 3.42 
a
 Surface area 

b
 Pore volume 

c
 Pore size distribution 

XRD spectra of the carbons at each of the processing temperatures are shown in 

Figure 2.3.  The peak at ~25 corresponds to the graphitic <002> plane on carbon. The 

narrower taller <002> peak is shown for the GMC indicating a larger degree of 

graphitization, relative to the broader diffuse peak for the AMC.  As shown in Table 2.1, 

the interplanar d-spacing, calculated from the <002> reflection using Bragg’s law (n = 

2dsin()), is smaller for GMC relative to AMC, indicating  tighter packing of the carbon 

planes from an increased degree of graphitization.
43

 Table 2.1 lists the layer dimensions 

parallel to the basal plane, La, and perpendicular plane, Lc, calculated from the <100> and 

<002> reflections, respectively, according to the relations (La = 1.84/Bcos() and Lc = 

0.89/Bcos()),
43,44

 where  is the wavelength of the X-rays (1.54Å), B is the full angular 

width at half max, and  is the Bragg angle. The increased layer dimensions (La and Lc) 
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for GMC relative to AMC indicate a greater degree of graphitization; there is longer 

range ordering in GMC due to inherent graphitic character of the mesophase pitch used as 

precursor for synthesis of GMC.  The orientation of the graphene layers in GMC and 

AMC with respect to the pore walls is difficult to characterize given the complexity of 

the bicontinuous cubic mesostructure pore structure as reported previously.
45
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Figure 2.3: XRD of the mesoporous carbon samples 

without added Pt. 

2.3.2 Pt catalyst infusion and characterization 

The loading of the Pt catalysts in mesoporous carbons is given in Table 2.2. For 

AMC, a loading of 23 wt % was attained after a 4 mg/mL Pt dispersion was infused into 

the support for 2 days. The final concentration after infusion was <0.1 mg/ml, within the 

experimental uncertainty (Figure A1.1), indicating very strong adsorption.  For GMC, 10 

wt% loadings were achieved under identical conditions. The smaller pore size and 

surface area of the GMC relative to AMC contribute to the lower loadings. However, 20 
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wt % loadings were achieved by increasing the starting concentration of Pt nanoparticles 

to 10 mg/mL. The final concentration of nanoparticles after infusion was 6.8 mg/mL.  

Table 2.2: Loadings for infusion of Pt nanoparticles 

into carbon supports 

carbon
a 

time of 

infusion 
(days) 

initial 

conc. 
(mg/ml) 

final 

conc. 
(mg/ml) 

loading 

UV-Vis
 

(wt %) 

loading
 

TGA 
(wt %) 

AMC 2 4 <0.1 23±1 25 

GMC 2 4 2.5 10±1 - 

GMC 3 10 6.8 20±3 22 
a
 All infusions were done on 30 mg carbon and 

nanoparticles were dispersed in 3 mL of solvents 

For as-synthesized unsupported Pt catalysts, the average size was 2.3±0.3 nm. 

Figure 2.4 shows TEM images of the Pt catalysts supported on mesoporous carbons. Pt 

nanoparticles highly dispersed on GMC and AMC did not sinter or aggregate 

significantly upon low temperature (≤500 C) removal of the weakly bound ligands, as 

indicated by the similar histograms (Figures 3.4B and A2.2B)  For Pt supported on GMC, 

the average metal particle size increased slightly to 3.05±0.42 nm.  The slight increase in 

the particle size for uncalcined supported Pt can be attributed to the low image contrast 

between the Pt and the carbon, which makes the particles appear larger.
24

  Upon thermal 

calcination at 300 °C, the size changed to 3.37±0.65 nm.  For AMC, the ligands were 

removed at 500 °C.  The average nanoparticle size was 3.55±0.65 nm after annealing, 

indicating little sintering. Thus, the average Pt sizes on AMC and GMC after calcination 

were comparable.  
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Figure 2.4: TEM micrographs of 20% Pt  

on (A) GMC uncalcined and (B) GMC calcined at 300 °C. (C) and (D) Histograms for 

(A) and (B),  respectively. More than 50 nanoparticles were counted in each case. 

2.3.3 Thermal and electrochemical stability of carbon and Pt carbon composites 

Figure 2.5A shows the TGA curves for blank AMC and GMC supports and those 

with 20 wt% Pt loading. Each curve exhibits four distinctive regions; a stable region with 

no weight loss at low temperatures, a transition region with gradual weight loss, a steep 

weight loss region, and a plateau after all of the carbon is oxidized. The steep weight loss 
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region has a more complex shape for the samples with Pt than for the blank supports.  

Figure 2.5B shows the derivative of Figure 2.5A (differential thermal gravimetry or 

DTG). The onset temperatures and the regions for steep weight loss are much higher for 

the blank AMC and GMC than for the corresponding carbons with Pt, indicating the 

catalytic effect of Pt on oxidation. The onset of carbon oxidation for Pt-AMC occurs at a 

relatively low temperature of ~ 320 °C (inset of Figure 2.5B), and is slightly better than 

the value of ~ 250 °C for  20 wt% Pt on Vulcan XC-72.
46

  GMC on the other hand does 

not show any carbon degradation until a much higher temperature of 430 °C. The AMC 

quickly loses mass at 400 °C (Figure 2.5), which is lower than the onset oxidation 

temperature for GMC. The GMC differential curves exhibit peaks at temperatures of 550 

and 700 °C. The final stable weight percents for AMC and GMC are 23 and 21 wt%, 

respectively, in good agreement with the loadings determined from UV-Vis spectroscopy 

(Table 2.2).  
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Figure 2.5: (A) TGA for the pure (blank) carbons 

and 20% Pt infused mesoporous carbons AMC 

and GMC calcined at 500 and 300 °C in N2/H
2
 

atmosphere  

Figure 2.5: (B) Differential thermal gravimetry 

(DTG) for the Pt on AMC and GMC.  

Inset shows the magnified section of (B) where onset of oxidation occurs 

for AMC. 
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The mass loss of the Pt-carbon composites after accelerated thermal oxidation at  

195 °C for 16 days is reported in Table 2.3.  Vulcan XC-72 with 20% Pt lost 8.84 wt % 

from carbon oxidation to CO/CO2, consistent with previously reported results. 
40

. In 

contrast, the weight losses for Pt-AMC and Pt-GMC were only 2.95 and 0.71 wt %, 

respectively. The weight losses for the three carbon supports were negligible without Pt, 

again indicating Pt catalyzes C oxidation.
40

  The resistance to thermal oxidation of the 

graphitic carbon cannot be directly correlated to electrochemical oxidation, but is an 

indicator that some electrochemical resistance to oxidation may occur.   Additional 

electrochemical oxidation tests were performed on the carbons.  The potential was held at 

1.2V for 5 hours, and a cyclic voltammogram was taken every hour to determine the 

capacitance (Figure A1.3).  The capacitance increases by a factor of 2 for the AMC and 

by only 1.5 for GMC.     

Table 2.3: Extended thermal stability test of 

carbon* 

type of carbon % loss of carbon 

20% Pt - Vulcan XC-72 8.84 

20% Pt – A MC 2.95 

20% Pt - GMC 0.71 

Blank Vulcan XC-72 <0.5 

Blank  AMC <0.5 

Blank GMC <0.5 

* Samples held at 195°C in air for 16 days 
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2.3.4 Electrochemical, chemical, and physical characterization of Pt composites 

before and after accelerated durability testing 

The electrochemical stabilities of the Pt catalysts were assessed through an 

accelerated durability test (ADT) for 1000 cycles between 0.5 and 1.2V at 50 mV/s as 

shown in Figures 2.6 through 2.8.  The electrochemical surface areas (ECSAs) of the 

platinum nanoparticles were estimated from the area of the anodic peak corresponding to 

H-desorption, QH, appearing between 0.04 and 0.4V by
13

 

cvm

Q
ECSA

Pt

H

..
  

where mpt is the mass of platinum on the electrode, ν is scan rate (V/s) and c is a  

constant defined by the charge required to oxidize a monolayer of hydrogen on Pt (0.21 

mC/cm
2
). The ECSA for 20% Pt on GMC calcined at 300 °C  was 70 m

2
/g, comparable 

to that of commercial Pt catalysts (65-68 m
2
/g).

1
  A modestly smaller value of 52 m

2
/g 

was observed for the uncalcined Pt-GMC composite (Table 2.4).  All the ligands are 

expected to be removed at 300 °C as dodecylamine starts oxidizing at 180-200 °C (as 

seen in TGA of pure Pt nanoparticles). These ECSA results indicate that the ligand only 

covers ~25% of the Pt active sites prior to calcination. For calcination at 500 °C, the 

ECSA is slightly lower (62 m
2
/g), and similar to the value for the calcined AMC sample.  

After ADT cycling, the CV for Pt-GMC (Figure 2.6A) overlaps the original 

curve, indicating a negligible loss in activity for oxygen reduction and a constant ECSA 

(see Table 2.4).  The 20% Pt on AMC sample however loses substantial ECSA, with a 

30% drop as shown in Figure 2.6B. Also, 20% Pt on Vulcan XC-72 shows an even 

greater loss of 70% in ECSA under identical ADT cycling conditions.
7
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Table 2.4: Electrochemical and physical characterization of catalysts before and after 

ADT* 

 

 

carbon 

calc. 

temp 

(°C) 

DTEM 

(nm) 

CSATEM
 

(m2
/g) 

Dxrd 

(nm) 

CSAxrd
 

(m2
/g) 

I 

(A/mgPt) 

I  

(µA/cm
2) 

ECSA 

(m2
/g) 

Dxrd
 

(nm) 

CSAxrd
 

(m2
/g) 

I 

(A/mgPt) 

I  

(µA/cm
2) 

ECSA 

(m2
/g) 

GMC 300 3.4 82 3.2 87 
0.14 

0.03 
20825 7011 3.6 79 

0.14 

0.04 
20326 6911 

GMC 350 - - - - 
0.13 

 
170 74 - - 0.14 171 76 

GMC 500 - - - - 
0.1 

 
155 62 - - 0.12 149 71 

GMC 
not 

calc. 
3.1 91 - - 0.042 82 52 - - 0.046 84 54 

AMC 500 3.5 79 3.3 84 
0.14 

0.03 
21833 6510 5.6 51 

0.095 

0.02 
20230 469 

VC  

XC72
1
 

- - - 3 93 0.11 200 69 
5.38

13
 

52 0.035 ~180 21 

 

* Each sample has ~20 wt % Pt loading.  ADT (accelerated durability test): 0.5 to 1.2 V 

vs NHE at 50mV/s for 1000 cycles in Ar saturated 0.1 M HClO4.  All activities were 

taken at 0.9 V vs NHE. 

  

Before ADT potential cycling After ADT potential cycling 
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Figure 2.6: Electrochemical studies for 20% Pt 

on mesoporous carbon before and after ADT 

cycling for conditions in Table 2.4  

(A) CV of GMC at 20 mV/s (B) CV of AMC at 

20 mV/s 
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Figure 2.7: Linear scan voltammogram (LSV) 

of 20% Pt on GMC at 5 mV/s and 1600 rpm.  
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Figure 2.8: Tafel Slopes  

for (A,B) mass activities and (C,D) specific activities for Pt-GMC calcined at 300°C and 

Pt-AMC calcined at 500°C , respectively. 
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Figure 2.9: XRD spectra of 20% Pt  

on (A) GMC and (B) AMC, before and after 

ADT (conditions in Table 2.4). Calcinations 

were done in 7% H2-93%N2 environment.  
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The linear scan voltammograms for the ORR before and after ADT cycling for Pt-

GMC are given in Figure 2.7.  The diffusion-limited current densities determined from 

the plateau at low potentials (< 0.4 V) are 5.6 and 6 mA/cm
2 

for Pt supported on GMC 

and AMC, respectively, both before and after ADT.  These current densities are 

comparable to the 6 mA/cm
2
 for a smooth polycrystalline Pt-disk electrode for the same 

rotation rate of 1600 rpm.   

Figure 2.8 shows the Tafel slopes of mass and specific area activities, in the 

kinetically controlled regime, before and after ADT potential cycling. The mass activities 

for both the Pt-GMC calcined at 300 °C and calcined Pt-AMC before cycling are 0.14 

A/mg Pt at 0.9 V (Table 2.4), about 30% higher than that of commercial 20 wt% Pt 

supported on Vulcan XC-72.
1
 Thus the degree of graphitization of the support did not 

appear to influence the initial mass activity. Similarly, the specific area activities for both 

Pt-GMC and AMC catalysts before cycling were ~200 µA/cm
2
, comparable to the value 

for Pt supported on Vulcan XC-72.
1
 For Pt-AMC, a significant ~30% loss in mass 

activity occurred during ADT, which correlates well with the 30% loss in ECSA (Figure 

2.6B and Table 2.4).   

Figure 2.9 gives the XRD spectra of Pt before and after ADT cycling.  Pt 

crystalline peaks observed at 2θ= 39.8°, 46.5° and 67.8° and 81.6° may be assigned to the 

(111), (200), (220) and (311) orientations, respectively, for an FCC crystal phase. The 

Scherrer equation was used to estimate nanoparticle sizes from the (111) reflection before 

and after ADT.  For GMC, the size before ADT was determined to be 3.2 nm, in good 

agreement with the average size of 3.4 nm determined from TEM. Upon ADT cycling, 

the Pt diameter increased slightly to 3.6 nm, an increase of ~ 10%. All of the peaks for 

the orientations in the FCC crystal phase remained.  For AMC, upon ADT cycling the 

peaks become sharper and narrower, indicating a significant increase in Pt size. An 
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additional peak at 86.2° corresponding to (222) plane appears. The Pt size for AMC 

increased from 3.6 nm to 5.6 nm upon ADT, an increase of over 55%, significantly larger 

than in the case of GMC.  

According to XPS in Figure 2.10, the C 1s spectrum for GMC does not change 

after potential cycling. However, for AMC, two new pronounced peaks appear at higher 

binding energies relative to the original peak at 284.4 eV. The peak appearing at 288.5 

eV can be attributed to the formation of COOH groups on the surface due to carbon 

oxidation.
47

 The O/C ratio increases by 100% upon potential cycling for AMC compared 

to only 25% for GMC. The peak in Figure 2.10(C) shows that the binding energy for the 

Pt 4f7/2 peak for GMC (72.1) is larger than for both unsupported Pt (71.0 eV) and Pt on 

AMC (71.2 eV, Figure 3.10(D)).
48,49
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Figure 2.10: XPS spectra before and after ADT for 20% Pt supported on GMC and AMC. 

(A),(B): C1s region for AMC and GMC, respectively. (C),(D): Pt4f region for GMC and 

AMC, respectively. 
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2.4 DISCUSSION 

2.4.1 Carbon oxidation and its effect on electrocatalyst stability 

Surface oxygen functionalities in the carbon support act as reactive centers for the 

oxidation of the C to CO and CO2, which is further catalyzed by the supported Pt 

particles.
8,26,40

 This oxidation strongly limits the catalyst stability, as was also seen for all 

of the examples in the present study, except the highly graphitic GMC.  The instability of 

the AMC, which was shown to be more amorphous than GMC in the XRD spectra, was 

evident in the carbon weight loss under isothermal treatment at 195 °C (Table 2.3).
8,50

 

The weight loss for Vulcan XC-72 was significantly higher than that for AMC, 

suggesting even greater amorphous character.
51

  The resistance to thermal oxidation is a 

potential indicator that the carbon will be stable under electrochemical oxidation.   The 

resistance to oxidation is confirmed in the electrochemical oxidation tests (Figure A1.3).  

The larger capacitance increase for AMC, compared to GMC, indicates that more of the 

carbon is oxidizing.  This degradation can cause micropores and roughen the surface, 

leading to an increased area and double layer capacitance.    

The oxidation of the AMC is prevalent during ADT potential cycling as reflected 

by the manifestation of peaks in the 287-293 eV binding energy range for the C 1s XPS 

spectra (Figure 2.10). These peaks are commonly referred to as the carbon “oxide 

shoulders”.
20,52

 The increase in the atomic ratio of O/C for Pt/AMC was 1.6 times that for 

Pt/GMC, indicating a greater degree of oxidation, as seen previously in similar 

comparisons..
20

 As the C was converted to oxidized forms and finally to CO and CO2, the 

ECSA and the activity of the catalyst decreased, as the number and strength of C – Pt 

interactions decreased.  

The lower activity loss for the ORR (Table 2.4 for the more graphitic GMC 

results in part from the lower degree of carbon oxidation.
5
 Graphitization of the 
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mesoporous carbon enhances the basal layer dimension, as determined from XRD.  

Therefore, the number of edges sites where oxide species readily form is significantly 

reduced.  This mitigates carbon oxidation,
3
 confirmed by the insignificant weight loss of 

carbon for 20 wt% Pt on GMC held isothermally at 195 °C (Table 2.3) and a higher onset 

temperature for oxidation, ~430 °C relative to AMC, ~310 °C (Figure 2.5). The high 

stability of graphitized carbons against oxidation is also reflected in the XPS after ADT 

potential cycling. No “oxide shoulder” peaks between 287-293 eV are observed for 

GMC, unlike the case for AMC.  In summary, the order of stability for both ECSA and 

ORR activity is Pt-GMC >> Pt-AMC > Pt-Vulcan carbon, consistent with the resistance 

to carbon oxidation according to TGA and the XPS measurements after ADT.   

2.4.2 Catalyst synthesis and stability facilitated by catalyst support interactions 

Pt dissolution as well as C oxidation can lower the catalyst stability.  At potentials 

above 0.7 V, Pt is oxidized to PtO and forms multilayers of PtO at even higher oxidation 

potentials (>1.0 V). PtO reacts with the hydrogen ions of the acidic electrolyte, PtO + 

2H
+
 = Pt

2+
 + H2O). The resulting Pt

2+
 can dissolve in the electrolyte and then redeposit on 

other Pt nanoparticles during the ADT reduction cycle, causing 3D Ostwald ripening with 

an associated loss in ECSA.    Alternatively, Pt
2+

 ions may migrate into the solution 

become electrostatically anchored to the negatively charge sulfonic groups on the nafion 

polymer.  The stability in Pt size and ORR activity after ADT indicated negligible Pt 

dissolution and Ostwald ripening (Table 2.4). The lack of Ostwald ripening was also 

favored by the uniformity in the initial particle size distribution in Figure 2.4.   

The strong binding interaction between the Pt nanoparticles and GMC is 

evidenced by the shift in the XPS Pt 4f7/2 peak to a higher binding energy (72.1 eV), as 

compared to both unsupported Pt (71.0 eV) and Pt on amorphous AMC (71.2 eV) (Figure 

3.10).
48,49 

This shift in binding energy can be attributed to a change in the coordination of 
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the Pt due to the interaction of the metal with the carbon support. While the exact nature 

of the Pt interaction with graphite is still a topic of considerable discussion, it is reported 

that the delocalized electrons in the p-orbital of the sites on graphite overlap with the d-

orbital of the Pt ([Xe] 4f14
 
5d9 6s1), indicating that the nature of the binding is partially 

covalent.
11

 This occurs due to -backbonding, where the electron in the d-orbital of the 

metal is shared with a * antibonding orbital from the graphitic support. In addition, 

partial electron transfer from the Pt to the graphitic surface has also been determined by 

previous XPS
11

 and DFT
53

 studies. Thus, the strong partially covalent bond due to 

metal/support orbital overlap (-backbonding) coupled with partial charge transfer 

between Pt and graphitic surfaces, enables strong metal-support interactions to facilitate 

high Pt loading and favor catalyst stability during ADT.  As the degree of graphitization 

increases, thereby increasing the Pt-C binding, sintering of metal nanoparticles has been 

shown to decrease by Coloma et al.
9
 For carbons with significant amorphous character, 

such as AMC, the presence of oxygen complexes on the surface withdraws electrons 

from the sites, thus weakening the binding of the Pt to the carbon surface.
9
     

Given the stability of the ECSA, CSA, and ORR activity (from CV, TEM, and 

XRD) for the Pt-GMC catalyst, the degradation mechanisms of Pt dissolution, 

nanoparticle coalescence, and Ostwald ripening appear to be insignificant.  Both the 

resistance toward carbon oxidation and strong Pt-C interactions contribute to catalyst 

stability.  However, the effect of Pt-support interactions on the Pt dissolution is not well 

understood.  It is plausible that the C-Pt binding due to π-backbonding synergistically 

alters the electronic structure of the Pt metal, causing the observed shift to higher binding 

energies for the Pt 4f7/2 XPS spectra for Pt on GMC, thereby creating a stabilizing effect 

against Pt oxidation. The delocalization of electron density in the orbital overlap between 

the Pt and the sites on the carbon lowers the tendency to form a Pt-O bond as the 
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potential becomes more oxidizing, resulting in a decrease in Pt dissolution.  A related 

method that alters the Pt electronic structure and thus increases its resistance to oxidation 

is galvanic deposition of Au clusters on Pt nanoparticles.
54

 For the more amorphous 

AMC carbon, the Pt-C interactions are weaker (as shown by the lower binding energy in 

the Pt 4f7/2 XPS spectra as well as the catalyst stability in ADT), such that the Pt-  site 

overlap makes the Pt more susceptible to oxidation to PtO.  

In Table 2.4 for Pt on Vulcan XC-72, a loss of 70% in ECSA is observed, 

compared to only 55% in CSA. The higher loss for ECSA may be attributed to 

nanoparticles isolated from carbon corrosion, as observed previously.
20

 For AMC, the 

smaller and more similar losses in CSA (35%) and ECSA (30%) indicate a smaller 

degree of nanoparticle isolation, consistent with the greater resistance to C oxidation 

(Table 2.3), as well as stronger Pt-C interactions from a higher degree of graphitization.  

The infusion of presynthesized nanoparticles into GMC has been shown to be 

highly effective for producing stable catalysts with high metal dispersion and controlled 

particle sizes.  The low surface coverage (~25%) by the weakly binding ligands facilitates 

the strong metal-support interactions during nanoparticle infusion
6,22,55

 In the current 

study, these strong interactions were maintained throughout calcination and ADT.  For 

wetness impregnation and other precursor reduction techniques,  the lack of polar 

oxygenated sites on the carbon often leads to weak adsorption of metal precursors.
8
 

Consequently, upon reduction, metal precursors nucleate and grow to large nanoparticle 

sizes (> 5nm) and with insufficient metal-support interactions for high stability.
8
 In 

contrast, precursor reduction in organic solvents has led to sufficient adsorption of the 

precursors to produce stable Pt on graphitic carbon with a loss in ECSA of only 14% after 

a potential hold at 0.9 V for 160 hours under an inert atmosphere.
16

  Alternatively, Pt 

nanoparticles with <3 nm size were synthesized on nitric acid treated graphitized carbon 
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nanotubes (CNT) by wetness impregnation to facilitate precursor adsorption.  Although 

only a 15% loss in ECSA was observed upon potential cycling between 0.6 – 1.2V for 

1000 cycles,
14

 the loss was essentially zero for the GMC catalyst in the present study.  

This extreme stability may be attributed to the high dispersion and separation of Pt 

particles in the 3D bicontinuous internal pores, strong Pt-C interactions, and the lack of 

acid treatment for GMC, which results in a great resistance to oxidation.  The larger area 

mesoporous supports more widely spread the supported particles.  These increased 

interparticle distances help to prevent coalescence and Ostwald ripening, thereby 

enhancing stability. 

2.5 CONCLUSIONS 

Herein, we have prepared highly stable pre-synthesized Pt electrocatalysts 

supported on ordered graphitized mesoporous carbon for ORR with controlled size and 

surface morphology.  The extremely small loss of <2% in ORR catalyst activity for Pt 

supported on GMC is unprecedented, after an accelerated durability test (ADT) of 1000 

cycles between 0.5 and 1.2 V.  This electrochemical stability is consistent with the lack of 

change in Pt size as observed by XRD, TEM, and electrochemical surface area 

measurements. In comparison, the loss is 30% for Pt supported on amorphous 

mesoporous carbons (AMC) and 70% on commercial Pt on Vulcan XC-72. The highly 

graphitic mesoporous supports, with relatively few surface oxygen functionalities, as 

shown by XRD and XPS, are highly resistant to oxidation. This resistance, combined 

with the strong metal-support interactions from electron delocalization between the Pt d-

orbitals and carbon  sites and partial charge transfer from Pt to C as observed by XPS
53

 

and DFT
11

 calculations, produce high catalyst stability.  These factors mitigate Pt 

migration and coalescence, as well as Pt dissolution and subsequent Ostwald ripening. 

The high dispersion of the Pt on the high surface area mesoporous supports with tortuous 
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pathways in the bicontinuous 3D mesopores, further lowers the tendency of Pt 

coalescence. 

In addition to high stabilities, activities were enhanced by designing Pt particles 

with high fractions of the preferred (111) surfaces via arrested growth precipitation.  The 

size and morphology of these pre-synthesized nanoparticles are maintained upon infusion 

and mild calcination.  These properties are less controllable for the conventional method 

of adsorption and reduction of Pt precursors  The low surface coverage of the weakly 

bound ligands does not interfere with the strong Pt-C interactions
6
 that produce the high 

metal loadings.  In contrast,  high loadings are rarely achievable on highly graphitic 

carbon by precursor reduction, given weak precursor adsorption.
3
  The ability to control 

catalyst size and surface morphology with pre-synthesized catalysts on highly graphitic 

mesoporous carbons offers novel opportunities for designing carbon-supported catalysts 

with substantially greater activity and stability. 

2.6 ADDITIONAL INFORMATION 

Details of the nanoparticle synthesis and infusion, such as TEM and UV-Vis are 

provided in Appendix 1. 
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Chapter 3: Highly Stable and Active Pt-Cu Oxygen Reduction 

Electrocatalysts Based on Mesoporous Graphitic Carbon Supports2 

3.1 INTRODUCTION 

The successful commercialization of polymer electrolyte membrane fuel cells 

(PEMFC) depends upon: (1) a significant increase in electrocatalytic mass activity >4 

times that of pure Pt for the oxygen reduction reaction (ORR)
1-5  

and (2) catalyst stability 

against potential cycling designed to simulate fuel cell operating conditions over the 

catalyst lifetime.
6
  Recently, the activity of Pt-based catalyst has improved by a factor of 

about 2.5 using Pt alloyed with another metal (i.e.  Pt-M, where M=Co, Ni, Fe, V, Ti).
2, 4, 

7-12 
 Furthermore, Strasser and co-workers synthesized novel Pt-Cu catalysts on activated 

carbon supports that exhibited  pronounced activity enhancements of >4 times that of 

pure Pt catalysts.
1, 13 

  The highly active ORR catalysts were prepared by  

electrochemically dealloying of Cu to create a strained Pt shell
1, 13-17

 with a shorter  Pt-Pt 

distance . The strain lowers the d-band centers relative to the Fermi level and 

consequently enhances the ORR activity according to DFT studies
18-20

. The resulting 

reduction in the adsorption energy of oxygen and coverage of Pt surface sites by oxygen 

intermediate species
4
  enhances the activity. 

The stability of Pt-based ORR catalysts is also a major concern.  Pt catalysts 

supported on carbon can experience several degradation mechanisms when subjected to 

extreme potential cycling, mimicking the harsh environment in a PEMFC (e.g. in 

transportation applications).
21-24 

 For Pt supported on traditional amorphous carbons, 

significant losses in activity occur via carbon oxidation as well as Pt 

dissolution/redeposition processes. For Pt supported  on Vulcan XC-72 carbon, the 

electrochemical surface area decreases ~70% after potential cycling between 0.5V and 

1.2V for 1000 cycles.
25

  Excellent stability has been shown for a PtCu catalyst over 

potential cycling from 0.5 to 1.0 V for 30,000 cycles.
26

 However, the solubility of Pt ions 

increases substantially above 1.1V (potentials which can be seen in at open circuit 

                                                 
2 Large portions of this chapter have been previously published as Gupta, G.; Slanac, D. A.; Kumar, P.; 
Wiggins-Camacho, J. D.; Wang, X.; Swinnea, S.; More, K. L.; Dai, S.; Stevenson, K. J.; Johnston, K. P. 
Chemistry of Materials 2009, 21, 4515. 
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potential for idle automotive fuel cells). In addition, by limiting the lower potential to 0.5 

V, the Pt oxide is not reduced to Pt, further accelerating the Pt degradation
25

. 

Oxidation of the carbon support weakens the Pt-support interactions and enhances 

Pt dissolution/redeposition and agglomeration.
27

 Carbons with a higher level of 

graphitization have shown improved resistance to oxidation..
27-29 

 In addition, several 

studies have indicated that the abundant  electron sites in graphite interact more strongly 

with Pt via electron delocalization and charge transfer, as supported by XPS and electron-

spin resonance (ESR) data.
27-29 

.
30 

 The strong electronic metal-support interactions may 

also inhibit Pt oxidation and dissolution during potential cycling and lower the degree of 

Ostwald ripening and coalescence.
28 

 Thus, oxidation resistant graphitic supports with 

strong catalyst-support interactions are expected to provide substantial improvement in 

stability and durability for ORR.  Recently, Pt particles have been successfully dispersed 

on graphitic mesoporous carbon with an organic impregnation method and have shown 

enhanced stability during potential cycling from 0.0 to 1.0 V for 160 hours.
31

  

Though graphitic supports offer potential stability advantages, metals such as Pt 

are not dispersed efficiently on graphitic carbon upon reduction of ionic precursors, for 

example, in the wetness impregnation technique.
28, 32, 33 

 The ionic precursors often 

interact too weakly with graphitized supports, which do not have a sufficient number of 

polar surface oxygen sites. To form bimetallic catalysts, multiple metal precursors must 

be reduced on the supports either simultaneously
34, 35

 or sequentially
1, 36

. These 

approaches often produce nanoparticles with high polydispersity in size and multiple 

alloy phases.
37 

 The lack of homogeneity results from non-uniform interactions with the 

heterogeneous support as well as varying rates of nucleation and growth for each metal 

precursor in solution.
13, 14 

   An emerging concept in catalyst design is the pre-synthesis 

of metal nanocrystals with controlled size and composition via arrested growth 

precipitation with stabilizing ligands followed by infusion of these nanocrystals onto high 

surface area supports.
38-44 

 Arrested growth precipitation provides much greater control 

over the nanocrystal size, composition, and alloy structure than traditional techniques 

where reduction in the presence of the support complicates nucleation, growth, and 
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binding of stabilizing ligands. Weakly bound low molecular weight ligands have been 

designed to stabilize the nanocrystals while exposing significant metal area to the support 

for sufficient binding to achieve loading up to 15 wt %.
40, 41

 The ligands may be removed 

at low temperatures to activate the catalyst without perturbing the nanocrystal structure 

significantly. 

The primary objective of this study was to prepare highly stable and active ORR 

catalysts by supporting Pt-Cu catalysts on mesoporous graphitic carbons. We 

demonstrate that high surface area (> 300 m
2
/g), oxidation resistant, graphitic 

mesoporous carbon supports, which bind to Pt
28

 as well as copper,
45

 mitigate nanoparticle 

coalescence, metal dissolution and Ostwald ripening during potential cycling. The 

potential was cycled between 0.5 and 1.2 V for 1000 cycles at 50 mV/s to perform an 

accelerated durability test.  The Pt-Cu nanoparticles were pre-synthesized by arrested 

growth precipitation to control the size, and to achieve high uniformity in alloy 

composition. They were then infused into disordered mesoporous carbons with large pore 

size (~8 nm) to achieve high dispersion.  Weakly binding ligands (oleic acid and 

oleylamine) were chosen to expose a significant fraction of the copper-rich surface 

domains to the graphitic π sites to promote strong metal-support interactions and to allow 

removal via calcination at low temperatures (~350°C) to activate the catalyst. The 

nanoparticles were subsequently electrochemically dealloyed to selectively remove Cu to 

form a strained Pt shell for the enhancement of the catalyst activity, as reported 

previously.
1, 13 

  The dealloying produced essentially a single phase, Pt85Cu15. The degree 

of graphitization of the mesoporous carbons (without metal) was characterized by XRD 

and Raman spectroscopy and the oxidative stability in the presence of Pt by thermal 

gravimetric analysis. In addition, the size and composition of Pt-Cu nanoparticles were 

characterized before and after electrochemical dealloying by TEM, XRD and SEM-EDS 

to provide insight into the activity and stability for the ORR reaction and the stability 

under potential cycling  
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3.2 EXPERIMENTAL 

All chemicals were used as received. Platinum (II) acetylacetonate (97%), Copper 

bis(2,2,6,6-tetramethyl-3,5-heptanedionate), Oleylamine (70%), Oleic Acid (99%) 

diphenyl ether (98% purity), perchloric acid 70% (99.999% purity), anhydrous ethanol, 

and 5 wt% nafion solution in lower alcohols were purchased from Aldrich. Toluene 

(99.9%) was obtained from Fisher Scientific, and ethanol (Absolute 200 proof) from 

Aaper alcohol. Polycarbonate filters (0.05 micron) were obtained from Osmonics. High 

purity water (resistance ~ 18 MΩ) was used. Oxygen (research grade, 99.999% purity) 

and argon (research grade, 99.999% purity) were obtained from Praxair. 

3.2.1 Pt-Cu nanoparticle synthesis 

Pt-Cu particles were synthesized by employing the modified polyol process 

described by Sun et al.
46 

 The synthesis was carried out in a 50 mL three-neck flask under 

an argon atmosphere using standard Schlenk line techniques. For the preparation of 

Pt20Cu80 nanoparticles, 0.16 mmol Platinum acetylacetonate and 0.50 mmol Copper 

bis(2,2,6,6-tetramethyl-3,5-heptanedionate) were separately dissolved in 10mL of 

diphenyl ether and injected into the flask. The solution was continuously stirred and 

heated to 80 °C using a heating mantle. At 80 °C, 0.5 mmol of the stabilizing agents, 

oleic acid and oleyl amine, were injected. The temperature was then raised to the reflux 

temperature of diphenyl ether (~260 °C). At around 215 °C a sudden change in the 

reaction mixture was observed as the solution turned yellow and then dark brown, 

indicating the reduction of the precursors. The reaction mixture was maintained at 260 °C 

for 30 minutes and then cooled down to room temperature. The dark dispersion was 

removed from the flask and the particles were isolated by the addition of 50mL of 

acetone and centrifugation. The nanoparticles were further cleaned by redispersing the 

Pt20Cu80 particles in 1mL of toluene and excess acetone and centrifuging again.  The 

other compositions of Pt-Cu were synthesized by changing the molar ratios of the 

precursors.  
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3.2.2 Mesoporous carbon synthesis 

Disordered mesoporous carbons (DMC) were prepared via self-assembly of block 

copolymer and phenolic resin under acidic conditions as described in our previous 

reports.
47, 48 

 Typically, 16.5 g of resorcinol and 16.5 g of F127 (EO106PO70EO106) were 

dissolved in 67.5 mL of EtOH and 67.5 mL of HCl aqueous solution (3.0 M). To this 

solution, 19.5 g of formaldehyde (37 wt% in H2O) was added with stirring at room 

temperature. As the polymerization reaction of resorcinol and formaldehyde proceeded, 

self-assembly of in situ formed phenolic resin and F127 induced a phase separation. The 

polymer-rich gel phase was collected in the bottom of centrifuge tubes by centrifugation 

at 9500 rpm for 4 min after the mixture was stirred for 30 min. The gel was dissolved in a 

mixed solvent of 18 g of THF and 12 g of EtOH and the mixture was loaded on a 

substrate, dried at room temperature overnight, and cured at 80 °C for 24h. Carbonization 

was carried out under N2 atmosphere at 400 °C for 2 h with a heating rate of 1 °C/min, 

which was followed by further treatment at 850 °C for 3 h with a heating rate of 5 

°C/min. To enhance the degree of graphitization, the heat treatment of mesoporous 

carbons was carried out in a high-temperature furnace (Thermal Technology Inc., CA) 

under helium atmosphere at desired temperatures for 1 h with a heating ramp of 20 

°C/min. The mesoporous carbons heat treated at temperatures of 850°C, 2000°C and 

2600°C will be referred to as DMC-850, DMC-2000 and DMC-2600 respectively for the 

rest of the article. The conductivity of the DMC-2000 and DMC-2600 is ~ 300 S/cm, 

about 2 orders of magnitude higher than that of Vulcan XC-72 carbon.
49

. The 

conductivity of the less graphitic DMC-850 is only 2.0 S/cm. The pores of the 

mesoporous carbons were disordered in nature as peaks were not present in small angle 

X-ray scattering (not shown).  

3.2.3 Infusion of Pt-Cu nanoparticles into mesoporous carbon 

The infusion of the Pt-Cu nanoparticles into mesoporous carbon was done by a 

similar procedure as reported in Gupta et al.
41 

 25 mg of mesoporous carbon was mixed 

with 3 mL of a Pt-Cu nanocrystal dispersion of known concentration, ~20 mg/mL, in 

toluene. The contents were stirred for 4 days.  The product was separated from the 
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nanocrystal supernatant by filtration with a 0.2 m PTFE filter. The extent of 

incorporation of Pt-Cu nanocrystals in the carbon was determined by subtracting from the 

initial mass of Pt-Cu in toluene, the final mass recovered in the supernatant after 

filtration.
39 

  The masses were determined by absorbance of the Pt-Cu nanocrystals with a 

Cary 500 UV-Vis-NIR spectrophotometer with an optical path length of 1 cm (Figure 

A2.3). A standard linear calibration curve was generated with known concentrations of 

Pt-Cu nanocrystals in toluene for a wavelength of 800 nm with correlation coefficient of 

0.998 (Figure A2.3). Loadings of ~15% metal on mesoporous carbons were obtained 

after infusion (Table 3.2). The individual uncertainties in the loadings are (+2%), (+1%), 

(+1%) and (+3%) respectively, resulting from uncertainties in volume, mass of carbon, 

absorbance, and linearity of the calibration curve. The total uncertainty is calculated 

conservatively by adding the individual uncertainties in loadings and is ~7%, as 

explained  in detail previously.
40 

 To activate the Pt-Cu catalysts ligands were removed by 

calcining the catalyst at 350°C for 2h. The temperature was ramped at 16°C/min. After 

calcination, the catalysts were washed with 100 mL of ethanol. 

3.2.4 X-ray Diffraction 

Wide angle X-ray diffraction was performed with samples on a quartz slide using 

a Bruker-Nonius D8 Advance diffractometer.  Samples were scanned for 12 h at a scan 

rate of 12 
o
/min with 0.02 

o
 increments.  The average nanocrystal size was estimated from 

the Scherrer equation using JADE software (by Molecular Diffraction Inc).  Peak 

deconvolutions were done using JADE software.  All of the fits were background 

corrected (cubic spline method) and the carbon intensity was subtracted.     

3.2.5 Raman Analysis 

Raman spectra were acquired using a Renishaw inVia Microscope using a 514.5 

nm Argon laser at 50% power with a 50x aperture. Four acquisitions were taken for each 

sample from 500 to 2000 cm
-1

 for 50 seconds. The spectra were fit using the PeakFit
TM

 

software, following the convention set forth by Cuesta et al.
50

 of  fitting five Gaussians at 
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1624, 1583, 1487, 1351, and 1220 cm
-1

, corresponding to the D’, G, D”, D, and I bands, 

respectively. All spectral fits had correlation factors (R
2
) greater than 0.98. 

Other structural characterization 

For details on porosimetry, TEM, SEM, and XPS see Appendix 2. 

3.2.6 Electrochemical Apparatus 

A glassy carbon rotating disk electrode (0.196 cm
2
, from Pine Instruments) was 

used as the working electrode. It was polished with a 0.3µm followed by a 0.05 µm 

alumina suspension to give a mirror finish. 1.0 mg of Pt-Cu catalyst was suspended by 

sonication in 300µL of anhydrous ethanol and 300 µL of 0.15 wt% nafion solution 

(diluted from 5% nafion stock solution). A total of 10 µL of Pt-Cu suspension was 

pipetted onto the substrate and was dried at room temperature for 15 min.  

Electrochemical measurements were carried out using a three-compartment 

electrochemical cell with a Pt wire counter electrode and a Hg/Hg2SO4 reference 

electrode. Electrochemical measurements were recorded using CHI 832 electrochemical 

analyzer (CH instruments Inc., Austin). All potentials cited in this article are normalized 

with respect to NHE.  

3.2.7 Electrochemical Measurements 

All experiments were performed at room temperature.  After preparation of the 

catalyst on the substrate, the catalyst was electrochemically dealloyed to preferentially 

remove Cu by cycling the potential between 0.05 and 1.24V at 200 mV/s for 500 cycles 

in argon saturated 0.1M HClO4 electrolyte.1  The area under the desorption peak of 

underpotentially deposited hydrogen in a cyclic voltammogram (scanned at 100 mV/sec 

between 0.04 and 1.24V), was used to evaluate electrochemically active surface area 

(ECSA) of the Pt catalyst on the electrode. Hydrodynamic voltammograms at rotating 

disk electrode were recorded by anodically scanning the potential from 0.04 to 1.24 V at 

5 mV/s in oxygen saturated 0.1 M HClO4. The oxygen pressure was 1 atm.  All mass and 

specific activities were calculated at a current at 0.9 V vs. NHE from the hydrodynamic 

voltammograms, given the known mass and area of Pt.  Accelerated durability tests 
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(ADT) were employed by cycling the electrode potential between 0.5 and 1.2V at 50 

mV/s for 1000 cycles in an argon saturated atmosphere for a total time of 7h.25 

3.3 RESULTS 

3.3.1 Structure of the Pt-Cu mesoporous carbon catalysts 

The surface area, pore volume and mean pore size for the three carbons measured 

by nitrogen porosimetry (see Appendix 2) are given in Table 3.1. As the calcination 

temperature for the carbons increases from 850°C to 2600°C, both the surface area and 

the pore volume decrease as expected. DMC-850 and DMC-2000 have surface areas of 

577 and 344 m
2
/g respectively, which are significantly higher than that of commercial 

Vulcan XC-72 (~250 m
2
/g) supports. The pore size for all three mesoporous carbons was 

~ 8 nm, indicating lack of structural collapse even at the highest calcination temperature. 
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Table 3.1: Properties of mesoporous carbon 

Carbon 

Surface 

Area 

(m
2
/g) 

Pore 

volume 

Pore 

size 

(nm) 

La  

(Å) 

Lc 

(Å) 

d  

(Å) 

DMC 

850 
577 0.70 8.1 33.8 16 3.81 

DMC 

2000 
344 0.57 8.0 35.4 22 3.63 

DMC 

2600 
262 0.39 7.9 43.2 30 3.35 

 

XRD spectra of the carbons annealed at various temperatures are shown in Figure 

3.1A.  The peak at ~25 corresponds to the <002> plane of graphite. A sharp <002> peak 

is associated with a higher graphitic character as compared to a broad diffuse peak seen 

in amorphous carbons.
51 

 With increasing annealing temperature, the <002> peak 

becomes sharper and narrower, indicating an increase in the degree of graphitization. The 

layer dimension parallel to the basal place, La, and perpendicular, Lc, were calculated 

from the <100> and <002> reflections respectively, according the relations
51, 52

,La = 

1.84/Bcos() and Lc = 0.89/Bcos(), where  is the wavelength of the x-rays (1.54A), 

B is the full angular width at half max, and  is the Bragg angle (Table 3.1). The 

monotonic increase in the values of La and Lc with increasing temperature indicates 

progressive graphitization of the carbon supports. Table 3.1 also lists the interplanar d-

spacing calculated from the <002> reflection using Bragg’s law, n = 2dsin(). The 

monotonic decrease in d-spacing towards that of pure graphite as the annealing 

temperature is increased further indicates increasing graphitization.
51 

  The d-spacing 

from XRD corresponds well with that measured from the high resolution TEM image of 

DMC 2000 in Figure 3.1B (3.63 Å).  Layered ribbon-like graphitic structures are evident.  

The black lines in the layers are individual graphene planes.  The significant amount of 

graphite ribbons in the carbon is consistent with the sharp <002> peak observed for DMC 

2000. 
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Figure 3.1: Physical characterization of the carbon support. 

(A) XRD spectra of the disordered mesoporous carbons annealed at different 

temperatures.  (B) High resolution TEM of DMC 2000 with a measured d-spacing of 

3.63 Å. 

 

The first order Raman spectra for DMC-850, 2000, and 2600 are shown in Figure 

3.2. There are two peaks apparent in the spectra for all three samples, corresponding to 

the D band at 1355 cm
-1

 and the G band at 1583 cm
-1

. Increasing the annealing 

temperature for the carbons enhances the overlap between the two bands, making it 

necessary to deconvolute the FWHM values by fitting five bands at 1624, 1583, 1487, 

1355, and 1220 cm
-1

, corresponding to the D’, G, D”, D, and I bands, respectively, 

following the convention of Cuesta et al.
50 

  The D band is often referred to as the 

“disorder” band and is commonly believed to be a Raman inactive mode that becomes 

active as the disorder in the system is increased, or likewise as the symmetry at or near a 

crystalline edge is reduced.
53, 54  

The G band is present in all sp
2
 hybridized carbon 

materials and arises from the E2g vibrational mode. By determining the area under the 

peak for the D band and the G band, ID/IG (ratio of amorphous to graphitic character) 

were estimated and decreased monotonically as 1.30, 1.24 and 1.02 for DMC-850, 2000 

and 2600 respectively. The decreasing ID/IG with increasing carbon temperature is 

(B) (A) 
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indicative of improving degree of graphitization. The relative levels of graphitization can 

be discerned by estimating the in plane crystalline length, La (= 4.4/(Id/Ig))
55 

 in 

nanometers. As the ID/IG ratio decreases, La increases (La=3.38, 3.74, 4.32 nm for DMC 

850, 2000 and 2600 respectively) as graphitic crystallites grew in size with increasing 

carbon treatment temperature. These La values are in good agreement to those estimated 

from XRD data (see Table 3.1). 
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Figure 3.2: Raman spectra of the disordered 

mesoporous carbons annealed at different 

temperatures 
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Nanoparticles with two different compositions were synthesized by starting with 

Pt:Cu molar precursor ratios of 25:75 and 50:50, which led to similar final compositions 

of Pt20Cu80 and Pt45Cu55 respectively, as determined using SEM-EDS. For DMC-850 and 

DMC-2000, loadings of 17% and 8%, respectively, were achieved for a starting 

concentration of 20 mg/mL of Pt20Cu80 (Table 3.2). To achieve a loading of 14% for 

Pt20Cu80 in the more graphitic DMC-2000, the initial concentration of nanoparticles was 

increased to 30 mg/mL and the time of infusion was raised to 5 days. In contrast, for 

amorphous Vulcan XC-72, almost all the Pt20Cu80 nanoparticles were adsorbed in a 

relatively short time span of 2 days and at a low starting concentration of 5 mg/mL, 

suggesting that the surface oxygen sites on the amorphous carbon facilitated adsorption. 

Table 3.2: Infusion of Pt-Cu nanoparticles in mesoporous carbon supports* 

Nanoparticles 

 
Support 

Time of 

infusion 

(days) 

Initial 

Conc. 

(mg/ml) 

Final 

Conc. 

(mg/ml) 

Loading 

(wt%) 

Pt20Cu80 
DMC-

850 
3 20 15.5 17 

Pt20Cu80 
DMC-

2000 
3 20 18 8 

Pt20Cu80 
DMC-

2000 
5 30 26 14 

Pt45Cu55 
DMC-

2600 
7 30 26 14 

Pt20Cu80 
Vulcan-

XC72 
2 5 <0.1 19 

 

*All infusions were done on 50 mg carbon and nanoparticles were 

dispersed in 3 mL of toluene.  The infusion times and concentrations 

were increased in order to achieve high loadings. 
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The Pt-Cu nanoparticles were electrochemically dealloyed to leach off copper 

selectively from the nanoparticle surface to produce a highly active strained Pt surface.
1, 

17, 56 
 Figures 3.3 and A2.4 show cyclic voltammograms for Pt20Cu80/SDC-2000 catalyst 

for slow potential cycling between 0.04 and 1.24 at 20 mV/s.  The first dealloying cycle 

does not show a characteristic anodic stripping peak between 0.04 and 0.4V, associated 

with underpotentially deposited hydrogen on platinum surfaces.  Here, the Cu-rich 

surface of the Pt-Cu nanoparticles contains very little Pt. This result is consistent with the 

segregation of the copper to the surface in Cu-rich Pt-Cu alloys, given its lower surface 

energy.
57 

 A broad anodic peak appeared at 0.3V and extended almost to 0.85V indicating 

Cu dissolution. After 3 dealloying cycles, two distinct copper dissolution peaks at 0.3V 

and 0.7V emerge. With further cycles, the peak intensity and area of copper dissolution 

peaks decrease as the surface becomes enriched with Pt, indicated by the appearance and 

growth of an anodic hydrogen desorption peak between 0.04 and 0.4V. After about 500 

cycles, the cyclic voltammograms reach a steady state or equilibrium behavior with the 

signature of a nearly pure Pt surface (Figure A2.5), with the familiar hydrogen 

ad/desorption range (0.05-0.4 V) as well as the Pt oxide formation and desorption peaks 

at 0.83 and 0.72 V on the anodic and cathodic scan, respectively. 
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Figure 3.3: Cyclic voltammetry of Pt20Cu80 nanoparticles supported on DMC-

2000 during electrochemical dealloying at 20 mV/s under an argon 

atmosphere. 
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The dealloying mechanism changes significantly upon progressive Cu removal. 

After just 20 dealloying cycles, copper dissolution peaks at 0.3V and 0.7V essentially 

disappear, as the surface becomes composed of almost pure Pt. However, the “strongly” 

and “weakly” bound hydrogen desorption peaks associated with Pt  <100> and <111> 

respectively, are not present, indicating an amorphous structure.
58 

 . After the completion 

of 500 dealloying cycles, these peaks become present at 0.16 and 0.21V (Figure 3.3) 

indicating crystalline platinum.
59 

 Thus, while the initial dealloying cycles facilitate Cu 

removal from the surface, the subsequent dealloying cycles facilitate the structural 

reordering of the platinum atoms upon crystallization. 
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Figure 3.4: XRD spectra 

Of (a) 14% Pt20Cu80 nanocrystals supported on 

DMC-2000 before and after electrochemical 

dealloying of copper, (b) peak analysis of the XRD 

spectra of the as-synthesized Pt20Cu80 nanoparticles, 

(c) and electrochemically dealloyed nanoparticles with 

a final composition of Pt85Cu15.
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Figure 3.4(a) shows XRD spectra of the Pt20Cu80/DMC-2000 before and after 

dealloying. Before dealloying, the <111> peak approaching that of pure copper is present. 

The peaks at 43.1°, 69° and 83.1°, are associated with the <111>, <220> and <311> 

crystal planes of FCC lattice. The phases of the nanocrystal were investigated by peak 

fitting using JADE software, as shown in Figure 3.4(b) and Table 3.3. A Cu-rich alloy 

phase with a peak at 42.7° was present, along with a small Pt-rich phase as indicated by 

the peak at 40.1°. From the relative areas, the Cu-rich phase was ~95% with only about ~ 

5% of a Pt-rich phase. The peak position can be used to determine the phase 

compositions with Vegard’s Law
60, 61

  The composition of the FCC-disordered Pt–Cu 

alloy can be estimated from observed unit cell parameters according to ac = a0 − k. xCu , 

where a0= 3.923 Å is the unit cell parameter of pure Pt, ac is the measured cell parameter 

of a Pt–Cu alloy, xCu is the molar ratio of Cu in the binary alloys, and k is a constant 

(~0.308 Å for the Pt-Cu system).
62 

 The unit cell parameter ac for the Pt-Cu alloy can be 

related to the lattice spacing for <111> peak and 2θ according to  

)sin(2

3/

111

111

 CuPt

c

CuPt

d

ad








      (3.1) 

The composition of the copper rich phase was Pt17Cu83, in agreement with SEM-

EDS, while that of the platinum rich phase was ~Pt90Cu10. The nanoparticle size was 

estimated to be 3.0 nm from the Scherrer equation.  

After dealloying, the <111> peak shifts to lower 2θ values relative to the <111> 

peak before dealloying, as copper is leached from the nanoparticle surface (Figure 

3.4(a)). After dealloying four peaks appear at 40.54°, 46.74°, 68.4° and 81.26°, 

corresponding to the <111>, <200>, <220>, and <311> FCC crystal planes, respectively.  

As shown in Figure 2.4(c), only one platinum-rich alloy phase was present in the 

dealloyed nanoparticles. The composition was estimated to be Pt85Cu15 using Vegard’s 

Law (Table 3.3). Though Vegard’s Law is based on unstrained particles, it provides a 

rough estimate for strained particles.  We found the results of the law to be in good 

agreement with the area-averaged composition of Pt82Cu18 determined from SEM-EDS. 
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The nanocrystal size after dealloying from the Scherrer equation was 2.8 nm indicating a 

10% reduction after dealloying.  

Figure 3.5 shows TEM micrographs and histograms of Pt20Cu80 on DMC-2000 

before and after electrochemical dealloying.  The nanoparticles are well dispersed on the 

support with little aggregation upon ligand removal or during the dealloying process. The 

average nanoparticle diameter increases slightly from 2.85 nm (Figure A2.2) to 3.25 nm 

(Figure 3.5A,C) upon thermal calcination for ligand removal. It decreased from 3.25 nm 

to 2.95 nm upon dealloying (Table 3.3, Figure 3.5B,D) in good agreement with the sizes 

from XRD. The difference in the TEM and XRD diameters is within the experimental 

uncertainty in the XRD values. Figures 3.5E and 3.5F show high resolution images of 

PtCu nanoparticles on DMC 2000 before and after dealloying respectively.  The 

composition for this sample was determined via EDS to be Pt50Cu50, which was dealloyed 

to Pt75Cu25.  The lattice fringes can been seen on each image, demonstrating crystallinity.  

Particles sizes for this sample were ~3nm, similar to that of Pt20Cu80.  The chemical 

surface area (CSA) after dealloying was determined from XRD and TEM particle sizes 

(CSA= 3/(ρPt.rnp)) to be ~ 95-100 m
2
/g for Pt20Cu80 (Table 2.3). 
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Figure 3.5: TEM micrographs and histograms of Pt20Cu80 on DMC-2000  

(A,C) as-synthesized and (B,D) calcined at 350 °C and electrochemically 

dealloyed. Average nanoparticle size changed from 3.25 nm to 2.95 nm after 

dealloying.  Histograms generated from larger image (only a portion of micrograph 

shown).  (E,F) High resolution images showing lattice fringes of ~Pt50Cu50 on SDC 

2000 before and after dealloying respectively.
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Table 3.3: Composition and structural analysis of 14% Pt20Cu80/DMC-2000 before and 

after dealloying 

Catalyst 
DTEM 

(nm) 

DXRD 

(nm) 

CSATEM 

(m
2
/g) 

CSAXRD 

(m
2
/g) 

SEM-EDS 

Composition 

Bravais 

lattice 

Lattice 

Parameter 

(A) 

Composition 

(Vegard’s 

law) 

Ratio of 

111 peak 

areas 

Before 

dealloying 
3.25 3.0 86 93 Pt20Cu80 

FCC1 

FCC2 

3.663 

3.881 

Pt17Cu83 

Pt90Cu10 

FCC1:F

CC2= 

19:1 

After 

dealloying 
2.95 2.7 95 100 Pt85Cu15 FCC 3.876 

*
Pt85Cu15 - 

*
Vegard’s law was used only as an estimate here since the particles after dealloying are 

strained, and not a regular FCC substitutional solid. 

 

3.3.2 Activity and Stability of the Pt-Cu catalysts towards oxygen reduction reaction 

The electrochemical surface area (ECSA=QH/mpt.ν.c) of the platinum enriched 

nanoparticles after dealloying was estimated from the area of the anodic hydrogen 

desorption peak between 0.04 and 0.4V,
63 

 where QH is the charge for desorption, mpt is 

the mass of platinum on the electrode, ν is scan rate (V/s) and c is a constant defined by 

the charge required to oxidize a monolayer of hydrogen on Pt (0.21 mC/cm
2
).  The 

catalysts in this paper are compared to commercially available 20% Pt on Vulcan carbon 

(ETEK) tested at 80°C
64

.  The estimated ECSA for 14% Pt20Cu80 on DMC-2000 was 

83m
2
/gPt, slightly better than that of the commercial catalyst.  The ECSA was ~85% of 

the chemical surface area estimated by XRD and TEM (Table 3.3), indicating 85% of the 

total Pt sites are electrochemically accessible.  

Figure 3.6 shows the cyclic voltammograms of the dealloyed Pt80Cu20 on DMC-

2000 before and after ADT cycling. The cyclic voltammograms show two peaks in the 

underpotentially deposited hydrogen region between 0.05 and 0.3V associated with the 

weak and strong desorption of hydrogen. The multiple crystal facets present on the 

crystalline dealloyed Pt80Cu20 nanoparticles bind with hydrogen with varying strength 

and hence lead to two desorption peaks. After ADT cycling between potentials of 0.5V 
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and 1.2V for 1000 cycles, the area under the hydrogen desorption peak remains virtually 

unchanged, indicating negligible loss in platinum area due to sintering, coalescence, Pt 

dissolution or Ostwald ripening. 
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Figure 3.6: Cycling voltammograms for Pt20Cu80 on 

DMC 2000 before and after ADT potential cycling 
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Figure 3.7 shows a representative linear scan voltammogram obtained for the 

oxygen reduction reaction with dealloyed Pt-Cu/DMC-2000. The diffusion-limited 

current densities were 6.3, 6.0 and 5.6 mA/cm
2 

for Pt20Cu80 / DMC-2000, Pt20Cu80 / 

DMC-850 and Pt45Cu55 / DMC-2000, respectively. These results are similar to the value 

for a smooth polycrystalline Pt-disk electrode (6 mA/cm
2
). 
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Figure 3.7: Linear scan voltammetry of the dealloyed Pt-Cu 

nanoparticles supported on DMC at 5 mV/s with a rotation rate 

of 1600 rpm. 

 

Figure 3.8 shows the Tafel slopes for the dealloyed Pt20Cu80 on DMC-2000 and 

DMC-850 catalysts, in the kinetically controlled regime relative to a commercial 

platinum catalyst. Both the mass and surface activities for the dealloyed Pt20Cu80 are 

significantly better than those of the commercial Pt catalyst, as seen in previous studies 

with similar Pt-Cu composition.
1, 13 
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Figure 3.8: Potential-Activity plots of dealloyed Pt20Cu80 

nanoparticles supported on DMC-2000 and DMC-850 compared to 

commercial Pt (ETEK) catalysts  

(A) Pt mass-based activities and (B) Pt specific surface area activities.
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The electrochemical properties are reported in Table 3.4 at 0.9V, a value of 

interest for fuel cells
64

. The values of 0.41 to 0.46 A/mg Pt for dealloyed Pt20Cu80 on 

DMC-850 and DMC-2000, as well as on Vulcan XC72  was ~ 4 times larger than for the 

commercial catalyst.
64 

 The mass activities before ADT were not influenced significantly 

by the degree of graphitization. Similarly, the area activities were more than three times 

greater than that of the commercial Pt catalyst. The mass activity was only 0.23 for 

Pt45Cu55 supported on DMC-2600. For Pt45Cu55, less Cu is removed during dealloying 

leading to a smaller activity enhancement as seen previously.
65

  

The activities of the catalysts were also measured after ADT cycling (Figure 3.8 

and Table 3.4).  For the two significantly amorphous carbons, DMC-850 and the 

commercial Vulcan carbon, a significant loss in mass activity and ECSA was observed.  

Loses on the order of 20 to 70% during similar potential cycling experiments are nearly 

always observed in the literature for similar types of significantly amorphous C.
6, 25

  

However, for the three experiments with highly graphitic carbons, DMC 2000 and 2600, 

the mass and area activities as well as the ECSAs were remarkably stable during ADT.  

Enhanced stability has been observed recently for pure Pt on graphitic mesoporous 

carbon treated at 2600 °C.
31

  To our knowledge, this type of stability has not been 

reported previously for bimetallic catalysts for the ORR. 
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Table 3.4: Activity and stability during an accelerated durability test (ADT, 1000 cycles 

from 0.5 to 1.2 V) of dealloyed Pt-Cu catalysts supported on mesoporous carbons 

Composition 

I (A/mg Pt) 

Before 

ADT
†
 

I (µA/cm
2
) 

Before 

ADT
†
 

ECSA 

before ADT 

(m
2
/g Pt) 

I (A/mg Pt) 

after ADT
†
 

I (µA/cm
2
) 

after ADT
†
 

ECSA after 

ADT (m
2
/g Pt) 

17% Pt20Cu80 / 

DMC- 850 
0.46 630 73 0.27 435 62 

14% Pt20Cu80 / 

DMC - 2000 
0.45 537 83 0.45 540 84 

15% Pt20Cu80 / 

DMC - 2000 
0.41 471 82 0.41 474 83 

14% Pt45Cu55- 

DMC-2600 
0.23 382 59 0.22 332 66 

20% Pt20Cu80 / 

vulcan-XC72 
0.42 495 68 0.20 198 38 

† All activities are calculated at 0.9V  
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3.4 DISCUSSION 

3.4.1 Carbon oxidation and impact on stability 

For Pt-Cu supported on the DMC-850 support, a significant loss in activity was 

observed upon ADT potential cycling. DMC-850 is amorphous in nature as shown by 

XRD and Raman spectroscopy in Figures 3.1 and 3.2. It is oxidized when subjected to 

potentials 1.2 V in highly corrosive acidic environments as reported previously for other 

amorphous carbons.
29, 66 

 The surface oxygen species on the amorphous carbon acts as 

reactive centers and accelerate carbon oxidation.
28, 32 

  Pt atoms on the carbon surface 

(after dealloying Pt-Cu) catalyze the carbon oxidation.
67 

 We found that 20% Pt on 

amorphous Vulcan XC-72 lost about 9% of its weight under isothermal conditions of 195 

°C in 16 days due to carbon loss. Degradation of carbon leads to metal nanoparticle 

isolation and partly contributes to activity losses during ADT potential cycling (Figure 

3.8). 

The support degradation and consequent activity loss were alleviated by 

graphitization of the carbon support as seen for DMC-2000 and 2600 (Table 3.4).
66 

  The 

graphitic character of DMC-2000 can be seen in Figure 3.1B by the significant number of 

graphitic ribbons.  The high temperature graphitization reduces the number of surface 

oxygen functionalities and thus increases the resistance to oxidation.
29 

  For example, the 

onset temperature for 20% Pt on graphitized DMC-2000 is ~ 180°C higher than for 20% 

Pt on amorphous DMC-850 (as seen by TGA, Figure A2.7) indicating significantly 

higher oxidation resistance. The weight loss of carbon for 20% platinum on the more 

graphitic carbons under isothermal conditions at 195 °C for 16 days was insignificant, 

(<0.7 wt%, which is within the error limit) also indicating high oxidation resistance 

(Figure A2.8).  The resistance to electrochemical oxidation of the graphitized 

mesoporous carbons during ADT is further indicated in Table 3.4 by the small losses in 

ECSA and ORR activity. 
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3.4.2 Metal support interactions in graphitic carbon and their impact on catalyst 

synthesis and stability 

The high metal loadings of Pt-Cu nanoparticles infused into the graphitized 

DMC-2000 and DMC-2600 were facilitated by the short-ranged interactions between the 

metal and the support, as shown previously for metals on silica supports.
41 

 The surface of 

the Pt20Cu80 nanoparticles is Cu-rich, as observed from the initial dealloying curves 

(Figure 3.3). Relatively strong interactions between Cu and graphitic fullerene due to 

charge transfer from Cu to fullerene have been identified with high frequency Raman 

spectra.
45 

 The peak width of the pentagon-pinch mode becomes wider and the peak 

position shifts to the lower frequency as the atomic ratio of Cu/C increases, indicating 

strong metal-support interactions. These short-ranged interactions enable the adsorption 

of Cu-rich Pt-Cu nanoparticles on the mesoporous carbon supports to render high 

loadings (Table 3.2).  

To achieve high nanoparticle loadings, the short-ranged interactions of the metal 

surfaces with the support must not be screened too strongly by the hydrocarbon capping 

ligands. The strategic selection of the relatively weakly binding oleic acid/oleyl amine 

ligands with low surface coverage (wt of ligand on Pt-Cu was 20% as determined from 

TGA), exposes enough bare metal to facilitate strong metal(primarily Cu)-support 

interactions.
41, 68, 69 

 These short-ranged interactions are further strengthened by the 

favorable geometric contact area between the convex nanoparticles and the concave 

mesopores.
41,36

  The ligands were removed at a relatively low temperature of 350 °C, 

without causing any significant nanoparticle sintering After dealloying, the Pt 

nanoparticle surface binds very strongly with the graphitized carbons, as indicated by the 

shifting of the binding energy for the Pt 4f7/2 peak to higher energy value (refer XPS data 

in Figure A2.6) compared to both unsupported Pt and Pt on amorphous carbon.
70, 71  

 The 

exact nature of the Pt interaction with graphite is still a topic of considerable discussion. 

However, it is reported that the delocalized electrons in the p-orbital of the sites on 

graphite overlap with the d-orbital of the Pt, indicating that the nature of the binding is 

partially covalent.
30 

 In addition, partial electron transfer from the Pt to the graphitic 

surface has also been determined by previous XPS
30

 and DFT
72

 studies. Thus, the strong 
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partially covalent bond due to orbital overlap coupled with partial charge transfer 

between Pt and graphitic surfaces, enables strong metal-support interactions and thus 

facilitates high catalyst stability (Table 3.4). The metal-support interactions prevent the 

coalescence of dealloyed Pt nanoparticles during stability cycling, consistent with no loss 

in electrochemical surface area after ADT (Figure 3.8) , typically observed for 

amorphous carbons.
24 

 Similar beneficial effect of strong Pt-graphite interactions for 

preventing coalescence of Pt nanoparticles at high temperatures has been reported by 

Coloma et al.
27 

  

The stability in ECSA, CSA and ORR activity for the dealloyed Pt-Cu on DMC-

2000 and DMC-2600 suggest insignificant Pt dissolution and/or subsequent Ostwald 

ripening as a result of the resistances of the carbons to oxidation and of the promotion of 

strong catalyst-support interactions. The relatively monodisperse size of the dealloyed 

particles further limits Ostwald ripening.  The larger size of the PtCu particles (~3nm) 

compared to the smaller Pt particles on Vulcan carbon (~2 nm) could also play a role in 

the enhanced stability, as has been observed elsewhere.
73

  Although, the effect of metal-

support interactions on Pt dissolution is not well studied, it is plausible that the C-Pt 

binding synergistically alters the electronic structure of the Pt, causing the observed shift 

to higher binding energies for the Pt 4f7/2 XPS spectra (Figure A2.6), thereby creating a 

stabilizing effect against Pt oxidation. The delocalization of electron density in the orbital 

overlap between the Pt and the sites on the carbon lowers the tendency to form a Pt-O 

bond as the potential becomes more positive, resulting in a decrease in Pt dissolution. A 

related method to alter the Pt electronic structure to make it less resistant to dissolution is 

galvanic deposition of Au clusters on Pt nanoparticles.
21 

  

The geometry of the mesopores in the carbon helps to bolster the stability as well.  

The large interfacial contact area between the nanoparticles and concave mesopores with 

relatively similar radii will strengthen metal-support interactions. In PEM fuel cells, the 

large 3D disordered mesopores will facilitate accessibility of the reactant gas and 

polymer electrolyte relative to other types of carbons with inaccessible micropores.   
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The dealloying cycles to remove Cu may also cause some Pt dissolution.   The 

upper potential in the ADT of 1.2 V is slightly less than the value of 1.24 V in the 

dealloying cycles.  However, the value of the lower potential  is significantly smaller for 

the dealloying cycles (0.05 V compared to 0.51 V for ADT).  The lower potential limit of 

0.05 V allows for the reduction Pt oxides back to Pt, and thus causes less Pt dissolution 

than in the case of the ADT cycles. 

High loadings of bimetallic catalysts on carbon with controlled compositions and 

size are difficult to achieve with traditional precursor reduction techniques such as wet 

impregnation, particularly for graphitic carbons. The lack of polar and charged 

oxygenated sites on the graphitic surface precludes strong ion-dipole and electrostatic 

interactions with ionic metal precursors.
28 

 Consequently, the weakly interacting metal 

precursors often lead to undesirably large nanoparticle sizes (> 5nm) upon reduction.
28 

 

To enhance precursor interactions, the graphitic carbons may be oxygenated with acids.
22 

 

However, these oxygen groups weaken the interactions of the final metal nanoparticles 

with graphitic electrons and make the carbon more susceptible to oxidation in fuel 

cells. 

3.4.3 Dealloying – catalyst structure and activity enhancement for particles with 

essential one alloy phase 

The straining of the Pt shell from the underlying Cu in the dealloyed nanoparticles 

has been shown to raise the catalyst activity markedly.
1, 13 

 It has been shown 

experimentally and theoretically, that the selective dissolution of Cu from the 

nanoparticle creates a strain Pt-rich surface
17, 56

.  However, it is challenging to understand 

the effect of strain for bimetallic particles with multiple Pt-Cu phases, as are typically 

produced by traditional precursor reduction techniques including wetness-impregnation
1, 

13, 34, 74
.(see supplemental section for further details). In contrast, the very small amounts 

of secondary phases for the particles in the present study, both before and after dealloying 

(Figure 3.4) are beneficial for elucidating effect of particle morphology on activity, and 

ultimately, for optimizing catalyst activity.  
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Both pure platinum and copper exhibit an FCC crystal structure which is 

favorable for forming predominantly a single phase. The precursor concentrations were 

tuned to control nucleation and growth rates to focus the nanocrystal size and 

composition. The precursors were reduced simultaneously in absence of the carbon 

supports, which may otherwise cause heterogeneous nucleation of multiple phases.
1, 13, 34, 

74 
 The essentially single phase Cu rich particles synthesized via arrested growth 

precipitation were dealloyed to a single phase Pt rich alloy.  The copper apparently 

leached out at similar rates from particle to particle because the starting catalyst was not 

composed of many phases. 

The dealloying of the Pt20Cu80 nanoparticles to Pt85Cu15 results in an almost pure 

Pt surface with a copper enriched core (Figures 3.3, A2.4 and A2.5) as previously 

hypothesized by Strasser and others
1
. A smaller lattice parameter was observed for the Pt-

rich particles after dealloying relative to pure Pt nanoparticles (Table 3.3). Thus, the 

strain from the copper core reduced Pt-Pt distances on the particle surface and enhanced 

the activity. 

3.5 CONCLUSIONS 

Herein, we have designed highly stable and highly active bimetallic Pt-Cu 

catalysts on graphitized mesoporous carbon with a pre-synthesis/infusion technique.  The 

unprecedented stability of these highly graphitic bimetallic ORR catalysts is indicated by 

a negligible loss in ECSA as well as catalytic activity (<2% for both) after 1000 cycles 

between 0.5V and 1.2V.  Typically a 70% loss is observed for a typical commercial 

carbon (Vulcan XC-72).  The oxidation resistance of the highly graphitic supports, which 

contain very few surface oxygen sites, prevents nanoparticle isolation from the surface. 

The strong covalent and charge transfer interactions between the  electrons on the 

graphitic carbon surface and the enriched Pt surface of the dealloyed nanoparticles 

mitigate sintering, Pt dissolution and Ostwald ripening. The metal-carbon interactions are 

further enhanced by the large interfacial contact area between the metal nanocrystals and 

concave mesopores with relatively similar radii. Removal of 90% of the copper from 

these nanoparticles via dealloying produced single phased Pt85Cu15 particles with large 
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strain in their Pt shells, resulting in a 4-fold activity enhancement for ORR over pure Pt 

nanoparticles, as reported previously for Vulcan XC-72 carbon.
1 

 The arrested growth 

precipitation of Pt-Cu nanoparticles with stabilizing ligands favors focusing of the size (< 

3 nm) as well as the composition, as shown by TEM and XRD both before and after 

dealloying. The ability to design and control the size and composition of bimetallic 

nanocrystals is beneficial for tuning catalyst activity and stability.  Catalysts with well 

defined architectures will guide fundamental understanding of catalytic mechanisms.  

This understanding will be useful for future design of highly active and stable catalysts, 

including electrocatalysts for oxygen reduction in PEM fuel cells. 

3.6 ADDITIONAL INFORMATION 

Nitrogen porisometry and TGA and UV-Vis data for metal weight % loadings as 

well as additional characterization via TEM, XRD, XPS, and electrochemical methods 

can be found in Appendix 2 
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Chapter 4: Atomic Resolution Structural Insights into PdPt 

Nanoparticle-Carbon Interactions for the Design of Highly Active and 

Stable Electrocatalysts3 

4.1 INTRODUCTION 

Recently, probe corrected scanning transmission electron microscopy (pcSTEM) 

has offered novel atomic insight into the morphology of bimetallic nanoparticles with 

0.08 nm resolution 
1-4

, which is useful for elucidating structure-activity/stability 

relationships for the rational design of the next generation of catalysts.  For the ORR 

reaction, theoretical predictions
5-8

 and combinatorial experiments
9,10

 suggest that the 

geometry and electronic structure of Pt may be modified with the addition of a second 

transition metal such as Co, Ni, Cu, Fe, or V
11-16

 to improve catalyst activity.  For 

example, in the case of bimetallic Pt-Cu
4
 and Pt-Co

1
, pcSTEM has shown that 

compressive strain of Pt atoms near the particle surface enhances ORR activity by up to 

~4x over pure Pt.
4,6

  Despite extensive studies of structure/activity relationships of ORR 

for bimetallic nanoparticles
1,4,13,15,17-21

, very few studies have examined the effect of alloy 

structure on nanoparticle wetting on carbon supports, which influences catalyst stability.  

Electron microscopy studies (without aberration correction)
22,23

 and molecular dynamics 

calculations
24,25

 suggest that the carbon support may affect the geometry and electronic 

structure of the metal particles, and consequently the catalyst activity and stability.  In the 

near future, pcSTEM may be expected to offer substantial new insight into particle-

support interfacial structure and interactions which may be used to design stable 

catalysts, while simultaneously achieving high activity.    

Bimetallic catalysts of Pt and Pd are highly active for the ORR.
20,26,27

  For a Pt 

monolayer over various planar, single crystal metal substrates, the highest activity was 

                                                 
3Large portions of this chapter previously have been published as Slanac, D. A.; Li, L.; Mayoral, A.; 
Yacaman, M. J.; Manthiram, A.; Stevenson, K. J.; Johnston, K. P. Electrochimica Acta 2012, 64, 35.  
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observed for Pd.
8,19,20,28

  A core-shell Pd@Pt particle morphology, formed by galvanic 

displacement of an under potential deposited Cu monolayer, provides mass activities 5x 

that of pure Pt particles at 0.9V.
8,20,29

  Recently, a particle-on-particle morphology of Pt 

nanoparticles grown on the surface of Pd nanoparticle seeds was shown to preferentially 

favor the active <100> plane of Pt,
26,27

 resulting in mass activities up to 2.5x over pure 

Pt.
26

  Relatively few studies have attempted to produce uniform PtPd alloys
30-33

, although 

PtCu and other alloys have been shown to be highly active for the ORR reaction
11,13,17,34

. 

However,  the inability to precisely control nucleation and growth during alloy formation 

on carbon often results in non-uniform particle sizes
31

, inhomogeneous compositions, 

and/or multiple alloy phases.
18,35,36

  Uniform single-phase PdPt alloys have been 

synthesized using wetness impregnation with a citric acid complexing agent
30

 and 

encapsulation in dendrimer templates.
33

 However, the activities have been significantly 

less than observed for commercial Pt on carbon, due to blocking of the surface by the 

complexing agent or polymer dendrimer.  For other Pt alloys, arrested growth 

precipitation with weakly binding ligands (that do not block the surface) has been utilized 

to synthesize monodisperse, single-phase Pt-Cu, Fe-Pt, Pd-Au, and Au-Ag alloy 

nanoparticles with high activities for the ORR reaction.
17,37-39

 and other applications.
40,41

 

Whereas the influence of a nanoparticle alloy structure on interfacial interactions 

is not well understood, pcSTEM is now available to probe this behavior at the atomic 

level. For ~4 nm pure Pt nanocrystals, ~35% of the atoms reside on the surface and 

available to interact with the carbon support. However pure Pt nanocrystals have an 

unfavorable contact angle on carbon, indicating poor wettability, which has a detrimental 

effect on catalyst stability.
42-44

  Stability enhancements have been achieved for Pt-Ru 

alloys that wet carbon to a limited degree,
22,23

 along with a study that engineered a strong 

PtRu-carbon tethering interaction by doping the support with nitrogen.
45

  Density 
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functional theory (DFT) calculations indicate Pd binds to carbon more strongly than does 

Pt, in part from weaker Pd-Pd relative to Pt-Pt interatomic binding.
24,46

  Experimental 

results are consistent with these predictions as Pd has been shown to form ohmic contacts 

with carbon nanotubes, indicating high wettability, while Pt forms non-ohmic 

contacts.
47,48

  Thus, a  key opportunity would be to design a PdPt alloy with a strong 

metal support interaction to enhance catalyst stability by substantially mitigating 

coalescence
46

, dissolution
49

 and Ostwald ripening, while simultaneously achieving high 

activities. 

In this study we synthesized a highly stable and active Pd3Pt2 nanocatalyst for the 

ORR, with a single alloy phase, by arrested growth precipitation.  A high Pd content 

(Pd3Pt2) was chosen to lower the Pt requirement and to strengthen the nanoparticle-

carbon interaction.  As shown by pcSTEM, a disordered shell on a corrugated crystalline 

core enabled the nanoparticle surface to conform to and wet the curved surface on the 20-

50 nm carbon particles.  The disordered shell resulted from defects introduced by 

alloying with Pd, a metal that forms many twins and dislocations at the nanoscale
50

 

unlike the regular polyhedral crystals for pure Pt.  The paradigm of strengthening support 

interactions with a relatively deformable multimetallic disordered shell may be expected 

to be generally applicable to design a wide range of stable catalysts. 

The chemical and morphological changes in the catalyst before and after cyclic 

stability testing (1000 cycles, 0.5 to 1.2V) were probed with cyclic voltammetry (CV), X-

ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD, and pcSTEM.  The 

combination of the uniform alloy structure, and the strong wetting of the nanoalloy 

particles on carbon result in favorable geometric and electronic properties for a 1.8x 

activity enhancement and improved stability over pure Pt. The enhanced stability is 

demonstrated by a greater resistance to coalescence, dissolution, and Ostwald ripening 
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versus commercial Pt on Vulcan carbon (VC).  Lastly, the Pd3Pt2/C catalyst was 

evaluated in a membrane electrode assembly (MEA) to determine the effect of the 

presynthesized alloy on fuel cell performance relative to commercially prepared Pt/C. 

4.2 EXPERIMENTAL 

All chemicals were used as received.  Platinum (II) acetylacetonate (97%), 

palladium (II) acetylacetonate (35% Pd), oleylamine (70%), perchloric acid 70% 

(99.999% purity), anhydrous ethanol, and 5 wt % nafion solution in lower alcohols were 

purchased from Sigma-Aldrich.  Hexane (99.9%) was obtained from Fisher Scientific, 

and ethanol (Absolute 200 proof) from Aaper alcohol.  Millipore high purity water (18 

MΩ) was used.  Vulcan carbon XC72 was obtained from Cabot Corporation.  Sodium 

borohydride was purchased from Acros. Oxygen (research grade, 99.999% purity) and 

argon (research grade, 99.999% purity) were obtained from Praxair.     

4.2.1 Synthesis of Pd3Pt2/C Composite 

Pd3Pt2 particles were synthesis through using the modified oleylamine mediated 

synthesis described by Mazumder and Sun.
51

  Organometallic precursors, platinum (II) 

acetylacetonate (132.1 mg) and palladium (II) acetylacetonate (75.0 mg), were dissolved 

in 30 mL of oleylamine and were injected into a reaction flask and stirred under Ar 

atmosphere.  The solution was heated to 60°C for 12 minutes.  A solution composed of 

128 mg of sodium borohydride in 3 mL of oleylamine was injected into the flask as soon 

as the temperature reached 60°C.  The solution quickly turned from yellow to dark brown 

color upon injection, indicating reduction of the precursors to particles.  Then the solution 

was gradually heated to 90°C for 8 minutes, left to react for 10 minutes, and finally 

cooled to room temperature.  The particle solution was mixed with 75 mL of ethanol and 

centrifuged at 8000 rpm for 8 minutes.  The particles were redispersed in 1 L of ethanol 
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and were precipitated in a refrigerator at -5 °C for two days.  The particles were then 

decanted and centrifuged at 8000 rpm for 8 minutes.  The particles were weighed and 

dispersed in hexane to yield the desired concentration. 

Nanoparticle solutions of a known concentration were added to Vulcan carbon 

XC72 and stirred to create the composite.  In a typical infusion for 20% loading, 1.5 mL 

of a 5 mg/mL nanoparticle solution was added to 30 mg of carbon and stirred at room 

temperature for two days.  The slurry was vacuum filtered with a 0.2 μm PTFE 

membrane.  To remove the capping ligands, the filtered Pd3Pt2/VC catalyst was calcined 

in forming gas (7% H2/93% N2) at 350 °C for 4 hours.  After washing the sample with 

copious amounts of ethanol, the sample was dried at 100 °C in air for 1 hour, yielding the 

final Pd3Pt2 catalyst composite.   

4.2.2 Electrochemical Characterization  

All experiments were performed at room temperature in a three-electrode cell 

containing a glassy carbon rotating disk electrode (0.196 cm
2
, Pine Instruments), a 

platinum wire counter electrode, and a Hg/Hg2SO4 reference electrode.  The electrolyte 

used in all electrochemical measurements was 0.1 M HClO4.  The glassy carbon was 

polished with 0.3 μm and 0.05 μm alumina particles and rinsed thoroughly.  Catalyst inks 

were prepared by sonicating 5 mg of the Pd3Pt2 catalyst in a mixture of 3 mL of 

anhydrous ethanol and 3 mL of 0.15 wt % nafion solution.  The cleaned glassy carbon 

had 10 μL of ink pipetted onto its surface.  The electrode was dried at room temperature 

for 1 hour.  Electrochemical measurements were recorded using CHI 832 electrochemical 

analyzer (CH Instruments Inc.) and an AutoLab PGSTAT302N. All potentials are 

reported with respect to NHE. 

The catalyst was electrochemically cleaned to remove the surface oxides by 

cycling between 0.04 V and 1.24 V at 100 mV/s for 100 cycles in Ar saturated 
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electrolyte.  Cyclic voltammetry (CV) under Ar was performed between 0.04 V and 1.24 

V, with scan rates of 100 mV/s and 20mV/s.  The area under the hydrogen desorption 

region (~0-0.3 V, using 210 μA/cm
2

metal) was used to estimate the electrochemical surface 

area after double layer correction.  The oxygen reduction reaction (ORR) activity of the 

catalysts was measured using rotating disk linear sweep voltammetry from 0.04 V to 1.24 

V in oxygen saturated electrolyte at 5 mV/s and 20mV/s and 1600 rpm.  The mass and 

surface area specific activities were calculated at 0.9 V.  Accelerated durability testing 

involved potential cycling from 0.5 V to 1.2 V for 1000 cycles in Ar saturated electrolyte 

at 50 mV/s.  Large batch electrochemical measurements were performed on a 1cm
2
 

glassy carbon electrode and loaded to 120 μgmetal/cm
2
 to allow for sufficient sample to be 

collected after potential cycling for TEM, XRD, and XPS analysis. 

A potential hold at 1.0 V for 5 hours in Ar atmosphere was performed on 

electrodes prepared as stated above.  CVs (20 and 100 mV/s from 0 to 1.0V) were taken 

every 1 hour during the potential hold to assess the extent of carbon oxidation. 

4.2.3 Transmission Electron Microscopy (TEM) 

Low-resolution TEM was conducted on an FEI Tecnai 20 BioTwin microscope 

using an 80 kV accelerating voltage.  Pd3Pt2 catalysts were deposited from a dilute 

ethanol suspension onto a 200 mesh carbon-coated copper TEM grid (Electron 

Microscopy Sciences).  Chemical surface area (CSA), the geometric surface are of the 

particles, was calculated based on the average diameters measured.  High resolution 

STEM imaging was performed on a JEOL JEM-ARM200F probe aberration corrected 

electron microscope, operated at 200 kV.  The probe size used was of 0.08 nm with a 

current of 24 pA.  The spherical aberration was reduced with a dodecapole corrector 

(CEOS).  Calibration was done using standard Si[110] and Au nanoparticles to align the 

corrector with CESCOR software.  Images were recorded in STEM mode by 
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simultaneously collecting bright field and high angle annular dark field (HAADF) images 

from scans of 12 to 16 seconds.  Images were afterwards filtered using the 

deconvHAADF software from HREM Research Inc.
52

 

4.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS was acquired using a Kratos AXIS Ultra DLD spectrometer equipped with a 

monochromatic Al X-ray source (Al α, 1.4866 keV).  High resolution elemental analysis 

was performed on C 1s, O 1s, Pd 3d, and Pt 4f regions with a 20eV pass energy, a 0.1 eV 

step and an 800 ms dwell time.  Charge compensation was not used as each sample was 

conductive.  All absolute energies were calibrated relative to gold, silver and graphite.  

Each spectrum is an average of 3 high resolution scans.  The peak positions and areas are 

calculated using a standard Gaussian + Lorentzian fit with a Shirley background 

correction. 

4.2.5 X-ray Diffraction (XRD) 

Wide-angle X-ray diffraction was performed with samples on a quartz slide using 

a Bruker Nokius instrument using Cu Kα radiation (0.154 nm wavelength).  Samples 

were scanned from 10 to 90 degrees in 0.02 degree increments with a dwell time of 10 

seconds.  The average nanoparticle size was estimated from the Scherrer equation in 

JADE software (Molecular Diffraction Inc.).  CSA was calculated from the sizes from the 

Scherrer equation.  Background correction, fitting, and deconvolution were done using 

JADE software.   

4.2.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was made with a Mettler Toledo TGA/DSC 1 

STAR
e
 system equipped with a gas controller (GC 200) and a temperature set at 22°C 

(Julabo).  All samples sizes were >2mg.  They were initially heated to 100°C, held at that 
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temperature for 10 min, and heated to 900 at 20°C/min. Isothermal weight loss studies 

were conducted by holding the samples of 100 mg weight at an elevated temperature of 

195°C for 16 days.
53

 

4.2.7 Scanning Electron Microscopy w/ Energy Dispersive X-ray Spectroscopy 

(SEM-EDX) 

Compositional information was obtained using a LEO1530 SEM with EDX.  

Spectra were obtained at 20kV, a magnification of 500x, and a two minutes scan time to 

ensure significant counts.  A ZAF correction was done before quantification.   

4.2.8 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

Measurements were taken with a GBC Optimass 8000 ICP orthogonal time-of-

flight mass spectrometer equipped with a Meinhardt concentric glass nebulizer and a 

GBC water cooled cyclonic spray chamber.  Palladium and Platinum standards were from 

Accustandard.  All dilutions were made using trace metal grade nitric acid. 

4.3 RESULTS 

4.3.1 Pd3Pt2 catalyst morphology and activity 

Alloy nanoparticles were formed upon co-reduction of Pt and Pd organic 

precursors by sodium borohydride in neat oleylamine capping ligand as the solvent.  The 

concentrated oleylamine was needed to provide sufficient adsorption on Pd.  

Monodisperse, spherical particles with as average size of 2.7 ± 0.4 nm were formed as 

shown by the TEM micrograph and histogram in Figure 4.1A and 4.1D, respectively.  

When the capping ligand was diluted with diphenyl ether, the size and shape of the alloy 

was difficult to control.  For example, Figure A3.1 shows that wormlike particles were 

formed for a solvent composed of 50% oleylamine by volume.  Upon adsorption of the 

nanoparticles onto carbon and subsequent thermal removal of the ligands at 350°C and 
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600°C, the particle size increased slightly to 4.5 ± 0.9 nm (Figure 4.1B,E) and 4.7 ± 1.4 

nm (Figure 4.1C,F), respectively.  The particle sizes for commercial Pt/VC under the 

same calcination treatment are larger and more polydisperse.  After calcination at 350°C 

(Figure A3.2A) and 600°C (Figure A3.3A) , the commercial Pt/VC particle sizes are 4.6 

± 1.0 nm and 6.0 ± 2.8 nm, respectively.  The low resolution TEM micrographs reveal 

evenly distributed particles on the carbon support with a limited broadening of the size 

distributions.  The total metal loading was controlled to ~22 wt% as determined by TGA 

(Figure A2.4). 

 

Figure 4.1: TEM micrographs and their corresponding size distribution 

histograms for Pd3Pt2 nanoparticles as-synthesized 

 (A,D) and supported on Vulcan carbon after calcination at 300°C (B,E) and 

600°C (C,F).  The average nanoparticle sizes and standard deviations are 2.7 ± 0.4 

nm, 4.5 ± 1.0 nm, 4.7 ± 1.4 nm for histograms D, E, and F, respectively. 

Probe aberration corrected STEM micrographs along the plane of the particle-

support interface revealed that the Pd3Pt2 alloy nanoparticles conform to the convex 

edges of the turbostratic Vulcan carbon (Figure 4.2).  Pd3Pt2/C catalyst calcined at both 
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350°C and 600°C displayed this wetting behavior.   Deformation of the particle was 

observed at the interface between alloy and carbon as shown by the acute contact angles 

of 58° and 76° in Figure 4.2D.  In this case, the orientation was normal to the alloy-

carbon interface and optimal for observing the contact angle.  The remainder of the 

particle surface has a convex curvature, in contrast with the flattened or concave surface 

conforming to the carbon surface.  To our knowledge, conformal wetting of metal 

nanoparticles on carbon has not been reported previously by pcSTEM, particularly at this 

level of magnification.  In contrast, contact angles were well above 90o for pure Pt 

nanocrystals on carbon as shown by Figures 4.2E,F and other reports.
44

 

Figure 4.2: Probe aberration corrected STEM (bright field and dark field) for Pd3Pt2 

calcined at 350°C  

(A,B) and 600°C (C,D) indicating acute wetting angles between the particle and carbon.  

For comparison, bright field HRTEM micorgraphs of pure Pt on Vulcan carbon shows 

obtuse wetting angles (E,F).  The red solid line indicates the edge of the carbon support.  

The white dashed lines indicate the wetting angles between particle and Vulcan carbon 

surface. 
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Images obtain from pcSTEM were used to understand the atomic level, 

intraparticle alloy structure (Figure 4.3).  From Figure 4.3A a single PdPt alloy 

nanoparticle is shown to contain crystalline order across most of the particle except for a 

disordered layer at the surface.  The individual atoms are displayed as the bright spots in 

the image whereby Pt atoms show up brighter than Pd atoms.  The random distribution of 

both bright (Pt) and less bright (Pd) spots in Figure 4.3A suggests the atoms are alloyed 

in a substitutional solid.  The diffraction pattern (Figure A3.5) for the particle shown in 

Figure 4.3A contains some intensity broadening around the bright crystalline points, 

suggesting that the particle contains both a crystalline and disordered character.  After 

applying a filter to the image in Figure 4.3A to deconvolute disordered from periodic 

structure, the nanoparticles are clearly shown to contain significant amounts of both 

disordered (Figure 4.3B) and crystalline (Figure 4.3C) domains.  The disordered image 

extends up to ~0.5 nm farther out than the edge of the crystalline image in Figure 4.3C, 

suggesting that ~2-3 disordered atomic layers surround the crystalline alloy core.  The 

crystalline domain is shown to contain both the common (100) facet for pure Pt 

nanoparticles, and the (111) most active facet on Pt nanoparticles for the ORR.
26

    The 

periodic structure image in Figure 4.3C was further filtered with the deconvHAADF 

software based on the Lucy-Richardson algorithm for noise reduction (Figure 4.3D).
52

  

The light and dark regions across the particle correspond to hills and valleys, 

respectively.  The domain size of the corrugations in the periodic structure is ~0.3-0.5 

nm.  The alloy structure of a disordered shell surrounding a corrugated crystalline core is 

distinctly different from the truncated polyhedra observed and predicted in literature for 

pure Pt and Pd nanoparticles.
50,54,55

 



101 

 

 

Figure 4.3: Probe aberration corrected 

HAADF-STEM images of Pd3Pt2 particle 

showing both the crystalline lattice as well as 

disordered surface atoms  

(A).  Deconvolution filters applied to the 

particle image show (B) the disordered 

structure, (C) the periodic structure, and (D) the 

periodic structure after filtering out the electron 

probe broadening via the application of a 

maximum entropy deconvolution method to the 

image in (C).  The light and dark regions in the 

entropy map indicate a corrugated or roughened 

particle surface. 

The XRD spectra of Pd3Pt2 calcined at both 350°C and 600°C show single peaks 

indicating FCC crystal structure.  Peaks appear at 2 of approximately 40°, 46.5°, 77°, 

and 82°, corresponding to the (111), (200), (220), and (311) FCC crystal planes, 

respectively (Figure A3.6).  These peak positions are shifted slightly to higher angles 

relative to pure Pt (e.g. Pt(111) is at 39.7°)
11

 due to alloying with Pd.  Particle sizes of 4.0 

nm and 4.7 nm were calculated using the Scherrer equation for PdPt calcined at 350°C 

and 600°C, respectively, in good agreement with the TEM results.  The lack of any peak 
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shoulders suggests that Pd and Pt are randomly distributed in a single phase alloy, 

consistent with the HAADF-STEM imaging.  The spectra can be matched to a 

composition of Pd1Pt1 from the XRD database.  However, the small lattice mismatch 

(0.77%)
26

 between Pt and Pd makes it difficult to accurately predict the composition of 

the particles, thus spectroscopic techniques were employed to determine chemical 

composition. 

A summary of the particle compositions taken by various spectroscopic 

techniques is shown in Table 4.1.  SEM-EDS analysis indicated a particle composition of 

Pd1.5Pt1.  XPS provided additional composition information, whereby integration of the 

two XPS peaks shown in Figures A3.7A and A3.7B yielded a composition of Pd1.8Pt1.  A 

particle composition of ~Pd1.3Pt1 was observed by STEM-EDS.  The same composition 

was obtained for single particle STEM-EDS analysis as well as large area STEM-EDS, 

further supporting that the metals are uniformly alloyed among the nanoparticles (Figure 

A.8).  A nominal composition Pd3Pt2 is used to refer to the PdPt alloy composition.  

Cyclic voltammetry was used to interrogate the catalyst surface morphology and 

reactivity.  For the first scan, the region between 0.04 and 0.4V featured one broad peak 

corresponding to the underpotential desorption/adsorption of hydrogen (Hupd) as shown in 

Figure 4.4A.  The electrochemical surface area (ECSA) of the catalyst was estimated by 

the area under the Hupd region, after correcting for the double layer and assuming a 

monolayer surface charge of 210μC/cm
2

Pt.  The initial ECSA was 32m
2
/gmetal, 

comparable with the value of 36 m
2
/gPt found for commercial Pt/VC.  These areas are 2-

3x lower than those obtained geometrically from TEM and XRD as shown in Table A3.1.  

However, integration of the Hupd region is only approximate since it is not well defined 

for a disordered alloy surface as for a crystalline pure Pt surface.  The CV prior to cycling 

shows the characteristic surface metal oxide formation starting at ~0.65V and extending 
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out to 1.2V.  Upon reversing the scan, the large cathodic peak at ~0.65 V corresponds to 

the reduction of the surface metal oxides back to zero-valent Pt and Pd.  The scans after 

cycling are described below. 
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Figure 4.4: Cyclic voltammograms of 

Pd3Pt2 on VC  

(A) before and after stability cycling and 

(B) Intermediate CVs during stability 

cycling between 0.5 and 1.2 V for 1000 

cycles for Pd3Pt2 calcined at 350 °C. 
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A representative linear sweep voltammogram (LSV) for the Pd3Pt2 catalyst 

calcined at 350°C is shown in Figure 4.5A.  Histograms in Figures 4.5B and 4.5C 

summarize the mass activities normalized by the Pt loading and total metal loading, 

respectively.  The diffusion limited current densities were each ~5 mA/mgPt, which 

correspond well with the value of 5.5mA/cm2 theoretically predicted by the Levich 

equation for the 4e
-
 oxygen reduction.  The activity of the Pd3Pt2 (350°C) catalyst 

determined from the kinetically controlled region (0.9V) of the LSV was 0.12A/mgPt with 

a half-wave potential (hwp) of 0.831V.  Compared with the commercial Pt/VC (350°C) 

catalyst activity of 0.097A/mgPt, the alloy shows a 20% increase in Pt mass activity.  The 

Pt/VC showed a slightly more negative hwp of 0.827V (Figure A3.9).  An even larger 

mass activity of 0.18A/mgPt was observed for Pd3Pt2 calcined at 600°C, whereas a 40% 

activity decrease is observed for commercial Pt/VC under the same conditions.  Table 

A3.2 summarizes the specific activities both before and after dealloying for the alloy and 

commercial Pt catalysts.  Initially, the specific activities are similar, ranging from 

213μA/cm
2
 for Pd3Pt2/VC (350°C) to 291 for Pt/VC (600°C).  After potential cycling the 

activity increases for the Pd3Pt2/VC (350°C) catalyst, consistent with the development of 

the crystalline Pt surface from Figure 4.4.   Specific activity losses of 22% and 36% are 

observed for the Pd3Pt2/VC (600°C) and Pt/VC (350°C), respectively.  Interestingly, 

Pt/VC (600°C) gains a 2x specific activity increase.  The higher activity is likely due to 

significant sintering of the pure Pt particles (Figure A3.2B,D and A3.3B,D), forming 

larger terraces while decreasing the number of facet boundaries to achieve activities 

similar to extended crystalline Pt surfaces.
13
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Figure 4.5: Linear sweep voltammograms before and after potential 

cycling for Pd3Pt2/VC calcined at 350°C  

(A).  There is roughly a 20% loss in mass activity after 1000 

cycles, and less than 10% loss after an additional 1000 cycles.  

This is in stark contrast to Pt/VC, which loses ~60% of its original 

mass activity.  Histograms compare the mass activities normalized 

by Pt (B) and Pd+Pt (C) both before (blue) and after (red) stability 

cycling between the alloy and commercial Pt.  All activities are 

taken at 0.9V vs NHE. 

4.3.2 Electrochemical, thermal, and morphological stability of Pd3Pt2 alloy catalyst 

Full cyclic voltammograms (0 to 1.2V) were taken during potential cycling for 

1000 cycles between 0.5 and 1.2V (Figure 4.4B).  After 10 cycles the area under the peak 

in the Hupd region started to decrease as depicted in Figure 4.4B.  After ~500 cycles the 

voltammogram began to develop separate Hupd peaks (Figure 4.4B).  The ECSA 

decreased only by ~38% for Pd3Pt2 (350°C) compared to a 60% loss for Pt/VC.  The 

voltammogram became relatively stable after 1000 cycles, showing no significant 

changes after a second 1000 cycles as shown in Figure 4.4.  The stable voltammograms 

show two distinct Hupd redox peaks along with the onset of metal oxide formation shifted 

higher to 0.75V (Figure 4.4).  These features more closely resemble those of pure Pt 

rather than pure Pd particles. 
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The catalyst stabilities were tested under severe electrochemical ORR conditions 

by cycling 1000 times between 0.5 and 1.2 V.
56

  The stability was quantified by 

comparing LSV activity measurements and morphological characterization after cycling 

with the results taken before durability testing.  The histogram in Figure 4.5B shows that 

Pd3Pt2 calcined at 350°C and 600°C lose only 21% and 39% Pt mass activity, compared 

to a ~60% loss for Pt/VC.
17,56,57

  Even with these losses, the final Pt mass activity is 

approximately equal to that of the fresh Pt catalyst, which demonstrates high durability of 

the alloy catalyst from a practical point of view.  The hwp shifts after potential cycling 

can be observed in the LSVs from Figures 4.5A and A3.9 C,D.  The smallest shift is 

13mV for Pd3Pt2 (350°C) and the largest is 36mVfor Pt/VC (350°C). 

Morphology of the catalyst after potential cycling was examined by XRD and 

TEM.  Low resolution TEM imaging revealed that the particles maintained a uniform 

dispersion over the support and a small average size of 4.5 nm with good monodispersity 

(Figure 4.6A,B).  In contrast, the Pt/VC commercial catalyst calcined at 350°C and 

600°C had particle size increases to 5.7 nm and 8.5 nm, respectively (Figures A3.2B,D 

and A3.3B,D).  The pcSTEM image in Figure 4.6C shows that the nanoparticles 

continued to conformally wet the edges of the carbon.  The lattice image indicated a 

disordered shell of atoms around a crystalline core, similar to the morphology prior to 

cycling.  The XRD spectrum shows the same characteristic FCC crystalline peaks as 

before cycling, corresponding to a Pd3Pt2 disordered alloy (Figure 4.6D).  The Scherrer 

equation was used to calculate a nanoparticle size of 4.0 nm.  The ECSA loss measured 

using Hupd was ~30% (Table A3.1).  However, the particle surface area calculated by 

TEM was 84m
2
/gmetal, which is only 12% lower than the area before cycling. 
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Figure 4.6: TEM micrograph  

(A) and histogram (B) after potential cycling 

showing only a small particle size increase from 

~4.0 nm to 4.5 nm.  Probe aberration corrected 

STEM image (C) shows that particles retain 

surface disorder along with a crystalline core 

structure.  Wetting on the carbon support is 

evidence by flattening of the particle at the metal 

carbon interface.  XRD spectrum (D) of 

Pd3Pt2/VC (350°C) shows characteristic FCC 

crystal peaks.  Particle size and composition 

from XRD are 4.0 nm and Pd1Pt1. 

After potential cycling, the alloy particles became enriched in Pt as shown by the 

various techniques listed in Table 4.1.  SEM-EDS and STEM-EDS showed an 

enrichment of Pt in the particles to Pd1.1Pt1 and Pd1Pt1.3, respectively.    The location of 

the XRD lattice reflections in Figure 4.6D do not shift after cycling, suggesting a 

composition of Pd1Pt1.  The Pt 4f XPS spectrum after cycling overlaps the curve before 

cycling.  The symmetry of the peaks for Pt 4f indicates the zero-valent nature of the Pt, 

whereas the asymmetric tails for Pd 3d at higher binding energies corresponds to some 

surface oxide formation.
58

  The Pd 3d spectrum develops an additional peak at ~343 eV, 

which may correspond to the formation of Pd oxide.  However, the extra peak may be 

A B 

C D 
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due to the formation of PdF2, resulting from the interaction between Pd and the 

fluorinated chains of the Nafion binder, similar to another report which found a band of 

Pd in the Nafion membrane.
59

  Only the zero-valent Pd 3d peaks were used in the 

determination of a composition after cycling, yielding a Pt enriched Pd0.9Pt1 alloy ratio.  

According to the detection limit of ICP-MS, <5ppb of Pt or Pd were found in the 

solution, consistent with the high alloy stability.  Each spectroscopic technique showed 

an enrichment of Pt in the particles.  Assuming only Pd dissolution contributes to the loss 

of atoms, the total number of atoms in the particles decreases by 16% (SEM-EDS), 32% 

(XPS), and 22% (STEM-EDS) after cycling. 

Table 4.1: Composition ratios of metals 

before and after potential cycling from 

various techniques for PdPt/VC calcined at 

350°C. 

Technique Before 

Cycling 

[Pd:Pt] 

After 

Cycling 

[Pd:Pt] 

SEM-EDS 1.5:1 1.1:1 

XPS 1.8:1 0.9:1 

TEM-EDS 1.3:1 0.8:1 

A thermal stability test consisting of holding the catalyst at 195°C in air for two 

weeks
53

 revealed only a 3% loss in mass for the Pd3Pt2(350°C) catalyst, whereas 

commercial Pt/VC lost 9% by mass.  TGA demonstrated that 16% of the carbon mass 

remains at 500°C for the alloy, whereas ~0% of the carbon for Pt/VC remains (Figure 

A3.4).  These tests suggest there is reduced thermal oxidation of carbon by Pd3Pt2.  An 

electrochemical carbon oxidation test was employed to see if the thermal results would 
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translate to electrochemical conditions.  Cyclic voltammograms taken during a potential 

hold at 1.0V for 5 hours are depicted in Figure 4.7. 
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Figure 4.7: Oxidation of carbon support via 

potential hold at 1.0 V over 5 hours  

for (A) Pd3Pt2/VC (350 °C) and (B) Pt/VC 

(BASF).  The emergence of a large anodic peak 

around 0.6 V for the Pt/VC sample indicates the 

formation of surface oxides (most likely 

quinones).  The lack of significant oxide 

formation demonstrates the lower catalytic 

activity of the alloy catalyst to carbon oxidation. 

Initially, there are no anodic redox pseudo-capacitance peaks in the region of 

0.6V due to a lack of quinone-like carbon-oxygen functionalities.  After 5 hours at 1.0V, 

the Pt catalyst generates a significant peak at 0.6V, which has been attributed to 

formation of redox active quinone-like carbon-oxygen groups.
60

  However, the Pd3Pt2 

alloy remains flat in this region, overlapping the initial curve.  The extent of 

electrochemical carbon oxidation due to potential cycling was elucidated from the XPS 

spectra of the C1s region in Figure A3.7C.  The peak before cycling at 284.5 eV 

corresponds to graphitic carbon.  After cycling, an oxide shoulder forms at higher binding 

energies, corresponding to some oxidation of the carbon support.  However, the graphitic 
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peak at 284.5 eV remains the dominant feature, suggesting a low extent of carbon 

degradation due to oxidation.  The additional peak at ~292eV both before and after 

cycling corresponds to the CF2 chain of the Nafion fluoropolymer binder as shown in 

Figure A3.10.    

Finally, the Pd3Pt2 (350°C) catalyst was tested in an MEA and compared to 

commercial Pt/VC in Figure 4.8.  The polarization curves show that the Pd3Pt2 catalyst 

generates a comparable, yet slightly lower cell potential than Pt at current density loads 

<750mA/cm
2
.  However, the potential for the Pt catalyst dropped significantly lower than 

that of the alloy catalyst at current densities >800mA/cm
2
, producing a 20% lower peak 

power density for the Pt relative to the Pd3Pt2 alloy.  Though these absolute numbers are 

lower than the state of the art MEAs, the Pd3Pt2 catalyst achieves a peak power density of 

~0.5W/cm2 at 1100 mA/cm2, whereas the Pt catalyst only achieves 0.4W/cm
2
 at 850 

mA/cm
2
 under identical conditions. 
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Figure 4.8: MEA test of Pd3Pt2/VC catalyst 

(23wt% loading) and Pt/VC.  

 Both catalysts perform similarly in the low 

current density regime, but deviate above 700 

mA/cm
2
.  The smaller potential drop at higher 

current densities for the Pd3Pt2/VC catalyst 

indicates a decreased effect of mass transfer.  

The pre-synthesized particles cannot become 

trapped in micropores, thus allowing for better 

catalyst utilization. 

4.4 DISCUSSION 

4.4.1 Alloy morphology 

The molar ratio of Pd:Pt for the metal alloys found in the literature is typically 

lower than the Pd3Pt2 in this study.
36,61

  For Pd metal contents of Pd>1Pt1, particle 

morphologies are often highly non-spherical 
32,36,62

 due to the propensity of Pd to form 

defects and irregularly shaped crystals.
50

  Similarly, for synthesis in dilute oleylamine, 

selective passivation of specific crystal planes led to worm-like Pd3Pt2 nanostructures 

(Figure A3.1).  However, in pure oleylamine the amount of ligand adsorption on the 

various surfaces was sufficient for the formation of more spherically-shaped particles 

(Figure 4.1A).  The simultaneous burst nucleation of Pt and Pd precursors appears to lead 

to the uniform mixing of Pt and Pd in the alloy particles, as shown by XRD and HAADF-

STEM EDS.  By using a strong reducing agent, Pd and Pt precursors are reduced 

simultaneously to form essentially single-phase PdPt particles with a composition similar 
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to that of the starting precursor ratio.  Alloys with a single predominant phase have also 

been synthesized by arrested growth for Pt-Cu systems.
17

  In typical wetness 

impregnation of metals on carbon substrates, varying rates of reduction for the two or 

more metal precursors leads to non-uniform composition and varying degrees of 

alloying.
35,36,61

  For the pre-synthesis strategy, the alloy morphology may be maintained 

during adsorption on the carbon and subsequent thermal annealing, as shown 

previously.
17,40,57

  Thus, evenly dispersed alloy nanoparticles with uniform size and 

composition could be formed even with high Pd contents up to Pd3Pt2. 

The disordered and crystalline domains of the alloy particles (Figure 4.3) are 

influenced by differences in structural characteristics observed for pure Pt versus pure Pd 

nanoparticles.  Disordered domains have been observed by pcSTEM for unsupported 

pure Pd particles prepared via polyol reduction.
50

  Intraparticle disorder has been 

attributed to inhomogeneous internal strain, which results from competitive surface 

relaxation forces present only for nano-sized Pd, not bulk Pd.
50,63

  In contrast, Pt has been 

found to form well-ordered single crystalline nanoparticles under the same synthesis 

conditions.  The drastic morphological difference may be due to the formation of Pd 

icosahedrons (20 faces) as opposed to Pt truncated octahedrons (14 faces).
50,54,55

  The 

surface energy and reactivity of crystal surfaces increase as the number of crystal facets 

increases, thereby raising the potential for defect growth.  When the two elements are 

alloyed, the defect-prone Pd atoms may drive the growth of the corrugated PdPt crystal 

shown in Figures 4.3C and 4.3D.  The hills and valleys of the crystal provide sites of 

varying coordination for growth of the outer 0.2 nm disordered layer. 

4.4.2 Promotion of surface wetting and strong metal-carbon support interactions 

A strong metal-support interaction may be facilitated by the addition of Pd to Pt, 

as Pt alone has been found to have poor wettability on carbon.
46-48

  DFT calculations 
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indicate that the critical cluster size for metal dewetting is 23 atoms for Pt versus 30 

atoms for Pd, suggesting stronger wetting for Pd.
24

  Pd clusters bind more strongly to 

carbon than Pt clusters, even though an isolated single Pt atom binds more strongly than a 

Pd atom according to DFT calculations.
24

  The stronger wetting interaction for Pd is 

favored by a weaker interparticle metal-metal binding strength of 3.89 eV/atom relative 

to a cohesive energy of 5.84 eV/atom for Pt.
64

  As a result, DFT calculations have 

predicted that atoms in pure Pd nanoparticles form a less dense, more disordered structure 

when interacting with a graphene surface, versus a well-ordered, compact geometry as for 

pure Pt.
24,46

  Experimentally, Pd has been shown to form ohmic contacts with carbon, 

whereas Pt has been shown to form non-ohmic contacts.
47,48

  Stronger binding for Pd has 

been attributed to greater delocalization of electrons in the interface.  However, the 

electronic and geometric structures of interfacial morphology were not analyzed at high 

resolution in these studies. 

The direct observations of the alloys and particle wetting by pcSTEM in Figures 

4.2 and 4.3 provide novel insight into the strength of the nanoparticle alloy interaction 

with the carbon support.   Exposure of the low-coordinated metal sites in the disordered 

layer and the weakened metal-metal binding energy from alloying with Pd facilitate 

wetting of the alloy on the carbon, as evidenced by the acute angles formed between the 

particle and carbon surface (Figure 4.2).  The atoms in the highly disordered regions 

outside the corrugated surfaces of the Pd-rich alloy appear to be prone to rearrangement 

to conform to the atoms on the carbon interface.  For pure Pt or alloy nanoparticles that 

contain too little Pd, the more tightly packed crystalline surfaces will be less likely to 

undergo geometric strain needed for wetting the carbon surfaces, as shown by the obtuse 

angles formed between pure Pt and Vulcan carbon in Figure 4.2E,F. 
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Several of the other experimental results support the TEM observation of strong 

binding of the alloy nanoparticles to carbon. The high adsorption of Pd3Pt2 nanoparticles 

at 20wt% on Vulcan carbon requires strong attraction between the surface metal and the 

carbon support, as observed previously for presynthesized Pt- Cu alloys.
17,40,57

  We 

observed PdPt nanoparticles in solution adsorbed to the Vulcan carbon support in ~12 

hours, relative to >24 hours for pure Pt particles capped with the same ligands.  This 

faster adsorption may result from a stronger interaction between the carbon and the 

disordered PdPt alloy surface, which can undergo atomic surface rearrangement more 

easily than a fully crystalline Pt surface.  Adsorption may also depend upon sufficiently 

weak binding of the oleylamine surface ligands, such that after washing, a sufficient 

fraction of the metal surface is not covered and exposed to the carbon.
15,17,40,57

  

Furthermore, discussed below are the high stabilities of the Pd3Pt2 nanoalloy against 

changes in metal binding energy (XPS), particle size (TEM), particle surface areas, and 

mass activities after the harsh potential cycling test.  The substantial geometric strain and 

the associated strong metal-carbon support interactions have the potential to modify the 

electronic structure, and consequently, the catalytic activity and stability.  Thus, the 

characterization of the interfacial interactions with pcSTEM images should be utilized to 

guide the design of the alloy catalysts.  

4.4.3 Enhanced activity with high Pd content 

The highest ORR mass activity for the Pd3Pt2 alloy was ~2x over that of pure Pt, 

and as much as 50x greater than values reported for other PdPt alloys in literature.
36,61

  

The enhanced activity was achieved by tuning the electronic structure and geometric 

strain in the catalyst, as has been reported previously.
4,19,34,65

  A significant amount of Pd 

is required in the alloy to lower the d-band energy to tune the binding energy of ORR 

intermediates to achieve higher activities.
19

  Until now, high activity enhancements for 
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PdPt alloys with ratios of Pd>1Pt1 have not been realized due to difficulties in controlling 

particle size, alloy composition, and the particle-carbon interface with the traditional 

wetness impregnation methods.   

Here we demonstrated that Pd-rich particles with disordered surfaces facilitate 

particle wetting on carbon.  Both the as-synthesized electronic structure of the alloy and 

the perturbation in electronic structure produced by geometric strain associated with 

wetting contribute to the high activities.  If the particles were too rich in Pt, then the 

wetting of carbon would have been limited.
47,48

  Eventually, if the particles become too 

rich in Pd, the activity will decrease from that lack of highly active Pt and at Pd-Pt sites.  

For the Pd3Pt2 alloy, the higher activities were influenced by the unique mixture of 

disordered and crystalline character of the supported particles, as revealed by pcSTEM.  

Surface roughening due to disorder (Figure 4.3B) and corrugations between regions of 

varying crystallinity (Figure 4.3D) expose low coordination metal sites which likely have 

higher activity.
34

 

Further activity enhancement may be obtained by generating additional particle 

strain upon removal of Pd from the nanoparticle surface via potential cycling between 

0.5V and 1.2V.  The dealloying process, which begins within the first 10 cycles, produces 

a Pt-enriched surface, as evidenced by the emergence of two Hupd peaks and a ~100mV 

positive shift in the metal oxide formation potential (Figure 4.4).   Such a Pt-rich surface 

has been observed to weaken the binding energy of ORR intermediates to achieve higher 

ORR turn over frequencies for a PtCu system.
4,11

  In the current study, the more active Pt-

enriched surface is generated from an initial alloy with well-controlled composition and 

size, which is difficult to achieve by the traditional approach of metal precursor reduction 

directly on carbon.
11,66-68

  The high initial Pd levels in the alloys were beneficial for 

wetting and dispersion on the carbon.  Once the nanoalloys are supported, the Pd may be 
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removed from the free surface, while maintaining high concentrations of more Pd-

enriched domains at the carbon interface for binding.  The ability to control differential 

alloy composition at the support interface and free surface is beneficial for anchoring the 

alloys and simultaneously raising activity, respectively. 

The favorable properties of the alloy catalysts led to high peak current densities in 

an MEA, due to increased accessibility of reactants to the metal particles.  The increased 

accessibility of reactants resulted in a higher cell potential for Pd3Pt2 relative to Pt at 

loads >800mA/cm
2
.  The peak power density for the alloy was 20% higher than for 

commercial Pt synthesized via wetness impregnation.  During typical wetness 

impregnation, small ionic precursors are able to diffuse into micropores to form trapped 

metal particles.
35

  These micropores are not easily accessed by reactants during MEA 

operation, which has been shown to lead to large potential drops at high loads.
35,65

  The 4-

5 nm presynthesized alloy particles were too large to enter micropores, leaving them 

easily accessible during high load operation.   

4.4.4 Decreased carbon oxidation with Pd3Pt2 alloy 

Surface oxygen functionalities in the carbon support act as reactive centers for the 

oxidation of C to CO and CO2, which is further catalyzed by Pt particles.
53,69,70

  However, 

the lack of carbon loss after the isothermal (195°C) stability test in air indicates much 

lower catalytic activity of the Pd3Pt2 alloy for carbon oxidation versus pure Pt.  The 

resistance to thermal oxidation also translates to resistance of electrochemical oxidation.  

Oxidation of the carbon support becomes significant at potentials ≥1.0V and in highly 

acidic environments.
71,72

  After exposure of the pure Pt catalyst at 1.0V for five hours to 

0.1M HClO4, oxidation of the carbon surface to a quinone like species is revealed by the 

appearance of a large redox pseudocapacitance peak at ~ 0. 6V.
60

  The Pd3Pt2 alloy 

catalyst does not appear to induce such carbon-oxygen surface moieties as shown in 
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Figure 4.7.  XPS measurements of the carbon after cycling showed the formation of an 

oxide shoulder, but retained the graphitic carbon peak to a significant degree.  It is 

possible that the strong wetting of the alloy nanoparticles on the carbon, and the 

disordered nanoparticle surfaces play a role in the low activity of the alloy toward carbon 

oxidation.  These results illustrate that significant insight may be gained by comparing 

catalytic activity with the morphology at the metal support interface.
60,70

 

4.4.5 Enhanced Pd3Pt2 alloy stability 

Strong binding of the Pd3Pt2 alloy surface to carbon prevented coalescence at 

350°C and 600°C as evidenced by the uniform dispersion and lack of particle growth 

(Figure 4.1).  Furthermore, after potential cycling the alloy particles lost only 21% 

(350°C) of initial Pt mass activities, compared to 60% for pure Pt.  This high stability can 

be partly attributed to resistance of the alloys to dissolution.  DFT calculations have 

shown that for PdPt clusters, alloys with more uniformly mixed atoms are more stable 

thermodynamically than mixtures where the metals are segregated.
73

  Pd donates 

electrons to Pt, thereby generating a net positive charge on the Pd atoms, which increases 

the Pd dissolution rate.  However, in a well alloyed catalyst, the positive charges are 

stabilized by neighboring negatively charged Pt atoms, thereby mitigating dissolution 

compared to particles with separate metal domains.  Thus the uniform mixing of Pt and 

Pd in the Pd3Pt2 alloy helps to prevent dissolution.  In contrast, for a Pt on Pd particle on 

particle morphology,  a 30% loss in ECSA is observed compared to a 36% for Pt under a 

mild stability test of 0.6 to 1.1V for 4000 cycles.
26

   

DFT calculations also suggest that the 4d metal Pd, which displays a small lattice 

mismatch with Pt (0.77%), provides better dissolution resistance than for systems with Pt 

shells over 3d metal cores (Cu, Ni, and Co).
64,26

  The negligible amount of Pt and Pd in 

solution determined with ICP-MS, combined with the lack of particle growth after 
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potential cycling (Figure 4.6), suggest minimal dissolution and ripening.  Despite the 

small Pd oxide peak in the XPS (Figure A3.7B), the spectra for the Pt and Pd metals 

overlap before and after potential cycling, indicating that the metals are stable and remain 

in a zero-valent state.  The diminished dissolution of the catalyst may have a secondary 

effect of creating highly active low coordination site for the small nanoparticles.  It is 

known that low coordination sites on Pt are highly reactive and bind oxygen very 

strongly, thus blocking potential reaction sites.
74

  If the dissolution potential for catalyst 

oxidation is raised through alloying, then the low coordination sites may remain available 

for the ORR.   

As described in the above section on catalyst activity, a significant amount of Pd 

remains in the particle after dealloying, specifically at the interface with carbon, which is 

conducive to strong binding and wetting.  After a total of 2000 cycles, the alloy only 

loses an additional 7% of ECSA, demonstrating enhanced resistance to dissolution, 

ripening, and coalescence from the alloy structure.  The increased interfacial contact upon 

rearrangement of the atoms in the disordered alloy surface to conform to the carbon 

helped prevent their migration and coalescence.  The strong wetting of the alloy on 

carbon may modify the electronic properties of the alloy, as characterized by a less 

resistive electrical contact upon alloying Pt with Pd,
47,48

 may help prevent dissolution of 

Pt and Pd.  However, future high resolution studies which specifically probe the 

electronic nature of the particle-support interface are required to more fully understand 

the effect of the interface on dissolution. 

4.5 CONCLUSIONS 

Highly stable and active catalysts for the oxygen reduction reaction in acidic 

media were formed by adsorbing presynthesized 4.0 nm Pd3Pt2 alloy nanoparticles onto 

Vulcan carbon.  Alloy particles with relatively monodisperse size and uniform Pd3Pt2 
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composition were formed by reduction of Pd and Pt precursors in pure oleylamine as 

solvent, to provide sufficient passivation.  The intimate mixing between Pt and Pd atoms 

in an alloy morphology not only lowers the amount of expensive Pt by alloying with ~60 

mol% Pd, but alters the geometric and electronic properties for enhanced activity and 

stability. Probe corrected STEM reveals a corrugated crystalline alloy core surrounded by 

a disordered alloy shell, which results from the high Pd content in the alloy.  The 

disordered surface atoms are susceptible to atomic rearrangement at the carbon interface, 

and along with strong electronic binding of Pd to the 20-50 nm carbon particles, facilitate 

strong wetting on the carbon as evidenced by the acute contact angle (58° to 76°) formed 

at the particle-support interface.  For pure Pt, where the surface is highly crystalline, the 

particle binds more weakly to the carbon as evidenced by the obtuse wetting angles 

(110°-141°) at the interface.  The strong wetting interaction for the alloy modifies the 

morphology of the particle at the metal-carbon interface, likely altering the alloy 

electronic structure and contributing to the 1.8 fold enhanced mass activity and stability 

over pure Pt.  Furthermore, the disordered alloy surface exposes low coordination atoms, 

which may have high catalytic activity.  This concept of strengthening support 

interactions with a relatively deformable multi-metallic disordered shell has the potential 

to be a generally applicable to a wide range of novel catalysts.   

Enhanced stability for the Pd3Pt2 alloy over pure Pt upon electrochemical cycling 

appears to be correlated with the strong wetting of the alloy particles on the carbon 

support, which mitigates coalescence, dissolution, and Ostwald ripening during potential 

cycling.  During this cycling, the nanoparticle surface retains a disordered structure at the 

carbon interface, while dealloying of a modest amount of Pd occurs away from the 

carbon interface.  The intimate mixing of Pd and Pt in the alloy mitigates dissolution of 

the particles, as the alloy is more thermodynamically stable than segregated Pt-Pd 
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mixtures.  Furthermore, the alloy interface is much less catalytically active for the 

oxidation of the carbon support than Pt, as shown by a slower rate of thermal oxidation at 

temperatures above 400°C and a lack of formation of redox-active carbon-oxygen 

functionalities during a potential hold test.  The suppression of all of these degradation 

mechanisms leads to only a 20% loss in mass activity for PdPt compared to a 60% loss 

for pure Pt under a potential cycling stability test. For experiments with a MEA, the peak 

power density was 20% higher than for a commercial Pt/C catalyst, indicating the 

practical potential for the alloy catalyst.  The size of the pre-synthesized particles (4.0 

nm) prevented them from entering into micropores (<2nm) in the carbon, which is 

beneficial as micropores are typically not fully accessible to the polymer electrolyte, 

Nafion 112, used as the proton exchange membrane.  The design of well-defined 

catalysts with uniform size and a single alloy phase, along with disordered surfaces that 

favor strong wetting on carbon, as guided by aberration corrected electron microscopy 

offers novel fundamental insight into the relationship between catalyst structure and 

activity/stability. 

4.6 ADDITIONAL INFORMATION 

Additional figures for TGA, low-mag TEM, STEM-EDS, CV and RDE for 

commercial Pt/VC, and a table of particle specific surface areas according to TEM, XRD, 

and H adsorption are available in Appendix 3 
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Chapter 5: Bifunctional Catalysts for Alkaline Oxygen Reduction 

Reaction via Promotion of Ligand and Ensemble Effects at Ag/MnOx 

Nanodomains4 

5.1 INTRODUCTION 

Currently there is renewed interest in the oxygen reduction reaction (ORR) in 

alkaline media for alkaline fuel cells (AFCs)
1,2

 and metal-air batteries (MABs)
3-8

.  

Relative to acid-based proton exchange membrane fuel cells (PEMFCs), alkaline systems 

offer the possibilities of faster kinetics and improved stabilities for less costly non-

precious group metal (NPGM) catalysts supported on carbon.
9
  In base, there are two 

main pathways for the ORR:  

direct 4 electron transfer 

O2 + 2H2O + 4e
-
  4OH

-                              
5.1 

or the 2 by 2 electron (stepwise) pathway, 

       O2 + H2O + 2e
-
  HO2

-
 + OH

-                    
     5.2a 

           HO2
-
 + H2O + 2e

- 
 3OH

-
                   5.2b 

which goes through a hydroperoxide intermediate (   
 ).10,11

  The combination of 

reactions 2a and 2b yield reaction 1, though the kinetics of reaction 2b can be limiting
12

; 

furthermore, the    
  intermediate can undergo disproportionation  according to: 

  2HO2
-
  2OH

-
 + O2                5.3 

There are two main consequences that can result from the 2 by 2 or pseudo 4-

electron pathways: 1) low energy density can result if only half of the electrons are 

removed from the oxygen and 2) the base-stabilized hydroperoxide (HO2
-
) can degrade 

the carbon support, catalyst, and/or membrane.
4,9

  With proper catalyst design, the 

hydroperoxide species can be recycled back into oxygen via disproportionation, thereby 

                                                 
4 Large portions of this chapter previously have been published as Slanac, D. A.; Lie, A.; Paulson, J. A.; 
Stevenson, K. J.; Johnston, K. P. Journal of Physical Chemistry C 2012, 116, 11032. 
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allowing for efficient use of the oxygen to achieve the pseudo 4-electron reduction 

process (combination of Equations 5.2a and 5.3).
9,13

  Therefore, one design strategy is to 

develop a bifunctional catalyst that promotes a pseudo 4-electron pathway involving a 

catalytic regenerative process in which the HO2- intermediate is formed 

electrochemically (Eq. 5.2a), then chemically disproportionated to form OH- and O2 (Eq. 

5.3).  Moreover, this strategy has been used in several reports with a surface stabilized 

metal oxide particle (Fe, Co, Mn) similar to the Haber-Weiss mechanism for the catalytic 

decomposition of hydrogen peroxide.
14

 

An attractive low cost NPGM catalyst material manganese oxide (MnOx) 

supported on carbon, due to its ability to catalyze the first 2-electron transfer (Eq. 5.2a) 

and the disproportionation of the HO2
-
 intermediate (Eq. 5.3).

4,9,15-18
  For micron-sized 

MnOx/carbon composites produced by ball milling,
10,19

  the electrical conductivity and 

electrical contact with the carbon may be somewhat limited. MnOx-carbon 

nanocomposites 
16,20-22

 have been synthesized by mechanical mixing of hydrothermally 

synthesized nanowires and nanoparticles with carbon,
20

 impregnation of chemical 

precursors,
23

 and sonochemical reduction of ions onto carbon.
24

  Thin (~1nm) MnOx 

domains have been uniformly deposited on carbon via the sacrificial oxidation of carbon 

in the presence of potassium permanganate to obtain high pseudocapacitance at high scan 

rates.
25

   

However, MnOx alone does not fully catalyze the complete 4-electron reduction 

of oxygen.  To further enhance the catalytic activity, MnOx may be mixed with an active 

transition metal, for example, MnOx has been doped with Ni.
21

  The multiple valence 

states available to the dopant metal (e.g. Ni(OH)2 or NiOOH) helps stabilize the 

manganese species (e.g. Mn(IV) or Mn(III)) and assists in charge transfer to oxygen, 

effectively lowering the activation energy for hydrogen peroxide decomposition.
26
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Composites of oxides (AlPO4) and metal (Au) have the potential to enhance catalytic 

activity, whereby the metal catalyzes direct oxygen reduction (Eq. 5.2a) and the oxide 

catalyzes disproportionation the hydroperoxide intermediate (Eq. 5.3).
27,28

  The 

understanding of ligand and ensemble effects in electrocatalysis is more advanced for 

mixtures of metals, relative to a metal and a metal oxide. For a variety of electrocatalytic 

reactions, ligand effects have been reported for the case of two metals (core-shell
29-31

 and 

alloys
32-34

), where the contact between dissimilar metals can modify binding energies of 

reactants and intermediates for modified activity.   

For metal-metal oxide composites, silver is a promising candidate to combine 

with MnOx as it is active for oxygen reduction.
2,35-38

  It is at least ~30 fold less expensive 

than Pd or Pt.  Like Pt and Pd, it is a moderately efficient electronic conductor and can 

catalyzes the direct 4-electron ORR,
2,35

 though there is a large overpotential associated 

with the first 2-electron transfer (Eq. 5.2a).  Furthermore, it is an active catalyst for 

hydroperoxide anion disproportionation.
38

  Thus, it is desirable to orient the Ag and 

MnOx domains in close proximity to provide synergistic ligand effects at the metal-metal 

oxide interface for the various reduction and disproportionation steps in the ORR 

mechanism.  However, in the cases of Ag-MnOx nanowires (>50nm diameter) mixed 

with carbon
39,40

 and of Ag particles mixed with MnOx rods on carbon (deposited via 

pyrolysis
41

), it was unclear that a bifunctional mechanism was present, since their 

catalytic activities were below those expected from a linear combination of pure 

component activities.  For another example of a composite with separate silver and MnOx 

particles on carbon nanotubes, the domains were polydisperse and on the order of ~100 

nm.
42

  Thus, a key challenge remains to synthesize monodisperse, small (<10 nm) silver 

and MnOx domains with close proximity to each other and well supported on carbon to 

achieve synergy from ligand and ensemble effects to enhance activities for the ORR.   
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The objective of this study was to achieve strong ligand and ensemble effects for 

promotion of a pseudo 4-electron ORR mechanism in alkaline media by synthesizing 

nano-sized catalytic domains of Ag on nanoplatelets of MnOx supported on carbon.  Here 

we adapt this approach to a metal Ag and a metal oxide MnOx, to achieve high activities 

as a result of ligand and ensemble effects from intimate contact between separate Ag and 

MnOx nanodomains. The proximity of the domains favors ensemble effects for the 

various oxygen reduction and hydroperoxide and disproportionation steps, which have 

not been reported previously for metal/metal oxide systems involving nanoparticles (<10 

nm) for the ORR.  Resulting mass activities are shown to approach those of Pt on Vulcan 

carbon. 

To synthesize this Ag on MnOx morphology, a new electroless co-deposition 

scheme is developed, whereby permanganate ions are reduced by the carbon support to 

form thin (~1 nm thick) MnOx domains.
25,43

  Simultaneously, these MnOx domains serve 

as nano-sized reduction centers for the formation of Ag nanoparticles.  By employing 

these limited surface specific redox reactions, domains of Ag nanoparticles (~3nm) and 

manganese oxide are uniformly dispersed over the carbon as characterized by scanning 

transmission electron microscopy (STEM) and elemental mapping.  The chemical 

compositions of the catalysts were determined with X-ray photoelectron spectroscopy 

(XPS) and energy dispersive spectroscopy (EDS).  This synthetic scheme is shown to 

provide intimate contact between Ag and MnOx for achieving a mass activity 3-fold 

beyond that expected from a linear combination of those of pure MnOx and Ag, as shown 

via rotating disk electrode measurements.  Mechanistic details regarding the ability of the 

catalysts to catalyze both oxygen reduction and hydroperoxide anion disproportionation 

were elucidated through cyclic voltammetry in both oxygen saturated and 5mM H2O2 in 

0.1M KOH. 
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5.2 EXPERIMENTAL 

All chemicals were used as received.  Potassium permanganate (99.7%), silver 

nitrate solution (N/10), and potassium hydroxide pellets (87.2%) were purchased from 

Fisher Scientific. Nafion solution (5 wt%) in lower alcohols was purchased from Sigma-

Aldrich.  Millipore high purity water (18 MΩ) was used.  Vulcan carbon XC72 (VC) was 

obtained from Cabot Corporation. Oxygen (research grade, 99.999% purity) and argon 

(research grade, 99.999% purity) were obtained from Praxair. 

5.2.1 Synthesis of Catalyst Composites (Ag-MnOx/VD and MnOx/VC) 

The Ag-MnOx/VC composite was synthesized using a similar method as 

described by Bezdicka et al.
44

  A total of 200 mL potassium permanganate solution (0.1 

M) and 17 mL silver nitrate solution (0.1 M) were combined and stirred.  Vulcan carbon 

(670 mg) in 11.7 mL of water was poured into the solution and left to react for 15 min at 

80°C then cooled to room temperature.  The solution was then filtered, washed with 100 

mL of water, and dried at 110 °C in air overnight.  The loadings of the Ag-MnOx were 

tuned by varying the ratio of AgNO3:KMnO4 from 1:1 to 5:1 to 10:1, each time 

proportionally decreasing the amount of KMnO4.  The MnOx/C composites were 

synthesized by combining 200 mL of 0.1 M potassium permanganate and Vulcan carbon 

(400.0 mg in 10 mL of water).  The mixture was stirred for 4 hours at room temperature.  

The solution was then filtered, washed with 100mL of water, and dried at 110 °C 

overnight. 

5.2.2 Electrochemical Characterization 

All experiments were performed at room temperature in a three-electrode cell 

containing a glassy carbon rotating disk electrode (0.196 cm
2
, Pine Instruments), a 

platinum wire counter electrode, and a Hg/HgO reference electrode.  The electrolyte used 

in all tests was 0.1 M KOH.  Catalyst inks were prepared by sonicating 3 mg of the 
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catalyst in a 3 mL solution of 0.05 wt% nafion (in anhydrous ethanol) for 30 minutes.  10 

µL of ink was pipetted on the cleaned glassy carbon surface and air-dried for 30 minutes.  

Electrochemical measurements were recorded using CHI 832 electrochemical analyzer 

(CH Instruments Inc.) and an AutoLab PGSTAT302N.  All potentials are reported with 

respect to the normal hydrogen electrode (NHE). 

The ORR activity of the catalysts was measured using rotating disk linear sweep 

voltammetry from 0.3 V to -0.5 V in O2 saturated electrolyte at 5 mV/s and 1600 rpm.  

The literature has a wide variety of potentials at which the activity has been 

determined.
9,11,21

  According to Wiberg et al., the potential for comparison is chosen in 

the kinetically controlled region, such that the current is between 10% and 80% of the 

diffusion limited current, ideally below the half-wave potential.
2
  For our system, the 

potential for which these conditions hold true is 0.05 V, except for the case of pure 

Vulcan carbon.  Kinetic currents were calculated by ik = i/(1-i/id), where i is the measured 

current and id is the diffusion limited current.  Cyclic voltammetry (CV) under both O2 

and Ar was performed between 0.3 and -0.5 V with a scan rate of 5 mV/s.  The peroxide 

reduction activity of the materials was measured via CV under Ar with identical 

parameters with the addition of 5mM H2O2to the electrolyte. 

5.2.3 Electron Microscopy  

Low magnification transmission electron microscopy (TEM) was conducted on an 

FEI Tecnai Spirit BioTwin microscope using an 80 kV accelerating voltage.  High-

resolution transmission electron microscopy was performed on a JOEL 2010F.  

Compositional information was obtained from scanning electron microscopy with energy 

dispersive X-ray spectroscopy (SEM-EDX) using a LEO1530.  Spectra were obtained at 

20kV, a magnification of 500x, and a two minutes scan time to ensure sufficient counts.  

A ZAF correction was done before quantization.  Elemental mapping was done with a 
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Hitachi S-5500 equipped with an EDX detector in scanning transmission electron 

microscopy (STEM) mode.  Elements mapped were C, O, Ag, and Mn.   

5.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS was acquired using a Kratos AXIS Ultra DLD spectrometer equipped with a 

monochromatic Al X-ray source (Al α, 1.4866 keV).  High resolution elemental analysis 

was performed on the Ag 3d (386-362 eV) and Mn 2p (660-630 eV) regions with a 20eV 

pass energy, a 0.1 eV step and an 800 ms dwell time.  Charge compensation was not used 

as each sample was conductive.  All absolute energies were calibrated relative to gold, 

silver and graphite.  Each spectrum is an average of 3 scans and fit using a standard 

Gaussian + Lorentzian fit with a Shirley background correction. 

5.2.5 X-ray Diffraction (XRD) 

Wide-angle X-ray diffraction was performed with samples on a quartz slide using 

a Bruker Nokius instrument using Cu Kα radiation (1.54 Å wavelength).  Samples were 

scanned from 15 to 90 degrees in 0.02 degree increments with a dwell time of 10 seconds. 

Background correction, fitting, and deconvolution were done using JADE software 

(Molecular Diffraction Inc.). 

5.2.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was made with a Mettler Toledo TGA/DSC 1 

STAR
e
 system equipped with a gas controller (GC 200) and a temperature set at 22°C 

(Julabo).  All samples sizes were >2mg.  They were initially heated to 100 C, held at 

that temperature for 10 min, and heated to 900 at 20C/min. 



134 

 

5.3 RESULTS 

5.3.1 Composition and Morphology of Catalyst Composites 

Through a combination of TEM and elemental EDS mapping, the catalyst will be 

shown to be composed of Ag (3nm) nanoparticles dispersed over a carbon support 

conformally coated with MnOx. The electroless co-deposition of MnOx with Ag led to the 

formation of relatively monodisperse spherical Ag nanoparticles uniformly dispersed 

over the carbon as observed via TEM (Figure 5.1A), with an average size of 2.9 ± 0.7 nm 

(Figure 5.1B).  Given the low contrast of the MnOx versus Ag, MnOx is not easily viewed 

via the TEM in Figures 5.1 and A4.1A.  However, the sacrificial reduction of carbon with 

KMnO4 with similar concentrations (without Ag present) has been shown to produce 

highly dispersed MnOx nanodomains (~1 nm thick and ~4 nm in lateral dimensions).
25

 In 

this case without Ag present, it becomes possible to observe MnOx by high resolution 

TEM by tilting the sample such that oxide domains protrude from the carbon surface.
25

   

Thus, in our study, it is likely that the MnOx domains are also smaller than 10 nm in 

lateral dimension and of similar thickness (~1nm).  In a second control experiment, 

MnOx was first deposited on the carbon.  In a separate step, Ag was formed on the 

existing MnOx domains via reduction from silver nitrate.  The concentrations were kept at 

the same level.  The morphology was very similar (Figure S1) as in Figure 5.1, where 

both precursors were reduced simultaneously. 
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Figure 5.1:  Electron micrographs for 20%Ag-35%MnOx on Vulcan carbon.   

(A) Low mag TEM shows Ag particles uniformly distributed over the 

support.  The encircled area is shown under (B) high resolution TEM.  

The particles are crystalline and have an average size of 2.9 ± 0.7 nm as 

shown in (C) histogram for the low mag image.  The d-spacing, 

averaged over 5 different particles, is 2.39 ± 0.07 Å, close to the 2.359 

Å for Ag. 

STEM elemental mapping was performed to locate the MnOx and Ag deposits 

spatially on the carbon.  For the MnOx/C catalyst, the dark field EDS mapping image 

(Figure A4.2) reveals the presence of MnOx uniformly dispersed over the carbon.  By 

comparing the bright field image (Figure 5.2A) with the dark field mapping image 

(Figure 5.2B), the Ag containing composite is composed of silver particles, between 

which there is a significant amount of MnOx.  An EDS line scan on the Ag-MnOx/VC 

composite shows that as the line is scanned across the darker particles, there is a 

corresponding peak for silver, whereas the counts for Mn remain level along the line scan 

(Figure A4.3).  The catalyst that contained only manganese oxide and carbon was loaded 

to ~30 wt% MnOx, as determined by TGA.  For the Ag-MnOx/VC composite, SEM-EDS 

indicated a composition of 35 wt% MnOx, similar to MnOx/VC, and 20% Ag, in good 

agreement with the total wt% of 56% found from TGA. 
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Figure 5.2: STEM imaging and 

EDS elemental mapping of 20%Ag-

35%MnOx on Vulcan carbon.   

The (A) bright field image shows 

darker regions (silver) surrounded 

by lighter regions (MnOx and 

carbon).  In (B) STEM-EDS 

mapping shows that the darker 

regions from the bright field images 

correspond to silver (green) 

nanoparticles, whereas the regions 

between the Ag are covered with 

MnOx (red).  Carbon maping is not 

shown here as the signal would 

show up everywhere due to both Ag 

and MnOx being supprted on 

carbon.   

XPS spectra revealed a loading of 57 wt% (23% Ag and 34% MnOx) for the Ag-

MnOx composite on the carbon, which corresponds well with the data from TGA and 

SEM-EDS.  The spectrum in Figure 5.3A shows a sharp peak for the Ag 3d5/2 region at 

367.9 eV, indicating that the chemical nature of the particles is Ag
0

 (368.1 eV).  The lack 
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of any additional peak shoulders suggests that there is very little silver oxide.  The Mn 

2p3/2 peak is located at 641.8 eV (Figure 5.3B), corresponding closely to values for  

MnO2 from other reports (642.2 eV).
40

  However, the peaks are broadened relative to 

pure MnO2, due to convolution with peak shoulders that can occur at slightly positive and 

negative binding energies relative to the primary peak position.  These peak shoulders 

result from the existence of a variety of Mn oxidation states (e.g. Mn(III)), suggesting 

that the manganese is not phase pure, but primarily consists of MnO2. 

 

Figure 5.3: XPS for Ag-MnOx/VC 

 for (A) the Ag3d and (B) Mn2p binding energy 

regions.  The silver peaks for the Ag3d region 

lack any oxide shoulders, suggesting that the Ag 

is in the zero valent state.  The positions of the 

Mn peaks suggest that it is primarily MnO2, but 

the broadness allows for the possibility of other 

oxidation states.   
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For the 56 wt% Ag-MnOx/VC composite, the reactant molar ratio of Ag:Mn was 

1:3, whereas the final deposited ratio of Ag:Mn was 1:2.1, as determined with SEM-EDS.  

Three additional ratios of Mn:Ag on the carbon were synthesized, and their compositions 

are tabulated in the supplementary section (Table A4.1).  The initial molar ratios of 

AgNO3:KMnO4 used in the synthesis were 1:1, 5:1, and 10:1, each time decreasing 

proportionally the amount of KMnO4 in the starting solution, while keeping the amount 

of AgNO3 constant.  The final deposited molar ratios just mentioned were 1:1.3, 1:1.4, 

and 1:1.2, respectively.  These ratios are in good agreement with the theoretical values of 

Ag that would be assuming all of the KMnO4 reacts to form MnOx and each mole of 

MnOx facilitates the reduction of Ag. 

Table 5.1.  Comparison of activities and number of 

electrons for Ag-MnOx/VC and MnOx/VC composites 

against commercial catalysts. 

Sample TGA 

Loading 

[wt%] 

Mass 

Activity
*
 

[mA/mg] 

Onset 

Potential 

[V] 

# e
-
 from 

Levich 

Equation 

Ag-

MnOx/VC 

56% 125
 

0.16 3.5 

MnOx/VC 30% 60 0.1 2.8 

Pt/VC 20% 136 0.13 4.0 

Pd/VC 20% 111 0.13 3.5 

VC NA 0.028 -0.07 1.7 

Ag/VC 22% 7.6 0.023 3.5 

* Mass activity taken at 0.05 V vs NHE as this is close to 

10% of the diffusion limited current for all samples.  This is 

within the range for determining the kinetic current, far away 

from the diffusion limited current, but not so far as to be on 

the noise level of the instrument or at virtually no current due 

to thermodynamic limitations. 
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5.3.2 Electrochemical Catalyst Composite Characterization 

Comparison of the ORR activities in 0.1M KOH electrolyte is shown in Figure 

5.4 and Table 5.1.  To benchmark the catalyst composite, pure Vulcan carbon (VC) as 

well as commercial Pt/VC and Pd/VC are shown.  For pure Vulcan carbon, the onset 

potential was -0.07V vs. NHE, which was ~200mV negative of the samples with added 

Ag or MnOx.  The mass activity at 0.05V of Ag-MnOx/VC was 125 mA/mgAg+MnOx 

comparable to that of commercial Pd/VC (110 mA/mgPd) as shown in Table 5.1.  For the 

Ag-MnOx/VC catalyst, the activity is 100% higher relative to MnOx/VC.  Furthermore, 

the onset potential is ~0.16 V, 30 mV more positive than for Pt/VC and Pd/VC (both 

~0.13 V) and 60 mV more positive than for MnOx/VC. 
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Figure 5.4: RDE polarization curves (cathodic 

scans) for plain VC, VC loaded with MnOx 

and AgMnOx with respect to commercial 

standards of Pt/VC and Pd/VC.   

The Ag-MnOx displays the most positive onset 

potential, 30mV positive that of Pt/VC and 

almost 200mV positive of pure Ag.  The Ag-

MnOx catalyst also displays a diffusion limited 

current density which corresponds closely to 

the 4 electron reduction of oxygen.   
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The diffusion limited current densities (taken at -0.4 V vs. NHE) vary 

dramatically in Figure 5.4.  The Levich equation was used to determine the number of 

electrons, n, transferred in the reaction as follows: id = 0.620nFACD
2/3


1/2


-1/6
, where id 

is the diffusion limited current, F is Faraday’s constant, A is the area of the electrode 

(0.196 cm
2
), C is the concentration of oxygen saturated 0.1 M KOH at 25°C (1.2 mM), D 

is the diffusion coefficient (2x10
-5

 cm
2
/s),  is the rotation rate, and  is the kinematic 

viscosity (0.01 cm
2
/s).

2
  The diffusion limited current for Pt/VC indicates that it 

undergoes a 4 electron process for oxygen reduction, whereas pure Vulcan carbon only 

transfers ~2 electrons.  When MnOx is added to the carbon, the number of electrons 

transferred increased to 2.8.  However, with both Ag and MnOx it reached ~3.5, 

approaching the full 4 electron transfer.  Similar results were achieved for smaller 

loadings of 2.7 wt% MnOx and 3.8 wt% Ag in Table A4.1 and Figure A4.4A.  However, 

as the loading of both Ag and MnOx increases, so too does the onset potential for ORR.  

In all cases the molar ratio of Ag:Mn was ~1.2:1.  The largest potential shift was shown 

in Figure 5.4, where the overall loading of Ag-MnOx is 56 wt% and the ratio of Ag:Mn is 

~1:2. 

To shed light into the ability of the composites to catalyze reactions 1-3, cyclic 

voltammetry was performed on each catalyst in electrolyte purged with Ar, as well as 

saturated with the reactant O2.  Under Ar both the MnOx/VC and Ag-MnOx catalysts 

show small, relatively broad, cathodic peaks from 0 to -0.2 V(Figure 5.5).  These 

cathodic peaks most likely correspond to the conversion of MnOx to more reduced 

oxides.
10,11,15

  The bare carbon CV (Figure A4.5) and pure silver (Figure A4.6) catalysts 

in Ar show only the flat double layer across the entire potential window.  Thus these 

cathodic peaks with metals present most likely correspond to surface oxide reduction of 

the MnOx deposits on the carbon.   
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Figure 5.5: CV profiles for MnOx/VC and Ag-

MnOx/VC in 0.1 M KOH saturated with 

oxygen and Argon.   

The higher activity of the Ag-MnOx/VC catalyst 

is shown by the larger reduction peak at ~0V, 

suggesting faster kinetics for the electrocatalytic 

reduction of oxygen. 

Upon scanning back to oxidizing potentials, the Ag-MnOx catalyst shows a large 

peak at 0.05V (Figure 5.5).  Given that the pure MnOx/VC and Ag/VC catalysts do not 

show any peaks at this potential, the peak is likely due to the adsorption of OH
-
 at the Ag-

MnOx interface.  However, when the electrolyte is saturated with O2, both composites in 

Figure 5.5 exhibited markedly larger cathodic peaks in the range of 0V to -0.2 V relative 

to Ar saturated electrolyte.  The peak at ~0V corresponds to the ORR reaction, but the 

broad tail is potentially a convolution of reduction of peroxide intermediates and surface 

metal oxide reduction.  The cathodic peak for Ag-MnOx/VC is significantly larger than 

that of MnOx/VC in oxygen saturated electrolyte, indicative of a more active catalyst.  

The CV for Vulcan carbon shows an ORR peak at approximately -0.17 V when cycled in 

oxygen saturated electrolyte (Figure A4.4). 
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To deconvolute the broad reduction peak in the O2 saturated electrolyte (which 

may correspond to distinct steps in the 2x2 pathway), the catalysts were tested with the 

addition of 5 mM H2O2 (stable form in base is HO2
-
) to the Ar purged electrolyte (Figure 

5.6).  The pure carbon shows a broad cathodic peak around -0.05 V.  Interestingly, two 

distinct peaks are present for MnOx.  As in Figure 5.5, the peaks at more negative 

potentials (-0.15) correspond to reduction of the hydroperoxide anion to hydroxide (Eq. 

5.2b) and the peaks at more positive potentials (0V) correspond to oxygen reduction to 

hydroperoxide (Eq. 5.2a).
12,45

  The Ag-MnOx/VC composite has one sharp peak at 0.025 

V, with broad and diffuse peaks at more negative potentials (-0.125 V and -0.4V), 

corresponding mainly to oxygen reduction (Eq. 5.2a).  The onset potential for the most 

positive peak for Ag-MnOx/VC is shifted ~60 mV positive relative to that for MnOx/VC.  

Upon scanning to more positive potentials, only the MnOx/VC composite shows a 

significant anodic current (around 0.1 V to 0.3 V), due to the oxidation of unreacted 

hydroperoxide anion (Figure 5.6).  These very different responses suggest different 

mechanisms and intermediates for the reduction of the hydroperoxide anion, which is 

discussed in the following sections.\ 
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Figure 5.6: CV with 5mM peroxide in Ar 

saturated 0.1M KOH.   

There is one primary oxygen reduction peak for 

Ag-MnOx/VC (0.025V), but two distinct, 

equally sized peaks for MnOx/VC (0V and -

0.15V) corresponding to oxygen and peroxide 

reduction.  The faster disproportionation 

kinetics for Ag-MnOx converts HO2
-
 back to O2 

for further reduction. 

5.4 DISCUSSION 

5.4.1 Mechanism and Morphology of Electroless Ag-MnOx Co-deposition 

The key to achieving thin (~1 nm thick and ~4 nm in lateral dimensions)
25

 MnOx 

domains on carbon is the sacrificial oxidation of the carbon support concomitant with the 

reduction of Mn(VII) in the permanganate anion to MnO2 according to:
46

 

4KMnO4 + 3C + 2H2O  4MnO2 + 3CO2 + 4KOH        5.4 

The reaction will be now be shown to be both surface specific and self-limiting, 

occurring only between the support and the permanganate anion, as seen previously. 
43,47

  

As the permanganate ions come in contact with the carbon surface, there is a direct 

reduction of Mn(VII) to Mn(IV), which creates a uniform dispersion of MnOx over the 
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carbon as demonstrated by the elemental mapping in Figure A4.2.  The carbon support is 

the only reducing agent present; hence the reaction is surface specific, occurring only at 

the carbon-solution interface.  This crucial intimate contact between the MnOx and VC 

support, necessary for efficient electron conduction, would not typically be present 

through simple mixing of separately synthesized components.  The MnOx deposit grows 

as the underlying carbon transfers electrons up through the oxide to reduce more 

permanganate anions.  As the oxide layer grows thicker, the conduction of electrons 

through the oxide film is hindered and the growth stops, making the reaction self-

limiting. 

Thermodynamically, the reduction of silver by C in a manner analogous to the 

deposition of MnOx seems possible, as the Gibbs free energy is negative, and thus 

spontaneous.  However, the standard reduction potential of silver nitrate (0.7996 V) is not 

as favorable as for the permanganate anion (1.127 V), leading to slower reduction rates.
48

  

The MnOx nanoplatelets on the carbon may be shown to serve as domains for Ag 

nanoparticle formation.  Direct reduction of silver nitrate by carbon yielded composites 

with only <0.5 wt% silver as revealed by SEM-EDS.  Ag ions may be readily reduced by 

nanoparticles of MnOx with various valences including Mn(III) and Mn(IV)) than by C.  

As a control, we first formed MnOx nanoplatelets and then reduced AgNO3, and found 

similar results.  Thus, for the composites in Figure 5.1, the silver ions are reduced by 

MnOx nanodomains rather than in solution or by an intermediate manganese complex 

during MnOx formation.  Furthermore, the permanganate will be reduced more rapidly 

than Ag
+
 based on the reduction potentials. The lack of an effect of the wide 

AgNO3:KMnO4 molar ratio in Table A4.1 on the final amount deposited ratio of Ag:Mn 

of 1.2:1 further supports this mechanism.  The loadings of both MnOx and Ag match well 

with the theoretical loadings assuming 1) all of the KMnO4 reacts to form MnOx, and 2) 
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the silver deposits in an approximately 1:1 ratio with the MnOx.  These results indicate 

that each mole MnOx deposited supplied ~1 electron for the reduction of Ag
+
.  By 

making the KMnO4 the limiting reactant with respect to the carbon and the AgNO3 

limiting with respect to MnOx, the composition of the catalyst could be controlled. 

This method for co-deposition leads to Ag particles in intimate contact with MnOx 

on the basis of the morphological and electrochemical characterization.  The Ag particle 

morphology can be rationalized to be hemispherical rather than a conformal coating atop 

the MnOx domains due to the higher surface energy of the Ag relative to the underlying 

MnOx.  Though our composite is composed of separate Ag nanoparticles from the MnOx 

domains, the number of dissimilar atomic contacts is significant at the interface.  The 

small Ag particle size for our system (~3 nm) allows for a high percentage (>40%) of 

surface Ag atoms per particle to be in contact with the MnOx, as evidenced by Figures 5.1 

and 5.2.  This intimate contact between the Ag nanoparticles, MnOx domains, and carbon 

support is beneficial for synergistic ligand and ensemble effects on activity, as described 

in the following section.   

5.4.2 Synergy of Ag-MnOx Domains Toward ORR Activity 

An understanding of the 3-fold synergy in activity may be inferred from analyzing 

the reaction mechanism in terms of the catalyst structure and the electrochemical results.  

High activity may be achieved when the 2 electron reduction of oxygen to HO2
- (Eq. 5.2a) 

and the recycling of O2 reactant via the disproportionation of HO2
-
 (Eq. 5.3) are coupled. 

The observed synergy may be rationalized to result from ligand effects between Ag and 

MnOx which may influence catalysis of various reaction steps and ensemble effects from 

Ag-MnOx sites for the multistep reaction network.   

Ligand effects, where the electronic structure of the Ag and MnOx domains are 

modified by their proximities to each other may influence each of the reaction steps.  As 
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shown via DFT calculations for pure metals, oxygen binds weakly to Ag,
49

 suggesting 

that the kinetics of reaction 5.2a should be slow.  This prediction is evident in the large 

negative shift in the polarization curve for the Ag/VC catalyst relative to all catalysts 

except pure VC.  MnOx can readily catalyze reaction 5.2a, but is slow for HO2
-
 

disproportionation
23

.  Thus, only 2.8 electrons were transferred as shown in Figure 5.4 for 

MnOx.  However, charge transfer at the interface where the Ag is deposited on MnOx 

could shift the binding energies of ORR intermediates.  This behavior may be evidenced 

by the CV in Ar.   Upon scanning back to positive potentials, the Ag (Figure A4.6) and 

MnOx catalysts do not display a pronounced peak, whereas the Ag-MnOx composite 

shows a large peak at ~0.05 V and a more positive onset potential (Figure 5.5).  This peak 

may result from an adsorption/desorption of OH
-, both involved in the ORR.  The 

interface may modify the binding energies of the reactants favorably to achieve high 

activities, as seen for other systems with metal clusters on oxides.
50,51

  This particle on 

particle ligand effect is different than previous studies, where a Ni-doped MnOx/carbon 

composite showed an almost 4x activity enhancement over that of pure MnOx due to 

ligand effects.
21

  The doping was reported to assist in the electron transfer from the MnOx 

to oxygen, increasing the ORR kinetics.  

In addition to ligand effects, the close proximity of the Ag and MnOx domains 

may provide an ensemble effect, acting as a bifunctional catalyst.  For the CVs in the 

presence of peroxide, the Ag-MnOx catalyst shows only one ORR peak (5.2a), whereas 

for the cathodic scan on MnOx, two peaks appear corresponding to equations 5.2a and 

5.2b, respectively (Figure 5.6).  This suggests that the rate of HO2
-
 disproportionation is 

significantly enhanced at Ag-MnOx.  Here we suggest two possibilities for the 

cooperative effect between Ag and MnOx.  Due the ability of the MnOx to catalyze the 

first 2 electron reduction of oxygen (Eq. 5.2a), the HO2
-
 intermediate will be formed.  
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This intermediate may 1) diffuse along the surface or 2) desorb and diffuse through the 

solution to the Ag or Ag-MnOx interface, where it can undergo disproportionation to 

oxygen (Eq. 5.3) for further reduction (Eq. 5.2a).  Due to the intimate contact of Ag and 

MnOx and their small domain sizes, the diffusion lengths are small (approx. <2-3 nm) 

and lead to the disproportionation of the HO2
-
 intermediate.  Finally, ligand effects at the 

interface between domains may contribute to ensemble effects to lower the overpotential. 

Ensemble effects have been observed for alloys in gas phase heterogeneous 

catalysis
52-55

 and to a more limited extent in electrocatalysis,
56-58

 where the different 

metals in the surface complement each other by catalyzing different reaction steps.  In 

contrast with intraparticle ensemble effects, the Ag-MnOx composite provides 

interparticle cooperation.  In other particle-on-particle catalysts, the two types of 

particles catalyze the same reaction.
59,60

 

In previous nanocomposites of Ag and MnOx, the larger domain sizes, relative to 

the current study, may have led to limited ligand and ensemble effects.  Smaller domain 

sizes are more likely to support a bifunctional mechanism.  For example, reduction of 

silver permanganate in hydrazine in the presence of single-walled nanotubes produced a 

catalyst composed of >100nm particles. 
42

  This catalyst morphology had an ORR onset 

potential of ~0.075V vs. NHE, approximately 90 mV more negative than the smaller 

~5nm domains of silver and MnOx in the present study.  Recently, Ag-Mn nanowires (50 

nm diameter) mixed with CNTs, where the Mn is in solid solution with Ag with a small 

amount of MnO or MnO2 on the surface, have shifted the onset potential for oxygen 

reduction to that of pure silver catalyst, along with an increase in the diffusion limited 

current to 90% of that of pure Ag.
40

  However, >90% of the catalyst was composed of 

silver, which is much more expensive than MnOx.  Furthermore, the possibility of an 
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insufficient amount of MnOx and lack of Ag-MnOx interface play a role in the diminished 

activity.   

5.5 CONCLUSIONS 

In this report we demonstrate a novel, facile synthetic strategy to produce highly 

active, non-precious group metal (NPGM) oxygen reduction reaction (ORR) catalysts in 

alkaline media by forming Ag nanoparticles on MnOx nanoplatelets supported on Vulcan 

carbon.  The strategy is composed of two processes: the surface specific reduction of 

potassium permanganate by sacrificial oxidation of the carbon support to form thin nano-

domains of MnOx (~1 nm thick) and the reduction of Ag
+
 ions by MnOx to grow 

monodisperse ~3nm Ag particles.  The reaction stoichiometry also allows for control 

over the catalyst composition, whereby a stoichiometric equivalent of MnOx reduces Ag 

ions to form nano-sized Ag domains associated with the MnOx nanodomains. 

This approach provides high catalyst dispersion on carbon and promotes intimate 

contact between the Ag and MnOx domains for achieving a bifunctional ORR mechanism 

due to both ligand and ensemble effects.  The catalyst mass activity is 3 times (125 

mA/mgAg+MnOx) greater than that for a linear combination of pure Ag (7.6 mA/mgAg) and 

MnOx (60 mA/mgMnOx) activities.  The Ag-MnOx/C achieves an unprecedented activity 

gain, greater than that of pure Pd (111 mA/mgPd), and within 10% of the mass activity of 

pure Pt (136 mA/mgPt).  As far as the authors are aware, an Ag-MnOx catalyst with 

activities on par with that of Pt/VC and Pd/VC have not been reported prior to this study.  

The Ag-MnOx synergy is displayed in the positive shift of 30 mV for ORR onset 

potential relative to commercial Pt and Pd.  Furthermore, the catalyst effectively reduced 

oxygen via apparent 4 electron transfer (3.5 electron reduction), while MnOx by itself 

catalyzes only a 2.8 electron transfer.  These enhancements result from the fast 

disproportionation of hydroperoxide (HO2
-
) to O2 resulting from the intimate contact 
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between Ag-MnOx composite (ensemble effect).  The ability to control and create evenly 

dispersed nano-sized domains of non-precious group metals and oxides on carbon 

supports provides a means for exploring other mixed metal catalysts for next generation 

NPGM catalysts for metal-air batteries and alkaline fuel cells. 

5.6 ADDITIONAL INFORMATION 

Additional TEM and STEM-EDS line scans of MnOx/VC and Ag-MnOx/VC, 

cyclic voltammograms and RDE linear sweep voltammograms for Ag/VC and VC 

controls as well as different ratios of Ag:Mn are available in Appendix 4. 
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Chapter 6: Atomic Ensemble and Electronic Effects in Ag-Rich AgPd 

Nanoalloy Catalysts for Oxygen Reduction in Alkaline Media5 

6.1 INTRODUCTION 

Bimetallic catalysts have garnered considerable interest since they exhibit 

distinctly different and often superior activity for many chemical transformations 

compared to pure monometallic systems as determined via DFT calculations
1-3

 and 

experimental studies.
4-7

 The enhanced performance of bimetallic catalysts may be 

rationalized by a combination of ligand, geometric and/or ensemble effects.
1,8,9

  Ligand 

effects, namely charge transfer between nearest neighbor atoms, and geometric effects, 

primarily compressive or tensile strain, generally influence the strength of interactions of 

reactants, intermediates and products.  Ensemble effects result when more than one 

reactive site, composed of different metal atoms or clusters of atoms, catalyze distinct 

steps in a reaction mechanism.  Whereas ensemble effects are well known in gas phase 

heterogeneous catalysis,
8-11

 they have received limited attention in electrocatalysis.
12-14

 

To understand how to employ ligand, geometric, and/or ensemble effects to 

achieve high catalyst activity, we have chosen the oxygen reduction reaction (ORR) as a 

model system.   The kinetic limitations in the ORR are a major concern for both metal-air 

batteries and low-temperature fuel cells.
15-21

 In base, the two main pathways for the ORR 

are the direct 4 electron transfer: 

O2 + 2H2O + 4e
-
  4OH

-    
6.1 

and a  2 by 2 electron (stepwise) pathway, 

O2 + H2O + 2e
-
  HO2

-
 + OH

-
    6.2 

HO2
-
 + H2O + 2e

- 
 3OH

-    
6.3 

                                                 
5Large portions of this chapter previously have been published as Slanac, D. A.; Hardin, W. G.; Johnston, K. 
P.; Stevenson, K. J. Journal of the American Chemical Society 2012, 134, 9812.  
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which goes through a hydroperoxide intermediate (HO2
-
). The combination of reactions 

6.2a and 6.2b yield reaction 6.1, though the kinetics of reaction 3.2b can be limiting.  

Furthermore, the HO2
-
 intermediate can undergo disproportionation according to: 

2HO2
-
  2OH

-
 + O2    6.4 

Bimetallic catalysts may be designed to efficiently target this set of reaction 

pathways to achieve high synergy among the various metal atoms. 

For core-shell catalysts, the combination of ligand and geometric effects provides 

exceptionally high ORR activity.
6,22-24

  Here an electronic shift and geometric strain in 

the shell, due to the underlying core, favorably modify the binding energies of reaction 

intermediates, particularly in the direct 4 electron transfer.   For example, a Pt or Pd 

monolayer shell deposited on a transition metal core produced activities per mass of 

noble metal up to 8x times relative to the pure noble metal. 
22,25

  However, when the 

diameter of a core-shell catalyst becomes <5 nm, a monolayer shell would comprise 

greater than >30% of the total atoms in the particle.   In contrast, even lower precious 

metal concentrations are possible for homogenous bimetallic nanoalloys. Furthermore, 

the large number of contacts between dissimilar metals promotes ensemble effects, as 

well as ligand effects.   However, for ORR nanoparticle catalysts, precious noble metal 

contents are typically >50% due to challenges in synthesis.
4,5,7,26

   

To design an active nanoalloy catalyst with a low content of a highly active 

precious noble metal and a second less active metal, it would be desirable to achieve 

strong ligand and ensemble effects.  For the ORR in alkaline media, less-expensive 

precious metals such as Ag exhibit good ORR activity, especially for HO2
-
 

disproportionation
27

, and are more stable 
20,21,28,29

 than in acid, enabling them to be used 

in nanoalloys with Pd
30-34

.  Since the cost ratio of Pd:Ag is ~22:1, it would be 

economically desirable to utilize both metals in a bifunctional manner to raise activity 
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and improve stability.  However, for a case where the Pd level was only 20 mol% 

(Ag4Pd), the activity was not above the level expected from a linear combination of 

activities of the pure components.
30

  To design structure and atomic surface arrangements 

of bimetallic nanoalloys for ligand and ensemble effects, improved synthetic methods are 

needed for controlling composition, morphology and architecture (e.g. random-alloy vs 

core-shell).  Alloy nanoparticles have been pre-synthesized in the presence of stabilizing 

ligands by arrested growth precipitation
13,35-37

 or in microemulsions
38,39

 and then later 

adsorbed onto the catalyst support.  Dendrimer encapsulated nanoparticles have been 

synthesized with controlled alloy formation, for example with Pd compositions just 

below 50 mol% (Pd36 Cu64).
40

   Recently, large 40 nm Au4Pd alloy nanoparticles have 

been shown to exhibit higher activity than their core-shell morphologies, as a result of 

strong ensemble effects.
13

  However, we are not aware of small nanoalloys (<5 nm) with 

low amounts of a precious metal in the surface, where electronic and ensemble effects 

produce high activities. 

Herein, we synthesize uniform bimetallic nanoalloy catalyst (~5nm), with as little 

as ~10 mol% Pd (Ag9Pd), to achieve high activity for the oxygen reduction reaction 

(ORR) in alkaline media.  To control the distribution of the Pd and Ag on the surface, the 

nanoalloys with Ag compositions from ~40% up to ~90% were synthesized by co-

reduction of Ag and Pd carboxylic acid complexes precursors at similar rates
41

 in the 

presence of stabilizing ligands.  The nanoparticles were found to be uniformly alloyed, 

displaying a single alloy composition among the particles, as shown by a combination of 

X-ray diffraction (XRD), cyclic voltammetry (CV) and X-ray photoelectron spectroscopy 

(XPS).  Furthermore detailed probe-corrected scanning transmission electron microscopy 

(pcSTEM) analysis is presented for the Ag9Pd catalyst.  As a consequence of the low 

overall Pd content for Ag≥4Pd and the uniformity of the alloying, the Pd atoms on the 
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surface were surrounded primarily by Ag atoms, as characterized by the surface sensitive 

electrochemical techniques, cyclic voltammetry and CO stripping measurements.  Our 

hypothesis is that nearly all of the contacts of the more active metal Pd will be with Ag 

for Ag≥4Pd, and these unlike interactions will enhance catalyst activity through electronic 

interactions (ligand effect), as was observed by the binding energy shift from XPS, and 

the cooperation of each metal towards various ORR reaction steps (ensemble effect).  We 

found that the activities for Ag9Pd and Ag4Pd were up to 2.7 and 3.2 fold above the value 

expected from the pure metals, a large non-linear enhancement for ORR.   Furthermore, 

the total metal mass activity for the AgPd2 catalyst is 60% higher than for pure Pd, 

suggesting high synergy is also present for alloys with higher Pd loading.  These results 

are compared to those of pure Ag and pure Pd nanoparticles of similar size on carbon.  

Furthermore, it appears that the sintering of pure Ag particles during calcination is 

mitigated by the addition of a small amount (10 mol%) of Pd in the alloy, again 

illustrating cooperative effects for the uniform alloy.  Ultimately, the ability to disperse 

small amounts of a highly active precious metal within a less active metal on a nanoalloy 

surface is a general strategy that may offer significant benefit for scientific and practical 

advancement in catalysis. 

6.2 EXPERIMENTAL 

All chemicals were used as received.  Silver nitrate, palladium acetate, 

tripropylamine, anhydrous ethanol, tetradecanoic acid, and 5 wt % nafion solution in 

lower alcohols were purchased from Sigma-Aldrich.  Hexane (99.9%) and potassium 

hydroxide were obtained from Fisher Scientific, and ethanol (Absolute 200 proof) from 

Aaper alcohol.  Millipore high purity water (18 MΩ) was used.  Vulcan XC72 (VC) 

carbon was obtained from Cabot Corporation.  Oxygen (research grade, 99.999% purity), 
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argon (research grade, 99.999% purity) and CO (99.9%) were obtained from Praxair.  

Commercial 20% Pd/VC was obtained from ETEK. 

6.2.1 Catalyst Synthesis 

6.2.1.1 Particle Synthesis   

Pd-tetradecanoate (Pd-TDOA) and Ag-tetradecanoate (Ag-TDOA) precursor 

powders were synthesized from palladium acetate and silver nitrate salts in organic and 

aqueous ligand substitution reactions, respectively, as reported previously.
41,42

 

The total concentration of metal atoms in syntheses of both alloy and pure 

component nanoparticles was controlled to 0.71 M. The desired molar ratio of Ag-TDOA 

or Pd-TDOA was added to a 10 mL round bottom reaction flask with 1.414 mL of 

tripropylamine.
41

  The solution was slowly heated under argon to 100 °C while 

vigorously stirring. The solution was left at 100°C for 1 hour, and then cooled to room 

temperature. Acetone was then added in excess, and the solution was centrifuged for 5 

minutes 2000 rpm. This washing step was done three times, discarding the supernatant 

and replacing it with fresh acetone after each wash. Finally, the particles were added to 

hexane and centrifuged for 2 minutes at 10,000 rpm to narrow the size distribution. The 

hexane was evaporated and the yield of nanoparticles was quantified.  Finally, the 

particles were suspended in n-hexane to a 10 mg/mL concentration which was black in 

color. 

6.2.1.2 Adsorption of particles onto carbon support.  

Aside from the commercial Pd/VC, all catalyst powders were prepared via 

adsorption of pre-synthesized nanoparticles onto Vulcan carbon.  Vulcan XC72 carbon 

was mixed with an appropriate volume of nanoparticle solution (10mg/mL in hexane) to 

achieve a loading of 20 wt% metal (assuming 100% adsorption of the particles). The 
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carbon and nanoparticle solution was stirred for 1 hour.  The mixture was vacuum 

filtered.  The color of the filtrate came out clear, indicating essentially complete 

adsorption of the particles on the carbon.  The catalyst powder was calcined at 450 °C 

under forming gas, in a quartz tube furnace. The furnace was held at room temperature 

for 30 minutes, ramped to the desired temperature over 2 hours and held at 450 °C for 2 

hours.  However, for the 10nm Ag/VC catalysts, the same calcination procedure was used 

but with a maximum temperature of 210°C.  The calcined catalyst powder was then 

washed with 100 mL of EtOH, dried at 60 °C for 20 minutes, and stored under ambient 

conditions. 

6.2.2 Electron Microscopy 

6.2.2.1 Transmission Electron Microscopy (TEM)  

Low-mag TEM was conducted on an FEI Tecnai 20 BioTwin microscope using 

an 80 kV accelerating voltage. The carbon supported catalysts were deposited from a 

dilute ethanol suspension onto a 200 mesh copper grid coated with lacey carbon (Electron 

Microscopy Sciences). Average particle sizes were calculated from measurements of 

~100 particles using ImageJ. 

6.2.2.2 Scanning Transmission Electron Microscopy (STEM)  

High resolution probe corrected STEM (pcSTEM) imaging was performed on a 

JOEL JEM-ARM200F probe aberration corrected electron microscope, operated at 200 

kV. The probe size used was of 0.08 nm with a current of 24 pA. The spherical aberration 

was reduced with a dodecapole corrector (CEOS). Calibration was done using standard 

Si[110] and Au nanoparticles to align the corrector with CESCOR software. Images were 

recorded in STEM mode by simultaneously collecting bright field and high angle annular 

dark field (HAADF) images from scans of 12 to 16 seconds with a probe size of 0.08Å.  
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To determine the extent of alloying in the Ag9Pd particles, energy dispersive X-ray 

spectroscopic (EDS) line scans were performed on individual particles using a probe size 

of ~1.3Å, a step size of 2Å, and a dwell time of 5 seconds, while correcting for spatial 

drift. 

6.2.3 X-ray Diffraction (XRD)   

Wide-angle X-ray diffraction was performed on a film of carbon supported 

catalyst powders on a quartz slide with a Bruker Nokius instrument using Cu Kα 

radiation (1.54 Å wavelength). Samples were scanned from 10 to 90 degrees in 0.02 

degree increments with a dwell time of 10 seconds. The average nanoparticle size was 

estimated from the Scherrer equation in JADE software (Molecular Diffraction Inc.). 

Background correction, fitting, and deconvolution were done using JADE software.  The 

d-spacing is calculated from dhkl = λ/(2sin), while the lattice parameter is calculated 

according to a = dhkl*√         where h,k, and l are the miller indices for the crystal 

plane, λ is the X-ray wavelength, and  is the angle of the peak for the crystal plane 

reflection. 

6.2.4 X-ray Photoelectron Spectroscopy (XPS)   

XPS was acquired using a Kratos AXIS Ultra DLD spectrometer equipped with a 

monochromatic Al X-ray source (Al α, 1.4866 keV).  High resolution elemental analysis 

was performed on the Pd 3d and Ag 3d regions with a 20eV pass energy, a 0.1 eV step, 

and an 4 s dwell time.  Charge compensation was not used as each sample was 

conductive.  All absolute energies were calibrated relative to gold, silver and graphite.  

The peak positions and areas are calculated using a standard Gaussian + Lorentzian fit 

with a Shirley background correction. 
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6.2.4 Thermogravimetric Analysis (TGA).  

Thermogravimetric analysis was made with a Mettler Toledo TGA/DSC 1 STARe 

system equipped with a gas controller (GC 200) and a recirculating stage cooling bath set 

at 22°C (Julabo). A sample size of >2mg of carbon supported catalysts after calcination 

was used for analysis.  The gas flow rate during the analysis was controlled at 60 

mLair/min.  The catalysts were initially held at 110°C for 10 min to drive off any solvents.  

Next the catalysts were heated to directly to 900 at 20°C/min.  The final mass remaining 

after the analysis was used to calculate the total metal loading (wt%). 

6.2.4 Electrochemical Characterization 

Catalyst inks were prepared by adding 1 mL of a 0.05 wt% Nafion solution to 1 

mg of catalyst powder and sonicated for 30 minutes. 10 μL of ink was drop cast onto a 

clean 5mm (0.196 cm
2
) glassy carbon electrode and left to dry under a glass vial. The 

glassy carbon electrodes were cleaned prior to drop casting by sonication in a 1:1 DI 

water:ethanol solution. The electrode was then polished using 0.05 μm alumina powder, 

sonicated in a fresh DI water:ethanol solution, and dried in ambient air. All 

electrochemical tests were performed on electrodes prepared by this method, such that 

the metal loading for all catalysts was 10 μg/cm
2
. 

Electrochemical testing was performed on either a CH Instruments CHI832a or a 

Metrohm Autolab PGSTAT302N potentiostat, both equipped with high speed rotators 

from Pine Instruments.  Each test was performed in a standard 3 electrode cell, with a 

Hg/HgO (1M KOH) reference electrode, a Pt wire counter electrode, and the catalyst ink 

film on glass carbon as the working electrode.  All testing was done at room temperature 

in 0.1M KOH.  The solution was deaerated by bubbling argon for at least 10 minutes. 

The catalyst was electrochemically cycled from -0.9 to 0.25 V (Hg/HgO) at 20 mV/s for 

10 cycles to clean the surface.  Immediately following the cleaning procedure, an 
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extended cyclic voltammogram (CV) from -0.9 to 0.55 V at 20 mV/S for 2 cycles was 

performed to identify the oxidation/reduction for both Ag and Pd.  The total amount of 

charge to reduce the oxidized metal surface was used to estimate the surface composition 

of the catalyst.  The oxidation of silver involves one electron per silver atom (Ag2O + 

H2O + 2e  2Ag + 2OH
-
 or AgOH + e  Ag + OH

-
)
43

 while the reduction of Pd oxide 

requires two electrons (Pd(OH)2 + 2e  Pd + 2OH
-
).

44
  The electrolyte was then 

saturated with oxygen by bubbling for a minimum of 10 minutes. ORR activity 

measurements were taken by rotating the electrode at 1600 rpm and performing a linear 

sweep from 0.2 to -0.6 V at 5 mV/s.  Kinetic currents were used to evaluate mass 

activities and were taken at -0.05V vs NHE from the polarization curves.  The kinetic 

current was calculated according to the Koutecky-Levich equation:  
 

 
 

 

  
 

 

  
.  The 

number of electrons transferred, n, for the ORR was calculated based on the diffusion 

limited current according to the Levich equation:             
 

  
 

  
  

  , where F is 

Faraday’s constant (96485 C/mol), A is electrode area (0.196cm
2
), D is diffusion 

coefficient for dissolved oxygen (2x10
-5

 cm
2
/s), ω is scan rate (1600 rpm or 167.7 rad/s), 

ν is kinematic viscosity (0.01 cm
2
/s), and C is the saturated oxygen concentration in 0.1 

M KOH at an oxygen partial pressure of 1 atm (1.2x10
-6

 mol/cm
3
).

21
 

CO stripping was performed to determine the surface composition of the catalyst.  

The solution was saturated with CO by bubbling for 30 min.  The potential of the 

electrode was held at -0.8 V (Hg/HgO) for 15 min.  The solution was then purged with Ar 

while still holding the potential at -0.8 V (Hg/HgO) for 20 min. The potential was then 

cycled 3 times between -0.8V and 0.3 V (Hg/HgO).   

6.3 RESULTS AND DISCUSSION 

To realize the electronic and ensemble effects, the catalyst composition and 

morphology were controlled via thermolysis of organometallic precursors in the presence 
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of capping ligands to arrest particle growth, as demonstrated for other alloy systems.
35-

37,45
  Ag and Pd were separately complexed to tetradecanoic acid, which acted as a 

capping agent to arrest the growth of the particles after reduction by tripropylamine.
41

  

The similar reduction rates of the complexes yielded small (~3-5 nm), relatively 

monodisperse sizes for the AgPd alloys and pure Ag nanoparticles determined via TEM 

and shown by micrographs for Ag9Pd (3.2±0.6nm) and Ag (4.3±0.7nm) in Figures 

A5.1A,D and A5.2A,D, respectively.  The alloy particles (for Ag9Pd) after adsorption 

onto the carbon support and removal of the ligands at 450°C in nitrogen remain small and 

uniformly dispersed on the carbon (5.3 nm Figures 6.1A, A5.1B, and A5.1E), as is also 

seen for the commercial Pd particles (5.7 nm, Figure A5.1C,F).  Similar sizes were 

obtained for the other AgPd alloy ratios in Table 6.1.  With only 10 mol% Pd, the 

nanoalloy particles were resistant to sintering at 450°C, whereas the pure Ag particles 

coalesced to 19 nm (Figure A5.2C,F).  The Pd acts to effectively lower bulk atomic 

mobility and movement of the particles on the support during calcination, thereby 

strongly anchoring the particles and mitigating thermal sintering.
46

  For a lower 

calcination temperature of 210°C, the degree of sintering for pure Ag is mitigated, 

yielding a final particle size of 10 nm (Figure A5.2B).  The alloy particles displayed an 

FCC crystal structure as shown by the characteristic {111}, {200}, (220}, {311}, and 

{222} reflections in their XRD spectrum (Figure 6.1B, A5.3).  This structure is expected 

as both Pd and Ag are FCC crystalline materials.  Scherrer analysis was performed on the 

{111} reflections to calculate crystallite sizes.  The values span from ~4-8 nm as 

summarized in Table 6.1, consistent with the values measured via TEM.  Probe-corrected 

STEM was performed on the Ag9Pd catalyst, clearly showing the crystalline nature of the 

particle (Figure 6.1C).  Electron diffraction reveals that the particle surface is dominated 

by {111} planes and contains twinning, common among Ag nanoparticles.
47
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Figure 6.1. Ag9Pd nanoparticles supported on 

Vulcan XC72 carbon after calcination at 350°C in 

N2  

as shown by (A) TEM and (B) XRD.  The TEM 

shows that the particles are uniformly distributed 

over VC with an average particle size of 5.3 +/- 1.2 

nm.  The peak for {111} is located between both 

pure Pd and Ag due to the alloying with 10 mol% 

Pd (as confirmed by Vegard’s law).  The lack of 

additional peak shoulders suggests that the 

particles are composed of a single alloy phase, 

Ag9Pd.  The uniform composition is confirmed by 

the STEM EDS line scan (C,D).  Furthermore, the 

particles are shown to be composed primarily of 

{111} facets (C insert), along with twinning for the 

{111}. 

Uniform alloying among the particles was achieved by the simultaneous reduction 

of Ag and Pd at similar rates, as a consequence of the same tetradecanoate complex for 

each metal.
41

  The lack of peak shoulders for the crystalline reflections from XRD 

suggests a uniform alloy composition among particles (Figure 6.1B, A5.3).  The alloy 

composition can be estimated according to Vegard’s Law
48,49

 for an unstrained alloy.  

Here, the composition of the alloy follows a simple linear relationship based on the shift 
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in lattice constant of the alloy from that of either of the pure components.  The 

compositions correspond closely to the starting precursor ratios as shown in Table 6.1.  

For example, the atomic percentages calculated using Vegard’s Law for Ag9Pd and 

Ag4Pd are 90% and 78% Ag, respectively.  The compositions measured by XPS shown in 

Figure 6.2, are in agreement with the less quantitative results calculated from Vegard’s 

law.  Furthermore, a probe-corrected STEM-EDS line scan across a single Ag9Pd alloy 

nanocrystal (Figures 6.1C,D) directly shows the uniformity of the alloy throughout the 

particle.  Both Ag and Pd have the same signal ratio from the edge to the center of the 

particle, indicating little intraparticle segregation of metals.  It should be noted that due to 

the significant overlap of the Pd and Ag EDS spectra, which makes deconvolution 

impractical, this method cannot be used to determine alloy composition quantitatively. 

Table 6.1.  Summary of catalyst loading, morphology 

and composition. 

Catalyst wt% 

loading 

Size 

[nm] 

XRD  

Size 

[nm] 

Vegard's 

Law Ag 

mol% 

XPS Ag 

mol% 

Ag 28 10.1 11.8 100 100 

Ag 28 19.0 -- -- 100 

Ag9Pd 23 5.3 6.0 90 91 

Ag4Pd 23 5.1 4.4 78 83 

Ag2Pd 24 6.8 3.7 55 65 

AgPd2 25 6.6 6.8 36 38 

Pd 19 5.7 7.7 ~0 ~0 
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Figure 6.2. XPS spectra for the (A) Pd3d 

and (B) Ag3d regions for all Pd:Ag alloy 

ratios as well as the pure metals.   

The Pd peaks are shifted negatively for all 

alloy ratios, as the Pd atoms always have a 

significant number of Ag atoms with which 

to interact.  However, the Ag peaks only 

show a shift when the alloy ratio is Ag≤4Pd, 

when there are enough Pd atoms in the 

particles to sufficiently disturb the Ag-Ag 

interactions. 

The polarization curves for the most active ORR alloys (Ag9Pd and Ag4Pd alloys) 

are shown along with the pure metal components in Figure 6.3A.  Kinetic current 

densities are measured at -0.05 V vs NHE from the linear sweep voltammograms and 

calculated according to the Koutechy-Levich equation. Catalyst loadings on Vulcan 

XC72 carbon were 22 wt%, 24 wt%,  and 23 wt% for Ag9Pd, Ag4Pd, and Ag, 
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respectively, as measured by TGA (Figure A5.4), comparable to the 20 wt% commercial 

Pd on Vulcan XC72 for a meaningful comparison of activities.  Additional polarization 

curves and activities are provided in the supplemental section (Figure A5.5 and Table 

6.2), indicating a non-linear enhancement, with the largest activity boost occurring for 

Ag9Pd and Ag4Pd.   The synergy in the activity is depicted for all of the catalysts in 

Figure 6.3B.  Here, all of the activities lie above the line drawn between the pure 

components. The overall activity of AgPd2 is actually 60% higher than for Pd.  A factor 

of 3.2 above the linear combination in activities was achieved for Ag4Pd, as shown in 

Table 6.2, suggesting that the presence of both Ag and Pd provide synergistic 

enhancement.  An activity of ~207 mA/mgAg+Pd would be expected for an alloy with 80 

mol% Ag (~60 mA/mgAg) and 20 mol% Pd (~799 mA/mgPd), assuming a linear 

combination of pure component activities.  However, the measured activity was ~598 

mA/mgAg+Pd for the Ag4Pd catalyst, 3.2x above this prediction. Similar trends are 

observed for other Ag-rich alloys are observed, including a 2.7 fold increase Ag9Pd, 

whereas for alloy ratios of Ag2Pd and AgPd2, the enhancement is slightly lower (ca. 

2.3x).  The Pd based mass activities are summarized in the histograms in Figure 6.3C and 

Table 6.2.   By mass of Pd, the alloy is up to 4.7x more active than pure Pd, with a value 

of 3778 mA/mgPd for Ag9Pd versus 799 mA/mgPd for pure Pd/VC.  Based on the size of 

the nanoparticles as measured from TEM, an estimated specific activity was calculated 

and summarized in Table 6.2, and plotted in Figure 6.3D.  The specific activity increases 

monotonically with increasing Pd composition, reaching a maximum of 2.6x above the 

expected value for the linear combination of pure metal specific activities.  Due to the 

difference in particle size for pure silver (19nm or 10 nm) vs the other catalysts in this 

study (~5 nm), it may be reasonable to assume that the Ag mass activity could increase if 

it were ~5nm, due to an increased surface to mass ratio.  However, a slower rate of 4 
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electron reduction was observed for 20 nm Ag particles relative to 100 nm particles, 

which was attributed to fewer of the more active terrace sites on the smaller particles.
20,50

  

In our study, we observed specific activities of 106 mA/cm
2
 and 151 mA/cm

2
 for 10nm 

and 19nm Ag particles, respectively.  Therefore, it is unclear that smaller particles of Ag 

would demonstrate higher activity, however, 10nm Ag is used for comparison in the 

synergy plots for both mass and specific activity. 
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Figure 6.3. Oxygen reduction activity comparison between Ag-rich 

alloys and pure components.   

(A) Linear sweep voltammograms from a rotating disk electrode 

measurement in O2 saturated 0.1 M KOH.  The diffusion limited 

current density for the alloy corresponds to a 4 electron process, 

higher than either pure Ag or Pd (3.4).  (B) Synergy plot of mass 

activity normalized by total metal loading versus Pd composition.  

The solid line indicates the linear combination of activities between 

the pure Ag and Pd components.  All of the activities lie above the 

solid line, indicating a synergy in ORR activities across the 

compositional range.  (C)  Bar plot summarizing the ORR activity per 

Pd loading.  The synergy between the Ag and Pd in the alloy achieves 

a Pd mass normalized activity of 4.7x over the commercial Pd/VC 

and up to 3.2x over the linear combination of mass activities for pure 

Ag and Pd.  (D) Synergy plot of specific activity, where the solid line 

indicates a linear combination of pure component specific activities.  

Currents were normalized by metal particle surface areas based on 

measured TEM diameters.  
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Table 6.2.  Summary of ORR Activity for AgPd alloy compositions and pure component 

benchmarks at -0.05 V vs NHE. 

Catalyst 

Total Mass 

Activity 

[mA/mgtotal metal] 

Synergy 

Factor for 

Total Mass 

Activity 

PGM 

Mass 

Activity 

[mA/mgPd] 

Specific 

Activity 

[µA/cm
2
] 

Synergy 

Factor for 

Specific 

Activity 

# of 

electrons 

Ag (10 nm) 60 1.0 -- 106 1.0 3.4 

Ag9Pd 340 2.7 3778 319 1.8 4 

Ag4Pd 598 3.2 3518 546 2.2 3.7 

Ag2Pd 720 2.3 2057 900 2.3 3.6 

AgPd2 1247 2.4 2011 1570 2.6 3.7 

Pd 799 1.0 799 912 1.0 3.4 

VC 0.50 -- -- -- -- 1.7 

 

The onset potential for the ORR is ~20mV for Ag compared to ~130mV for pure 

Pd (Figure 6.3A).  For the Ag9Pd alloy, the onset potential is shifted positively ~100mV, 

despite only 10 mol% Pd incorporated in the Ag.  This shift is significantly greater than 

the potential of 31 mV expected for a linear combination from the pure metals.  For the 

Ag4Pd alloy, the calculated number of electrons transferred for the ORR, from the Levich 

equation, based on the diffusion limited currents was higher than the value of 3.4 

observed for both Ag and Pd (Figure 6.3, Table 6.2).  At a ratio of Ag9Pd, the electron 

transfer number reached  4, indicating high efficiency for the full reduction of oxygen.
51

  

The synergy from alloy Ag and Pd suggests that ligand and atomic ensemble effects are 

at play, as we elaborate below. 

Cyclic voltammetry (CV) was used to probe the surface composition of the 

nanoalloys (Figures 6.4 and A5.7).  The CV for pure Pd in Figure 6.4 contains the 

expected adsorption and desorption of Hupd from -0.4V to -0.8V, along with the 

characteristic Pd oxide reduction at -0.15V.  In contrast, for the pure Ag catalyst  no 
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features are observed for adsorption and desorption of H
+
 characteristic of pure Ag.

20
  

However, when the Ag catalyst is scanned positive of 0.35V vs NHE, three characteristic 

oxidation peaks develop at 0.37V, 0.45V, and 0.5V, corresponding to Ag2O monolayer 

formation, AgOH bulk, and Ag2O bulk, respectively.
29,43

 The reduction of silver oxide is 

observed to be reversible on the negative scan, at ~0.32V.  The CV of the Ag9Pd alloy 

catalysts shows oxide reduction peaks for both Pd (-0.17V) and Ag (0.25V), indicating 

that both metals are electroactive at the surface.  However, it appears that the location of 

the metals in the surface has a profound effect on reaction characteristics.  At negative 

potentials, associated with hydrogen adsorption/desorption, the alloy displays no peaks, 

similar to the response for a pure Ag surface.  Previous reports on Pd-Au alloys also 

demonstrate this behavior, suggesting that a minimum cluster size of Pd dimers is 

required to show hydrogen adsorption/desorption.  Similarly, our results suggest single 

Pd atoms are dispersed in the Ag rich surface domains.
14
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Figure 6.4. Cyclic voltammograms showing the 

characteristic redox peaks for the alloy and pure 

metal catalysts supported on Vulcan XC72 

carbon.   

The presence of both Ag and Pd oxide reduction 

peaks shows that the surface is composed of both 

metals.  However, the lack of Hupd for the alloy 

suggests that the Pd is dispersed primarily as single 

atomic sites. The silver oxidation peaks from 0.3 to 

0.6 V shift slightly positive for the alloy catalyst, 

suggesting some resistance to oxidation due to the 

small amount of Pd.  The large reduction peak of 

silver oxide is shifted negative, suggesting slightly 

more stable oxide formation. 

 

For alloy ratios Ag≤2Pd, the Hupd peaks, characteristic of pure Pd emerge, while 

the ratios of the peak intensities for Pd reduction versus Ag oxidation increase (Figure 

S6).  At these high Pd levels, Pd-Pd contacts in the alloy surface are readily available to 

processes that depend upon contiguous Pd atoms.  CO stripping experiments on the 

Ag9Pd alloy (Figure A5.7) support the evidence from CVs; that both Pd and Ag are 

present on the surface and that isolated Pd-Pd domains are negligible.  Ag shows no peak 
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associated with CO oxidation (stripping),
52

 while Pd shows a sharp CO oxidation peak at 

~0.1V.  However, the alloy shows only two diffuse peaks at -0.05V and 0.2V again 

indicating an absence of Pd surface clusters with greater than three atoms.  In summary, 

the absence of specific signatures in the CVs for adsorption of both H
+

 and the Pd or Ag 

oxidation/reduction peaks indicates that the Pd is highly dispersed in the surface of the 

alloy, with minimal binary and higher Pd-Pd domains for Ag≥4Pd.  For all alloy systems, 

both Pd and Ag are well alloyed and available in the surface of the small nanoalloy 

particles for the ORR, which is essential for achieving enhanced catalytic activity from 

ligand and ensemble effects. 

Insight into the ligand effect, where the electronic structure of the metals changes 

due to alloying, can be gleaned from the binding energy shifts in XPS
1,3

 and 

consideration of the reaction steps for the ORR.  The binding energies for both Ag and Pd 

are shifted negatively (Figure 6.2 Table A5.1), consistent with observations for PdAg 

alloy films.
10

  For Ag9Pd in Figure 6.2, the peaks for the Pd 3d doublet are shifted by 

~0.4 eV to lower binding energies, while the Ag is shifted negative by only ~0.1 eV (on 

the order of the instrument resolution).  A smaller binding energy (BE) shift is observed 

for the Ag 3d doublet, as it is in 9 fold excess of the Pd, causing an attenuation of the 

shifted signal as seen for AgPd alloys containing a dilute amount of Pd.
10

  It has been 

reported that the BE shifts are due to a gain of charge density in the d-band, concomitant 

with a loss in the sp-band.  According to DFT calculations, an up-shift in the d-band 

center can create a stronger bonding with the oxygen, thereby creating more favorable BE 

for the ORR intermediates to enhance activity.
23,53,54

  It has been well established that the 

2x2 pathway which becomes available in basic media (Eq. 6.2a) proceeds via a three-step 

surface mediated mechanism:
55
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By increasing the d-band charge density, this may facilitate the initial electron 

transfer step (Eq. 6.4a).  As Ag has a significantly weaker oxygen binding that Pd
53

, an 

up-shift in d-band is especially important for the Ag≥4Pd catalysts to increase the oxygen 

binding affinity of the catalysts for facilitating the first electron transfer step.   The 

uniform alloying among particles ensures that the entire catalyst experiences the d-band 

shift to achieve higher activities.  Furthermore, low interaction energy between oxygen 

and Au has been shown to result from fully filled bonding and anti-bonding states.
56

  As 

Ag and Au have similar electronic structures (with the addition of a filled f shell for Au), 

this may explain why Ag lies on the weak binding side of the volcano plot.  However, 

when Pd was added to the Au, unoccupied oxygen-metal bonding states appear and 

contribute to strong oxygen binding, similar to the Pd in the Ag surface for the alloys in 

this study.  However, this electronic ligand effect was shown to play a minor role next to 

the ensemble effects in PdAg films toward CO adsorption and oxidation.
10,11

  Thus, 

ligand effects alone are not responsible for the observed activity synergy for the AgPd 

alloys. 

The data strongly support the existence of an ensemble effect, whereby a suitable 

geometric arrangement of Ag next to Pd surface atoms catalyzes ORR.  Previous DFT 

calculations support this idea, as Ag has weak binding and Pd strong binding on a 

volcano of activity versus binding
53

, suggesting a combination of the metals may result in 

higher activities.
54,57

  The stronger binding of hydroxyl species on Pd versus Ag has been 

shown to be the cause of hysteresis in polarization curves
20

, and is evidenced in our 
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studies by the much larger double layer capacitance for pure Pd relative to Ag (Figure 

A5.6).  By creating an alloy surface, the Pd atoms may facilitate the initial oxygen 

binding (e.g. Eq. 6.4), whereas the Ag may help to desorb the reaction products such as 

OH
-
, evidenced by the smaller double layer capacitances for the alloys versus Pd/VC.  

For Pd in an Au surface, DFT calculations suggest the most likely spot for oxygen 

adsorption to occur at the Pd sites, where one O atom binds atop and the other is 

coordinated in a hollow site.
56

  Similarly, the oxygen may bind at the Pd sites, with one O 

atom “spilling over” onto the Ag site.  When a reaction such as Eq. 6.6 occurs, the 

hydroxyl species could easily leave the surface.  This could then allow for the final 

electron transfer on the Pd site back to form the hydroperoxyl anion, followed by 

chemical disproportionation on the empty adjacent Ag site.  In this way, the full 4 

electron process can be achieved by combining the fast kinetics of Pd for the first 2 

electron reduction (Eq. 6.2a) with the rapid disproportionation on Ag (Eq. 6.3).  Recently, 

high ORR activity for a Pd-rich alloy film of Pd3Fe
26

 was attributed to the presence of a 

less active metal, Fe, in the surface to act as a binding center for ORR intermediates, 

highlighting the importance of ensemble effects.  In contrast, in the current work the 

AgPd alloy is shown to exhibit a high level of synergy with a dilute amount of the more 

active metal, Pd, as well as for higher Pd contents.  The high fraction of Pd-Ag versus Pd-

Pd contacts for the low content Pd alloys would be expected to be highly beneficial for 

creating strong ligand and ensemble effects.  Given the much higher cost and activity of 

Pd relative to Ag, this strategy has the potential to be of great practical benefit. 

As far as the authors are aware, high catalytic activity and stability for oxygen 

reduction through ensemble effects with uniform nanoalloys containing extremely low 

concentrations of a highly active, precious metal has not been reported previously.  The 

high synergy achieved for the pre-synthesized Ag≥4Pd uniform alloy morphology is in 
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contrast to previous reports for Ag catalysts alloyed with a small amount of Pd or Pt, 

which have shown little to negative synergy in ORR activities.  
30,31,33,34

  These  AgPd 

nanoparticle alloys were synthesized by the typical approach of adsorption and reduction 

of metals salts in the presence of the support, 
30,31

 which may lead to non-uniform 

compositions among particles as a result of the different nucleation and growth rates 

upon reduction of metal ions, as well as the diffusion and adsorption rates of the growing 

metal particles on the support.
58

 The lack of intimate mixing between Ag and Pd may 

lead to decreased electronic and ensemble effects.  Thus, it is essential to synthesize 

uniform nanoalloys to take advantage of low precious metal content by dispersing in 

throughout the surface of the particles to achieve strong ligand and ensemble effects, in 

our case producing a mass activity synergy factor up to 3.2 beyond the linear 

combination of Ag and Pd. 

This strategy of enhancing catalyst activity by employing ensemble and ligand 

effects for a precious metal surrounded primarily by a large number of second metal 

atoms is a fundamentally different approach than in the case of core-shell 

nanoparticles.
5,6,22,24,59,60

  For the core-shell morphology, the more active metal is nearly 

all in the monolayer shell and available for surface reactions.  However, the number of 

unlike metal contacts at the inside of the shell is lower than in the case of a uniform alloy 

with both metals at the surface.  Both core-shell and alloy morphologies have been 

contrasted for ~40 nm PdAu catalyst for formic acid oxidation.
13

  Due to the presence of 

both metals in the surface for ensemble effects, the activity for formic acid oxidation was 

higher on the alloy surface than for the core shell particles, where unlike metal contacts 

and thus ensemble effects are weaker.  Furthermore, for the smaller 5 nm nanocrystals in 

the current study, it would not be possible to achieve a low Pd content with a Pd 

monolayer as in the case of the Ag9Pd alloy.  Thus, the nanoalloy approach is a highly 
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complementary alternative to core-shell catalysts to achieve synergistic effects in 

catalysis. 

6.4 CONCLUSIONS 

A synthetic strategy has been demonstrated to produce uniform ~5 nm AgPd alloy 

nanoparticles across a wide compositional range via arrested growth during the 

simultaneous thermolysis of metal precursors to gain fundamental insight into catalytic 

mechanisms.  The compositions of the particles were tuned to control the fraction of the 

Pd-Pd versus Ag-Pd contacts on the surface.  For alloys of Ag≥4Pd, the surface contained 

single Pd atoms surrounded by Ag atoms, which maximized the ability of a hetero-atomic 

site to amplify the activity of each Pd atom.  Determination of atomic ensembles in the 

surface was accomplished with cyclic voltammetry and CO stripping, electrochemical 

techniques sensitive to the local environment of atoms in the surface.  This level of 

atomic information is typically not available for the dominant nanoscale characterization 

techniques (TEM or STEM).  In addition to the geometric structure of the surface, the 

electronic structure of the alloy was shown to shift according to XPS, contributing to 

enhance ORR activities.  While synergy in activity was present for all alloy ratios, it 

reached as much as 3.2 for Ag4Pd relative to the linear combination of the pure 

components, and the Pd normalized mass activity was as much as 4.7 times that of pure 

Pd. Furthermore, the overall mass activity per total metal was 60% higher for AgPd2, 

which equates to a reduction in cost ($/A) by a factor of 2.3. For low Pd content alloys, 

the synergy in activity was favored by the high degree Pd-Ag versus Pd-Pd contacts, 

which modified the Pd electronic structure, and by ensemble effects, evidenced by CV 

and CO stripping measurements which show the involvement of distinct mechanistic 

steps the Ag and Pd domains in the alloys.  The synergy factor for Ag≤2Pd may result 

from ensemble effects from larger domains of Pd surrounded by Ag.  These studies 
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provide a general approach for understanding and achieving high synergy in catalyst 

activity via electronic and ensemble effects. 

6.5 ADDITIONAL INFORMATION 

TEM, cyclic voltammograms, linear sweep voltammograms, XRD, and XPS of 

other alloy ratios and pure metal standards, as well as CO stripping for Pd, Ag, and 

Ag9Pd are available in Appendix 5. 
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Chapter 7: High Surface Area Perovskite Nanocrystals with High Mass 

Activities for the Oxygen Evolution and Reduction Reactions 

7.1 INTRODUCTION 

Rechargeable metal-air batteries (MABs) may be designed with non-precious 

metals to offer high theoretical specific energy densities, for example, 1084 Wh/kg for 

Zn-air. However, their application has been limited by the sluggish kinetics of the oxygen 

evolution (OER) and oxygen reduction (ORR) reactions.
1-4

  In alkaline conditions, 

current state of the art OER and ORR catalysts utilize expensive precious metals in the 

case of IrO2 and Pt, respectively.
5,6

  Interestingly, precious metal-free perovskite oxides 

(ABO3, where A is a rare-earth and B a transition metal) display bifunctional activity for 

both the OER and ORR.  In each reaction, the activities display a volcano-type 

relationship with respect to the number of electrons in the eg orbital of the B site atom.
7,8

 

In particular, LaNiO3 lies near the top of both ORR and OER volcano plots, and 

furthermore, has been shown to display metal-like conductivities.  Consequently, OER 

specific activity, up to 370 µA/cm
2
, 

9,10
 of low surface area LaNiO3 approaches the 

benchmark value for  high surface area of IrO2 of 500 µA/cm
2
.
5,8

  However, recently 

reported mass activities for LaNiO3 are >10x lower than those of precious metal oxides, 

presumably due to the inability of current synthetic schemes to achieve both high 

perovskite phase purity and high surface area (<4m
2
/g for LaNiO3 vs >70 m

2
/g for 

IrO2).
5,7,8

 

Perovskite catalysts are typically formed by ball milling of bulk materials to 

obtain particles >200nm to several micrometers in diameter.
11,12

  An alternative is to 

synthesize amorphous perovskite nanoparticles with bottom up approaches by sol-gel 

reactions
12-14

, reactions in reverse micelles
15-18

, coprecipitation hydrolysis
19-22

, and 

hydrothermal synthesis.
23,24

  Nanoparticles as small as ~10 nm may be synthesized by 
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precipitation of metal hydroxides in the presence of capping ligands.
14,22

  However, due 

disparities in hydrolysis rates for systems with two or more metals
12,21,24

 and undesired 

side reactions with carbon supports at high temperatures
13,14,17

 (≥600°C), phase impurities 

have been observed and have led to low mass activities.  Furthermore, during calcination 

to for form crystalline perovskites, significant coalescence and growth mechanisms often 

produce particles >200nm and even 1 m or greater.
13,14,23

  Thus key challenges remain 

to obtain high phase purity and to minimize growth of amorphous nanoparticles during 

calcination for the formation of catalysts with high electrocatalytic mass activities. 

Herein, we present a general scheme for synthesis of phase pure, high surface area 

aggregates of LaNiO3 nanocrystals supported on nitrogen doped carbon that display 

exceptionally high OER mass activities and a strong OER/ORR bifunctional character.  A 

key challenge was to form  aqueous 25 nm  (via dynamic light scattering, DLS) 

nanoparticle dispersions via rapid simultaneous hydrolysis of both La and Ni nitrates by 

reverse phase arrested growth precipitation, which when calcined, form nearly phase pure 

LaNiO3nanocrystals.  Coalescence and other growth mechanisms were unusually low 

during calcination, as was evident in scanning electron microscopy (Figure 1B, S1A,B) 

images exhibiting 20-50 nm phase pure aggregates of relatively distinct primary 

nanoparticles with surface areas of 11 m
2
/g.  The growth was mitigated by the large 

interparticle spacing in highly open, low fractal dimension nanoparticle powders 

produced by rapid drying with a thin film freezing/lyophilization process. The 

nanocrystalline aggregates display exceptionally high OER mass activities (at 1.56 V 

RHE) 3x that of IrO2, a leading benchmark noble metal oxide catalyst
5
. Furthermore, the 

OER mass activity was ~6x that of recently reported LaNiO3 catalysts
8,13,14

 as a 

consequence of higher phase purity and increased surface area.  Furthermore, the highly 

bifunctional character of the LaNiO3 nanoparticle aggregates, based on the sum of the 
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overpotentials for the OER and ORR reaction, is on par with commercial precious metal 

catalysts (Pt, and Ir).   (Pt, and Ir).
25

  We anticipate a wide variety of high purity and high 

surface area metal oxide nanocrystals may be synthesized by this approach, given the 

generality of bottom up arrested growth precipitation followed by rapid drying of 

aqueous nanoparticle dispersions to prepare precursors for calcination. 

7.2 EXPERIMENTAL 

All chemicals were used as received.  Anhydrous ethanol and 5 wt % nafion 

solution in lower alcohols were purchased from Sigma-Aldrich. Nickel(II) nitrate 

hexahydrate (99%), lanthanum(III) nitrate hexahydrate (99.999%), tetrapropylammonium 

bromide (TPAB, 98%), tetramethylammonium hydroxide pentahydrate (TMAOH, 99%), 

2-propanol and potassium hydroxide were obtained from Fisher Scientific, and ethanol 

(Absolute 200 proof) from Aaper alcohol.  Millipore high purity water (18 MΩ) was 

used. Oxygen (research grade, 99.999% purity) and argon (research grade, 99.999% 

purity) were obtained from Praxair. Nitrogen doped carbon (NC) was prepared as 

reported elsewhere.
26

  

7.2.1 Catalyst Synthesis 

7.2.1.1 Particle Synthesis.  

Amorphous particles composed of nickel and lanthanum hydroxides were 

prepared by slowly dripping an aqueous metal nitrate solution into concentrated base 

containing dissolved TPAB, as reported previously.
19,20,22,27

 Briefly, equimolar amounts 

of La(NO3)3 and Ni(NO3)2 were dissolved under stirring in 50 mL of DI water, such that 

the total metal concentration was 9.9 mM. Separately, an equimolar amount of TPAB 

relative to metal nitrates was dissolved into 250 mL of 1 wt% TMAOH (pH 14) under 

vigorous stirring. The metal nitrate solution was slowly dripped (~2 mL/min) into the 
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stirred base.  The solution was left stirring for ~1 hour, collected and centrifuged at 8000 

RPM for 4 min which resulted in a gelatinous green pellet. The gel was washed with DI 

water and centrifuged to obtain the final gel of amorphous particles. 

7.2.1.2 Particle Harvesting and Crystallization.  

The washed hydroxide gel was spread over a glass dish and dried at 120°C for a 

minimum of 1 hour. The dried powder was collected and calcined at 700°C for 4 hours 

under flowing air (~120 mL/min). For samples harvested by thin film freezing (TFF), the 

washed hydroxide gel was dispersed in 100 mL of DI water.  The experimental apparatus 

for TFF has been described elsewhere.
28

 Briefly, a hollow metal drum was filled with dry 

ice and 2-propanol (~2:1 v/v) and rotated at 5 RPM. A metal plate with a tapered edge 

was fastened so that the plate edge grazed the drum surface. A recrystallization dish was 

placed directly under the plate and filled with liquid N2. The particle solution was slowly 

pipetted (3 mL/min) onto the rotating drum, whereupon it froze and was subsequently 

scraped by the plate into the liquid N2 where it remained frozen. Lyophilization was 

performed at -20°C and a fixed pressure of 150 mTorr for 20 hours to remove all traces 

of water. The lyophilized powder was calcined at 700°C for 4 hours under flowing air. 

Following calcination, all particles were washed with EtOH and filtered to obtain the 

final LaNiO3 catalyst. All catalysts, except for those explicitly noted as unsupported, 

loaded to 30wt% by mass of perovskite on nitrogen doped carbon (NC) by mixing with 

ball milling for 3 minutes using a Wig-L-Bug.  The synthesis of the carbon composite is 

described elsewhere.
26

 

To elucidate the synthetic benefits of a constant high pH and the presence of 

TPAB stabilizing ligands, LaNiO3 was made by a coprecipitation technique as reported 

elsewhere.
7
. Briefly, 1.2 M TMAOH was titrated into a vigorously stirring solution of La 

and Ni nitrates at 0.1 M concentrations (cpLaNiO3), The resulting green precipitates were 



186 

 

collected via centrifugation, dried in an oven at 120°C and calcined at 800°C for 8 hours 

in pure oxygen. 

7.2.2 Electron Microscopy.  

Scanning (transmission) electron microscopy (SEM/STEM) was performed with a 

Hitachi S-5500 using a 30 kV accelerating voltage and a probe current of 20 µA. The 

carbon supported catalysts were deposited from a dilute ethanol suspension onto a 200 

mesh copper grid coated with lacey carbon or Formvar (Electron Microscopy Sciences). 

7.2.3 X-ray Diffraction (XRD).   

Wide-angle X-ray diffraction was performed on a compact powder of carbon 

supported catalyst on a quartz slide with a Bruker Nokius AXS D8 Advance instrument 

using Cu Kα radiation (1.54 Å wavelength). Samples were scanned from 20 to 90 degrees 

in 0.02 degree increments with a dwell time of 4 seconds. The average crystallite size 

was estimated from the Scherrer equation. Background correction, fitting, and 

deconvolution were done using JADE software (Molecular Diffraction Inc.). 

7.2.4 X-ray Photoelectron Spectroscopy (XPS).   

XPS was acquired using a Kratos AXIS Ultra DLD spectrometer equipped with a 

monochromatic Al X-ray source (Al α, 1.4866 keV).  High resolution elemental analysis 

was performed on the N 1s, O 1s and La/Ni 3d regions with a 20 eV pass energy, a 0.1 

eV step, and an 2000 ms dwell time.  Charge compensation was not used as each sample 

was conductive.  All absolute energies were calibrated relative to gold, silver and 

graphite.  The peak positions and areas are calculated using a standard sum Gaussian-

Lorentzian fit with a linear (N, O) or Shirley (La/Ni) background correction. 
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7.2.5 Dynamic light scattering (DLS).   

The hydrodynamic diameter (DHs) of as-synthesized hydrolysis particles was 

measured with a Brookhaven ZetaPALS instrument with the ZetaPlus option.  Scattered 

light was collected with a 90° avalanche photodiode detector and all data were fit with 

the CONTIN routine. The diameter of as-synthesized metal hydroxide particles were 

measured at a concentration of ~1.5 mg/mL in 0.83 wt% TMAOH. All measurements 

were made over a period of 3 min and at least three times on each sample. 

7.2.6 Surface Area Analysis.  

Nitrogen sorption analysis was performed on a Quantachrome Instruments NOVA 

2000 high-speed surface area BET analyzer at a temperature of 77 K. Prior to 

measurements, the samples were degassed in vacuum for a minimum of 12 hours at room 

temperature. The specific surface area was calculated using the BET method from the 

nitrogen adsorption data in the relative pressure range (P/P 0 ) of 0.05–0.30. 

7.2.7 Electrochemical Characterization  

Catalyst inks were prepared by adding 1 mL of a NaOH neutralized 0.05 wt% 

Nafion solution
21

 to 1 mg of catalyst powder and bath sonicated for 30 minutes. A 

volume of ink (10 μL) was drop cast onto a clean 5mm (0.196 cm
2
) glassy carbon 

electrode and dried under ambient conditions. The glassy carbon electrodes were cleaned 

prior to drop casting by sonication in a 1:1 DI water:ethanol solution. The electrode was 

then polished using 0.05 μm alumina powder, sonicated in a fresh DI water:ethanol 

solution, and dried in ambient air. All electrochemical tests were performed on electrodes 

prepared by this method, obtaining a catalyst loading of 51 μg/cm
2
 (15.3 μgperovskite/cm

2
 

for carbon supported LaNiO3). 

Electrochemical testing was performed on either a CH Instruments CHI832a or a 

Metrohm Autolab PGSTAT302N potentiostat, both equipped with high speed rotators 
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from Pine Instruments.  Each test was performed in a standard 3 electrode cell, with a 

Hg/HgO (1M KOH) reference electrode, a Pt wire counter electrode, and the catalyst ink 

film on glass carbon as the working electrode.  All testing was done at room temperature 

in 0.1M KOH.  The current interrupt and positive feedback methods were used to 

determine electrolyte resistance (50 Ω) and all data was iR compensated after testing. 

7.2.7.1 Quantification of Oxygen Reduction Activities.  

The electrolyte was saturated with oxygen by bubbling for a minimum of 10 

minutes. ORR activity measurements were taken by rotating the electrode at 1600 rpm 

and performing a linear sweep from 1.043 V to 0.243 V RHE at 5 mV/s. Kinetic currents 

were used to evaluate mass activities for ORR and were taken at -0.693 V from the 

polarization curves.  The kinetic ORR current was calculated according to the Koutecky-

Levich equation:  
 

 
 

 

  
 

 

  
.  The number of electrons transferred, n, for the ORR was 

calculated based on the diffusion limited current according to the Levich equation: 

            
 

  
 

  
  

  , where F is Faraday’s constant (96485 C/mol), A is electrode 

area (0.196 cm
2
), D is diffusion coefficient for dissolved oxygen (2x10

-5
 cm

2
/s), ω is 

scant rate (1600 rpm or 167.7 rad/s), ν is kinematic viscosity (0.01 cm
2
/s), and C is the 

saturated oxygen concentration in 0.1 M KOH at an oxygen partial pressure of 1 atm 

(1.2x10-6 mol/cm
3
).29 

7.2.7.2 Quantification of Oxygen Evolution Activities.  

Immediately following ORR measurements, the electrolyte was saturated with 

argon by bubbling for a minimum of 10 minutes. OER activity measurements were taken 

upon rotating the electrode at 900 rpm and performing a linear sweep from -0.057 to 

1.943 V at 50 mV/s.13 Kinetic OER currents could not be calculated due to the lack of a 

well-defined diffusion limited regime, as the result of interference from the oxygen 
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bubbles. The current at 1.63 V (representing a 400 mV overpotential) was determined 

from the polarization curves to characterize the OER mass activity. To enable 

comparison with OER data in the literature, scans were also performed from 0.9 V to 

1.943 V at 10 mV/s with a rotation rate of 1600 rpm in O2 saturated 0.1 M KOH.  The 

current at 1.56 V was taken from the polarization curves to compare the OER activities 

for the various samples. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Synthesis and Morphology 

To obtain an aqueous dispersion of amorphous perovskite precursor nanoparticles, 

metal nitrates of La
3+

 and Ni
2+ 

were hydrolyzed rapidly in the presence of a capping 

ligand, tetrapropylammonium bromide (TPAB) as described in detail in the supplemental 

section.  This approach created amorphous particles of La and Ni hydroxides with a DH 

of 25 nm (peak width ±8 nm), as shown via DLS in Figure 7.1D.  To promote complete 

and rapid hydrolysis of both La and Ni nitrates while maintaining a constant pH during 

the reaction,
19,20

 an excess volume of pH 14 tetramethylammonium hydroxide (TMAOH) 

was used.  The capping ligand TPAB provided colloidal stabilization through a 

combination of electrostatic and steric repulsion.
27

  Without TPAB, the particles 

agglomerated, even after sonication, presumably leading to lower surface areas as seen 

previously in a similar synthesis.
23

  Prior to calcination, the amorphous particle 

dispersions were either dried via TFF/lyophilization, or dried in an oven at 120°C for ~1 

h. In the TFF process, droplets of the amorphous particle dispersion were spread on a 

rotating metal surface at -78°C and frozen into a thin film (~100 um thick) at fast freezing 

rates (~100 K/s).
30-32

 The time scale for freezing (order of milliseconds) was sufficiently 

fast to prevent significant growth of the amorphous nanoparticles.  After lyophilization, a  
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Figure 7.1:  SEM micrographs and XRD spectra of LaNiO3 particles calcined at 700°C 

in air, and dynamic light scattering (DLS) distribution curve for as-synthesized 

amorphous nanoparticle precursors.   

These particles were crystallized from A) amorphous particles packed in a gel, resulting 

in large ~1um particles with few smaller particles (<100nm) and B) amorphous 

particles processed with TFF and lyophilization, producing smaller (20 – 50 nm) 

nanoparticle aggregates. C) XRD spectrum for LaNiO3 particles calcined at 700°C in 

air after oven drying (top) or after TFF/lyophilization (bottom). Both curves indicate a 

nearly pure, stoichiometric LaNiO3 phase, though a small amount of NiO is present and 

peaks are marked with a . D) DLS curve of as-synthesized amorphous hydroxide 

precursor particles, showing a DH of 25 ± 8 nm. 

  



191 

 

fluffy powder was produced, with open floccs of the nanoparticles with a low fractal 

dimension, consistent with numerous related studies of organic substances.
28,33

  In 

contrast, oven drying of the aqueous dispersion led to gelation whereby, the capillary 

forces produced somewhat more dense aggregates.  In essence, the rapidly frozen TFF 

material may be considered to be near the rapid diffusion limited aggregation, whereas 

the slowly dried material is near the reaction limited regime, where particles explore a 

greater number of configurations to lower the surface area, which raises the aggregate 

density.
34

 In a control experiment, a normal phase coprecipitation catalyst (cpLaNiO3) 

was synthesized as reported in recent studies by dripping base into a solution of nitrates 

as described in the supplemental section.
7,8

  

Table 7.1: Summary of as-synthesized particle size, particle 

size as determined by SEM, Scherrer crystallite size and 

BET measured surface area. 

Material 

DLS 

size 

[nm]* 

SEM 

[nm]** 

XRD 

[nm]*** 

BET 

[m
2
/g] 

cpLaNiO3 NA -- 20 -- 

LaNiO3 25 ± 8 
20 - 

200 
15 6 

nsLaNiO3 25 ± 8 
35 ± 

15 
14 11 

* Before calcination, size of the amorphous precursor particles 

** After calcination, size of crystallites 

***Crystallite size after calcination, Scherrer analysis 

After calcination in air at 700°C to form crystalline LaNiO3, the morphology of 

the oven dried precursor was aggregates of sintered primary nanoparticles, with modest 

coalescence and particle growth, as shown by the SEM images in Figures 7.1A and 

A6.1C,D and Table 7.1.  For the TFF dried dispersions, the degree of coalescence and 

growth were less prevalent, resulting in aggregates of ~20-50 nm partially coalesced 

primary nanoparticles, as seen in Figures 7.1B and A6.1A,B.  It is possible that the large 
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interparticle spacings in the highly open, low fractal dimension aggregates suppressed 

sintering despite the 700°C calcination temperature.  Remarkably, the original 25 nm 

precursor (33 m
2
/g for individual spheres) particles grew only modestly during 

calcination.  The BET measured surface areas of the TFF and oven dried samples, after 

calcination, were 11 m
2
/g, and 6 m

2
/g, respectively (Figure A6.3).  Both catalysts were 

comprised of an essentially phase pure crystalline rhombohedral LaNiO3 phase, as shown 

in the XRD spectra in Figure 7.1C.  The slight impure phase identified in both samples 

was NiO, as the peaks were barely visible at 2s of 35°, 42.5°, and 62.5°, and is clearly 

visible in Figure A6.2 for cpLaNiO3.  According to Scherrer analysis performed on the 

most intense reflection due to a single crystalline plane, {024} for LaNiO3,
 
crystallite 

sizes of ~15 nm were similar for the two drying approaches, and 20 nm for the phase 

impure control cpLaNiO3. 

The phase purity and high surface area after calcination may be attributed to rapid 

and simultaneous reduction of both metal nitrates to form nanoparticle precursors leading 

to an appropriate level of intermixing of the metal hydroxides.  Instantaneously, upon 

adding the nitrates into the pH 14 solution in this reverse phase precipitation 

reaction,
19,20,27

 a light green dispersion was visible.  The burst nucleation followed by 

arrested growth led to 25 nm nanoparticles with apparently adequate intermixing of both 

metal hydroxides.  Thus, this approach overcomes the dissimilar hydrolysis rate constants 

for La and Ni, which differ by up to almost one order of magnitude at a lower pH 

<~10.
24,35

. In the normal phase coprecipitation control, the pH immediately decreased 

upon dripping in base, and a bulk precipitate became visible, which would rapidly settle 

if not for the stirring. After calcination of these much larger particles, a high content of 

impure phases was observed (Figure A6.2), as has been seen previously for 

coprecipitation of other systems.
24,36

 It is likely that hydrolysis of the less reactive 
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component lagged nucleation and growth of the more reactive one Thus, the burst 

nucleation and high pH in the reverse phase method was needed for rapid hydrolysis of 

both metal nitrates to form amorphous composite nanoparticles that upon calcination 

formed phase pure nanocrystal aggregates. 

7.3.2 OER and ORR Activity via Rotating Disk Voltammetry 

To determine the effect of perovskite morphology and surface area on OER 

activity, polarization curves were measured in Ar saturated 0.1M KOH at 900 rpm 

(Figure 7.3).  At a 0.4 V overpotential (1.63 V), the total OER mass activity for 

unsupported nsLaNiO3 was low, 30 mA/mg.  Furthermore, it was 2x greater than that of 

the lower surface area oven dried LaNiO3 (Figure 7.2) with the coarser primary domains. 

For the unsupported perovskites, the low activities are expected
37

 given low 

conductivities relative to the high surface area (~1080m
2
/g, Figure A6.4), conductive 

nitrogen doped carbon support. When the two types of LaNiO3
 
nanocrystal aggregates 

were supported on the nitrogen doped carbon, the ratio of activities remained 2:1, but the 

magnitude of the current is increased >25x to 814 and 406 mA/mgoxide for nsLaNiO3/NC 

and LaNiO3/NC, respectively. For the normal phase coprecipitated LaNiO3 supported on 

nitrogen doped carbon (cpLaNiO3/NC), the high NiO phase impurities (Figure A6.2) led 

to activities ~5x lower relative to nsLaNiO3/NC.   

In Figure 7.3, the OER total mass activities (polarization curve in Figure A6.5) for 

nsLaNiO3/NC are comparable to a leading benchmark precious metal IrO2 catalyst. 

Furthermore, they are well above values for recently reported coprecipitated LaNiO3 

supported on acetylene black (AB),
5,8,38

and  Co3O4 supported on nitrogen doped graphene 

oxide.
38

  In these comparisons, the electrolyte was saturated with oxygen. (At potentials 

above 1.6 V in oxygen saturated media, visible oxygen bubble formation on the electrode 

surface interfered with the ability to accurately measure the activity.)  At a chosen  
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Figure 7.2: OER activity trends in Ar saturated 0.1 M KOH at 900 rpm. 

From (A) the polarization curves, unsupported LaNiO3 does not display high OER 

activity.  Thus, the bare NC and LaNiO3 display similar activities.  However, LaNiO3/NC 

and nsLaNiO3/NC show significantly higher activity due to the phase purity and increase 

in surface area for the nsLaNiO3/NC sample.  LaNiO3 synthesized via coprecipitation 

then supported on carbon, cpLaNiO3/NC, performs only slightly better than the pure 

carbon, possibly due to a large degree of phase impurities.  The oxide mass activity (B) at 

1.63 V for the TFF/lyophilized sample increases by ~5 fold and ~2 fold above the 

coprecipitation and oven dried methods, respectively. 
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potential of 1.56 V, the perovskite/NC activity was already markedly above that of the 

NC baseline, as is evident in Figures 7.3A. Remarkably, on an oxide mass basis, the 

activity for nsLaNiO3/NC (90 mA/mgoxide) reached 2.5x that of a leading benchmark 

catalyst, 6 nm IrO2 (36 mA/mgoxide).  Since the surface area to mass ratio the IrO2 is 71 

m
2
/g, compared to 11 m

2
/g for nsLaNiO3/NC, the apparent specific activity (based on 

surface area measurement via BET) was ~450 μA/cm
2

oxide, compared to ~50 μA/cm
2

oxide 

for IrO2.  The value for the former was corrected for the small NC activity contribution. 

The oxide mass activity of nsLaNiO3/NC is ~3.8x that of a highly active 6 nm Co3O4
 

supported on nitrogen doped graphene oxide (24 mA/mgoxide). Relative to LaNiO3 (3.5 

m
2
/g) synthesized via normal phase coprecipitation and supported on AB

8
, the activity of 

nsLaNiO3/NC is ~45x higher at 1.56 V.  The mass activity is ~18x higher than that of the 

most active perovskite, Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF, 0.2 m
2
/g)

8
, in a recent study, where 

the high specific activity was  ~2500 µA/cm
2

oxide. The high mass activity for 

nsLaNiO3/NC reflects the high surface area and phase pure crystalline LaNiO3 

nanoparticle aggregates, enabled by the synthetic approach for the precursors for 

calcination. The large numbers of facets in the nanoparticle domains and the regions 

between them offers the possibility of more access to most active surfaces, for example, 

the {100} planes
39

 in LaNiO3.  The morphology of a relatively conformal coating of the 

thin layers of nanocrystal aggregates  on the carbon substrate is also beneficial, for 

example, as seen for ALD of MnOx.
40

 In related studied, extended, planar surfaces have 

been shown to produce high specific activities for Pt grown over a support
41,42

 or in 

single crystal studies.
43,44

 

The nanocrystal perovskites displayed appreciable activity also for the ORR.  

Polarization curves for ORR in oxygen saturated 0.1M KOH at 1600 rpm and 5 mV/s are 

shown in Figure 7.4A, with activity measurements taken at 0.693 V RHE (-0.05 NHE).  
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Figure 7.3: Comparison of nsLaNiO3/NC with benchmark catalysts for OER in O2 

saturated 0.1M KOH.  

A) Tafel plot comparing the total mass activity of nsLaNiO3/NC to IrO2
5
 and a recently 

reported coprecipitated LaNiO3 supported on acetylene black (AB)
8
. Note that at 

potentials >1.53 V, nsLaNiO3/NC has considerably higher OER activity than the pure 

nitrogen doped carbon. B) The perovskite oxide mass activity calculated from the data 

shown in A) at 1.56 V.   
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Figure 7.4: ORR activity trends in O2 saturated 0.1 M KOH at 1600 rpm.   

A) Polarization curves for the ORR.  Controls include the glassy carbon electrode with 

nafion binder (black, solid), unsupported LaNiO3 (red, dash) and unsupported nsLaNiO3 

(orange, dot) are shown for comparison.  The glassy carbon does not contribute 

significantly to the current, while the onset potential for the N-doped carbon is positive of 

the pure perovskite, but does not reach as high diffusion limited current density.  For 

LaNiO3 (green, dash-dot) and nsLaNiO3 (blue, dash-dot-dot) supported on nitrogen 

doped carbon, the potential for the ORR is shifted up to 50 mV positive relative to the 

controls, indicating a significant synergy for the composite catalyst. B) The perovskite 

oxide mass activity calculated from the data shown in A) at 0.693 V.  
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Low activities were observed for unsupported LaNiO3 and nsLaNiO3, 3 mA/mgoxide and 6 

mA/mgoxide, respectively.  As for the OER, this was likely due to the low conductivity of 

the pure oxide.  However, when LaNiO3/NC and nsLaNiO3/NC were supported on 

nitrogen doped carbon, the half wave potential shifted 100 mV positive and with 

significantly higher activities of 36 mA/mgtotal and 86 mA/mgtotal, respectively (Figure 

7.4B).  The activity increased more than an order of magnitude for ORR, as was also seen 

for the OER.  The activity of nsLaNiO3/NC reached 286 mA/mgoxide, >2.4x higher than 

for the oven dried LaNiO3/NC similar to the observed increase in BET surface area as 

summarized in Table 7.1.  The nitrogen doped carbon further contributes to the activity, 

due to the presence of pyridinic functional groups in the surface as shown by XPS in 

Figure A6.6.
45-47

   

As a measure of the overall bifunctionality of the catalyst, we determined the 

difference in potential between the ORR at -3 mA/cm
2
 and OER at 10 mA/cm

2
 (ΔE), 

current densities of practical importance for electrochemical and photoelectrochemical 

applications.
25,40

  ΔE is simply the sum of the overpotentials for the two reactions.  The 

nsLaNiO3/NC catalyst has excellent bifunctional character (ΔE = 1.02 V), exceeded by 

100mV for the precious metal Ir (ΔE = 0.92 V)
25

 in Table 7.2. Remarkably, the ΔE of 

1.02 for the nsLaNiO3/NC catalyst is significantly better than for Pt/C (ΔE = 1.16 V)
25

, a 

leading ORR catalyst. However, the ΔE for the coprecipitated phase impure control 

LaNiO3/NC was 1.21 V, 190 mV (60 mV from ORR and 130 mV from OER) greater 

than for nsLaNiO3/NC, highlighting the importance of phase purity for high 

bifunctionality. 
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Table 7.2: Assessment of catalyst bifunctionality for nsLaNiO3/NC and benchmark 

catalysts 

Material 

ORR Potential (V) 

vs RHE @ j = -3 

mA/cm
2
 

OER Potential (V) 

vs RHE @ j = 10 

mA/cm
2
 

ΔE (V) 

Bifunctionality 

nsLaNiO3/NC 0.64 1.66 1.02 

cpLaNiO3/NC 0.58 1.79 1.21 

20% Ir/C
25

 0.69 1.61 0.92 

20% Pt/C
25

 0.86 2.02 1.16 
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7.4 CONCLUSIONS 

In conclusion, LaNiO3 nanocrystal aggregates on nitrogen doped carbon exhibit 

extremely high activity for the OER and strong OER/ORR bifunctional character, as a 

result of high phase purity and surface area.  This highly active morphology is produced 

by rapid, simultaneous hydrolysis of La and Ni nitrates during reverse phase arrested 

growth precipitation, followed by rapid drying.  This synthetic concept to generate 

precursors that may be calcined to form phase pure nanocrystal aggregates appears to be 

general and thus applicable to a wide variety of perovskites, as alternatives for precious 

metal catalysts. 

7.5 ADDITIONAL INFORMATION 

BET measurements for the carbon and LaNiO3 catalysts, as well as the 

polarization curve for nsLaNiO3/NC can be found in Appendix 6. 
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Chapter 8: Conclusions and Recommendations 

8.1 CONCLUSIONS 

8.1.1 Highly Stable Pt/Ordered Graphitic Mesoporous Carbon Electrocatalysts for 

Oxygen Reduction 

A stable fuel cell catalyst composed of pre-synthesized Pt nanocrystals (<4 nm) 

on graphitic mesoporous carbon was successfully synthesized.  The catalyst showed 

negligible loss in mass activity and active surface area after an accelerated durability test 

(1000 cycles, 0.5 to 1.2 V), whereas the commercial Pt on amorphous carbon loses ~70% 

in activity and area.  Strong Pt-graphite interactions, resulting from metal/support orbital 

overlap (π-backbonding) coupled with partial charge transfer, as shown by XPS, and a 

low coverage of weakly bound ligands on the Pt surface facilitated high dispersion and 

loadings up to 20 wt%. The high oxidation resistance of the graphitized carbon, along 

with the strong Pt-C interactions, helped to maintain electrical contact between the metal 

and carbon, while mitigating Pt dissolution, ripening, and coalescence.  The ability to 

disperse well-defined metal nanoparticles onto graphitic mesoporous carbon offers the 

potential for creating highly stable and active catalysts.  

8.1.2 Highly Stable and Active Pt-Cu Oxygen Reduction Electrocatalysts Based on 

Mesoporous Graphitic Carbon Supports 

We achieved essentially no loss in electrochemical surface area and catalyst 

activity during potential cycling from 0.5 to 1.2 V for pre-synthesized Pt-Cu 

nanoparticles of controlled composition that were infused into highly graphitic disordered 

mesoporous carbons (DMC).  The high stability was favored by the strong metal-support 

interactions and low tendency for carbon oxidation, which mitigated the mechanisms of 

degradation.  Electrochemical dealloying transformed the composition from Pt20Cu80 to 

Pt85Cu15 with a strained Pt-rich shell, which exhibited an enhanced ORR activity of 0.46 
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A/mgPt, >4 fold that of pure Pt catalysts. The high uniformity in particle size and 

composition both before and after dealloying, as a consequence of the pre-

synthesis/infusion technique, was beneficial for elucidating the mechanism of catalyst 

activity, and ultimately, for designing more active catalysts.  

8.1.3 Atomic Resolution Structural Insights into PdPt Nanoparticle-Carbon 

Interactions for the Design of Highly Active and Stable Electrocatalysts 

Pd3Pt2 alloy particles comprised of a disordered surface layer over a corrugated 

crystalline core exhibited strong interfacial interactions with a ~20-50 nm spherical 

carbon support, as characterized by probe aberration corrected scanning transmission 

electron microscopy (pcSTEM).  The disordered shells were formed from defects 

introduced by Pd during arrested growth synthesis of the alloy nanoparticles. The strong 

metal-support interaction, along with the uniform alloy structure raised the mass activity 

by a factor of 1.8 versus pure Pt.   The metal-support interactions also mitigated 

nanoparticle coalescence, dissolution, and ripening, resulting in only a 20% loss in mass 

activity (vs 60% for pure Pt on carbon) after the cyclic stability test. The design of alloy 

structure, guided by insight from atomic scale pcSTEM, for enhanced catalytic activity 

and stability, resulting from strong wetting with a deformable disordered shell, has the 

potential to be a general paradigm for improving catalytic performance. 

8.1.4 Bifunctional Catalysts for Alkaline Oxygen Reduction Reaction via Promotion 

of Ligand and Ensemble Effects at Ag/MnOx Nanodomains 

A new electroless co-deposition scheme was developed, whereby MnO4
-
 ions are 

reduced by carbon, formed nano-sized MnOx reduction centers for Ag nanoparticle 

deposition.  The final morphology consisted of Ag particles (3nm) in intimate contact 

with thin (~1nm) MnOx domains on Vulcan carbon (VC) as shown via electron 

microscopy. A bifunctional mechanism for ORR, in which the HO2
-
 intermediate was 
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formed electrochemically and was regenerated via disproportionation into OH
-
 and O2, 

was demonstrated.  A 3x mass activity enhancement was observed for Ag-MnOx/VC over 

the linear combination of pure component.  The Ag-MnOx/VC mass activity (125 

mA/mgAg+MnOx) was comparable to commercial Pd/VC (111 mA/mgPd) and Pt/VC (136 

mA/mgPt).  Furthermore, the number of electrons transferred for ORR reached 3.5 for 

Ag-MnOx, higher than for MnOx (2.8) and close to the full 4 electron ORR.  This synergy 

was rationalized by ensemble effects, where Ag and MnOx domains facilitated the 

formation and disproportionation of HO2
-
, respectively, and ligand effects from the 

unique electronic interaction at the Ag-MnOx interface. 

8.1.5 Atomic Ensemble and Electronic Effects in Ag-Rich AgPd Nanoalloy Catalysts 

for Oxygen Reduction in Alkaline Media 

We demonstrated that simultaneous reduction of Ag and Pd precursors provides 

uniform, Ag-rich AgPd alloy nanoparticles (~5 nm) with high activities for the oxygen 

reduction reaction (ORR) in alkaline media.  The particles were crystalline and uniformly 

alloyed, as shown by X-ray diffraction and probe corrected scanning transmission 

electron microscopy.  The ORR mass activity per total metal was 60% higher for the 

AgPd2 alloy relative to pure Pd.  The mass activities were 2.7 and 3.2 times higher for 

Ag9Pd (340 mA/mgmetal) and Ag4Pd (598 mA/mgmetal), respectively, than those expected 

for a linear combination of mass activities of Ag (60 mA/mgAg) and Pd (799 mA/mgPd) 

particles, based on rotating disk voltammetry.  Moreover, these synergy factors reached 

five-fold on a Pd mass basis.  For silver-rich alloys (Ag≥4Pd), the particle surface was 

shown to contain single Pd atoms surrounded by Ag from cyclic voltammetry and CO 

stripping measurements.  This morphology was shown to be favorable for the high 

activity through a combination of modified electronic structure, as shown by XPS, and 

ensemble effects, which facilitate the steps of oxygen bond breaking and desorption for 
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the ORR.  This concept of tuning the hetero-atomic interactions on the surface of small 

nanoparticles with low concentrations of precious metals for high synergy in catalytic 

activity may be expected to be applicable to a wide variety of nanoalloys. 

8.1.6 High Surface Area Perovskite Nanocrystals with High Mass Activities for the 

Oxygen Evolution and Reduction Reactions 

We demonstrated precise synthetic control over the synthesis of essentially single 

phase aggregates of LaNiO3 nanocrystals with small crystallite size (14 nm).  Amorphous 

precursor nanoparticle dispersions were formed via rapid hydrolysis of mixed metal 

nitrates in the presence of a capping ligand and then calcined to form perovskite 

nanocrystals.  OER mass activities for the nanocrystalline LaNiO3 supported on nitrogen 

doped carbon were almost 3x that of the best noble metal oxide benchmark catalyst, IrO2
 

and ~6x that of LaNiO3 synthesized by conventional coprecipitation.  The higher mass 

activities reflected the unusually high phase purity of the LaNiO3 nanocrystals and the 

relatively high BET surface area of 11 m
2
/g, partially facilitated by rapid drying of the 

nanoparticle dispersions with thin film freezing (TFF) and lyophilization.  Moreover, 

strong OER/ORR bifunctional character for the catalysts was shown by a low total 

overpotential, 1.02 V, between ORR and OER, on par or better than observed for noble 

metal catalysts  such as Ir (0.92 V) and Pt (1.16 V).  The design of phase pure high 

surface area nanocrystal aggregates, by calcining nanoparticle precursors synthesized by 

arrested growth precipitation and rapid drying, is applicable to a wide variety of metal 

oxide nanocrystal catalysts. 

8.2 RECOMMENDATIONS 

To realize high bifunctional catalytic activity of perovskite oxides towards the 

ORR and OER, methods to further increase the available electrocatalytic surface area are 

necessary. Bottom-up synthetic strategies for multi-cation systems must be employed that 
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eliminate the dissimilar rates of hydrolysis that lead to multiple. Synthetic techniques 

must be adapted to eliminate the sintering that occurs during the high temperature 

calcinations required to crystallize amorphous precursor particles. Finally, oxides, while 

inherently more stable operating in under anodic potentials, have been shown to undergo 

irreversible reduction and dissolution under cathodic conditions.
1
 Therfore, the stability 

of perovskites operating as bifunctional electrodes face must be examined and addressed.  

Synthesis of LaNiO3 precursor particles of ~6 nm in size have been demonstrated 

in the lab using a combination of Na3-citrate and increased TPAB / metal ratio. Synthetic 

strategies for creating nano-sized perovskites could be combined with processes such as 

salt-matrix annealing.   As shown previously
2
, a matrix of salt surrounding nanoparticles 

is capable of physically inhibiting the sintering process at high temperatures. This 

technique, when combined with small ~6 nm as-synthesized amorphous precursor 

particles harvested by thin-film freezing and lyophilization, is expected to further 

increase the surface area of the calcined LaNiO3 perovskite >10x that the demonstrated in 

Chapter 7, potentially leading to >10x mass activities.   

To address the stability of LaNiO3 under cathodic conditions
1,3,4

, substitution of 

La with rare-earths such as Nd has previously been shown
4,5

 to inhibit the formation of 

soluble Ni(OH)2, the primary cause of cathode dissolution. 
1,3,4

 It is known that partial 

substitution of the rare-earth A site atom with Sr has been shown to increase the 

conductivity.
6
 Thus a potential catalyst may be a La-Nd-Ni or La-Sr-Ni perovskite to 

enhance stability and/or activity.  The successful synthesis of additional perovskites 

(BSCF and LaCoO3) speaks to the generality of the method, which may enable novel 

combinations of metals for perovskites not available to other synthesis techniques. 

Other paradigms for achieving a bifunctional ORR/OER catalyst exist that have 

not been explored in this work to date, such as the combination of a highly active OER 
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perovskite with a metallic ORR catalyst, to obtain synergies similar to the Ag-MnOx 

study in Chapter 5.  Additionally, the substation of Ni
3+

 for a more noble metal with a d
7
 

or d
4
 orbital (Pd, Pt) could result in a promising bifunctional material but is relatively 

unexplored.
7
  Finally, catalysts with high activities should undergo potential cycling in a 

coin cell to determine the practical stability of the catalysts.
8
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Appendix 1: Highly Stable Pt/Ordered Graphitic Mesoporous Carbon 

Electrocatalysts for Oxygen Reduction  

A1.1 PT NANOCRYSTAL SYNTHESIS 

Platinum nanocrystals stabilized by dodecylamine were synthesized using the 

phase-transfer method developed by Wikander at al.
1
 15 mL of 60mM aqueous solution 

of platinum chloride was combined with 105 mL of toluene containing 1.5 g of TDAB 

(phase transfer catalyst). The mixture was stirred for 2 hours leading to platinum transfer 

from the aqueous phase to the organic phase. Dodecylamine (3.4 g) in 15 mL of toluene 

was added to the organic phase while stirring.  Platinum was then reduced by the drop-

wise addition of NaBH4 (0.57 g NaBH4 dissolved in 25 mL water). Upon reduction, the 

solution turned dark brown and was stirred for 2 h.  For cleaning, 500 mL of ethanol was 

added to the toluene phase (reduced to approximately 1/10
th

 the original volume) and 

then kept overnight in a freezer (-10°C). The platinum nanocrystals precipitated at the 

bottom of the breaker and were collected by decanting and dispersed in toluene. The 

platinum nanocrystals were further washed by adding excess ethanol 

(toluene:ethanol=1:35) and then dispersed in toluene. 

 

A1.2 INFUSION OF PT NANOCRYSTLAS INTO MESOPOROUS CARBON 

 The infusion of the Pt nanocrystals in mesoporous carbon was done by a similar 

procedure as previously reported by Gupta et al.
2
 30 mg of mesoporous carbon was 

mixed with ~3 mL of Pt nanocrystal dispersion in toluene of known concentrations ~4-10 

mg/mL (See Table 2.2). The contents were then stirred for 2 days. After stirring, the 

mesoporous carbon infused with Pt nanocrystals was separated from the nanocrystal 

supernatant by filtration with a 0.2 m PTFE filter. The extent of incorporation of Pt 

nanocrystals in the carbon was determined by subtracting from the initial mass of the 

dispersed nanocrystals in toluene, the final mass of the nanocrystals recovered in the 

supernatant after filtration.
3
  The absorbance of the Pt nanocrystals dispersed in toluene 

before and after infusion was measured using a Cary 500 UV-Vis-NIR spectrophotometer 
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with an optical path length of 1 cm. Figure A1.1a shows a representative absorbance 

curve for the Pt nanocrystals  

A standard calibration curve with a correlation coefficient of 0.998 was generated with 

known concentrations of Pt nanocrystals in toluene for a wavelength of 800 nm (Figure 

A1.1b). Typically loadings of 20% metal on mesoporous carbons for both AMC and 

GMC were obtained after infusion (See Table 2.2). Total uncertainty in loadings 

determined with this technique was approximately 7% as explained in detail previously.
4
 

To activate the catalysts, ligands were removed by calcining the catalyst at 300-500 °C 

for 2h. The temperature was ramped at 16°C/min. After calcination, the catalysts were 

washed with 100 mL of ethanol.  
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Figure A1.1 UV-Vis spectra for determination of 

catalyst loading 

(A) UV-Vis spectra of Pt nanocrystals dispersed 

in toluene before and after infusion in AMC and 

(B) calibration curve for Pt nanocrystals using 

known concentrations and measuring absorbance 

at 800 nm. Correlation coefficient was 0.9998.  
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Figure A1.2: TEM of 20% Pt on AMC calcined at 500°C (A) and the corresponding 

histogram (B). 
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Figure A1.3:  Determination of carbon corrosion 

characteristics at potential hold of 1.2V vs NHE  

by (A) overall capacitance and (B) normalized 

capacitance (0.1 M HClO4, Ar purged).  The 

same mass of carbon was used in each test.  
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Appendix 2: Highly Stable and Active Pt-Cu Oxygen Reduction 

Electrocatalysts Based on Mesoporous Graphitic Carbon Supports  

A2.1 CHARACTERIZATION 

A2.1.1 Nitrogen Porosimetry   

 N2 sorption analysis was performed on a Micromeritics Germini analyzer at -196 

°C (77 K). The specific surface area was calculated using the BET method from the 

nitrogen adsorption data in the relative range (P/P0) of 0.06-0.30. The samples were 

heated overnight at 100°C for degassing. The total pore volume was determined from the 

amount of N2 uptake at P/P0 = 0.95. The pore size distribution was derived from the 

adsorption branch of the isotherm based on the BJH model. 

A2.1.2 Electron Microscopy 

 Low-resolution images were visualized by TEM on a Phillips EM280 microscope 

with a 4.5 Å point-to-point resolution and operated at an 80 kV accelerating voltage.  

High resolution transmission electron microscopy (HRTEM) on the nanoparticles was 

performed using a JEOL 2010F TEM operating at 200 kV, and the carbon was imaged 

using a Hitachi HF-3300 at 300kV.  Pictures were obtained at the optimum defocus 

condition.  SEM-EDS was done to obtain average particle composition over a large area 

on a Hitachi S-4500 at 20 kV. 

A2.1.3 X-ray photoelectron spectroscopy  

  

 XPS was acquired using a Kratos AXIS Ultra DLD spectrometer equipped with a 

monochromatic Al X-ray source (Al Kα, 1.4866 keV) and operated with a 20 eV path 

energy for high resolution elemental scans and a160 eV for survey scans conducted at an 

angle of 45°. The sample was prepared by depositing the catalysts (1-2 mg) on the double 

sided copper tape and then placed into the vacuum chamber.  
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A2.1.4 Thermogravimetric analysis (TGA) 

 TGA was conducted using a Perkin–Elmer TGA7 equipment under oxygen flow. 

Samples were heated to 750 °C at the rate of 25 °C/min. Samples were held at 50 °C for 

10 min before increasing the temperature.  

A2.2 RESULTS AND DISCUSSION 

A2.2.1 Mesoporous carbon structure 

 We begin with a description of the mesoporous carbon structure.  Figure A2.1 

gives the adsorption-desorption isotherms for the three DMCs and corresponding pore 

size distributions. For all the carbons, three well-distinguished regions of the adsorption 

isotherm are evident: (i) monolayer- multilayer adsorption, (ii) capillary condensation, 

and (iii) multilayer adsorption on the outer particle surfaces. The adsorption isotherms 

show a type H1 behavior with capillary condensation at P/Po ~ 0.6 for DMC-850 and 

DMC-2000, while DMC-2600 likely shows a H2 hysteresis behavior. The slope and 

almost vertical step in the hysteresis loops suggest well-defined mesopores with a narrow 

pore size distribution as shown in Figure A2.1b.  

A2.2.2 Initial nanoparticle morphology and infusion 

 We provide supplemental figures to describe the nanoparticle morphology and 

infusion, Figure A2.2 gives the low resolution TEM micrographs of unsupported Pt20Cu80 

nanoparticles. The nanoparticles are relatively monodisperse with an average diameter of 

2.85±0.38 nm as seen in the histogram. The high resolution images show lattice fringes 

indicating that the crystalline nature of nanoparticles. The lattice d-spacing is 2.25Å and 

can be indexed for a Pt (111) phase.  

 Figure A2.3 (a) gives the absorbance of the Pt20Cu80 nanoparticles before and after 

infusion after dilution by a common factor. After infusion, the absorbance of the 

nanoparticle effluent solution is 23% lower than that before infusion, as the nanoparticles 

leave the solution and adsorb onto the mesoporous carbon (DMC-850).  The initial 

concentration of nanoparticles was 20 mg/mL. The change in concentration after infusion 

was determined by using a calibration curve generated by measuring the absorbance at 
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800 nm for several dilutions of Pt20Cu80 nanoparticles at known concentrations and was 

found to be 15.5 mg/mL. The absorbance-concentration calibration curve is linear (Figure 

A2.3b) with a correlation coefficient of 0.998. 

 The 4-fold enhancement in ORR catalyst activity observed for dealloyed Pt20Cu80 

catalysts cannot be attributed to surface roughing on the basis of the ECSA in Table 3.4.
1
. 

The ECSA for Pt20Cu80 after dealloying is 83 m
2
/g, only ~25% higher than the value for 

commercial 20% Pt on Vulcan XC-72, only a small fraction of the 4 fold increase in 

ORR catalyst activity.
2
  This conclusion about dealloying was also found in an earlier 

study.
3
   

A2.2.3 Early dealloying cycles 

 In Figure A2.4, we focus on the first 20 dealloying cycles to compliment the 

dealloying results in the main manuscript.  The surface of the Pt20Cu80 nanoparticles 

before dealloying is almost pure copper as indicated by lack of hydrogen desorption peak 

in the initial dealloying cycles. This suggests segregation of copper at the surface instead 

of formation of a uniform alloy, and is consistent with previous report of Cu segregation 

for the Cu rich Pt-Cu alloys.
4
  This can be attributed to the lower surface energy of the 

copper relative to platinum surfaces. For example, Cu(111) has a surface energy of 1409 

ergs/cm
2
 relative to 1656 ergs/cm

2
 for Pt(111).

5
 To minimize total surface energy, Pt-Cu 

nanoparticles may prefer copper over platinum. Further, the number of atoms of Pt:Cu is 

1:4 for Pt20Cu80 and thus copper has significantly higher probability to be on the surface 

relative to platinum. 

A2.2.4 Pure Pt Cyclic Voltammetry 

The potential range between 0.75- 0.85V where water activation leads to surface Pt-OH 

formation according to Pt + H2O = Pt-OH + H
+
 + e

- 
is shifted to higher potentials of 

~0.85V for dealloyed Pt20Cu80 as compared to that of pure Pt (0.8V) in Figure A2.5. 

Anodic shift of the peak potentials for the dealloyed catalysts compared to pure Pt 

suggested a delayed formation of Pt-OH surface species during anodic sweeps. This 

upward shift of the Pt-OH onset potential for Pt alloy electrocatalysts is either considered 
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the cause for enhanced ORR activity
6, 7

 or perceived more of an effect of a reduced Pt-O 

chemisorption energy
8
.  

A2.2.5 Nanoparticle binding energy by XPS 

 To characterize the nanoparticle binding energy, Figure A2.6 shows the XPS 

spectra of the pure Pt nanoparticles of 3 nm size supported on graphitized carbon. The 

binding energy for the Pt 4f7/2 peak is 72.1 eV as seen in Figure A2.6.  The binding 

energy is shifted to higher level by 1.1 eV relative to bulk unsupported Pt (71.0 eV) [Fu, 

Yu Rev 1] and by 0.8 eV relative to Pt supported on commercial amorphous carbon 

(~71.4 eV).
9
 As the nanoparticle size for the Pt is ~ 3 nm, the shift in the binding energy 

to higher value cannot be attributed to the particle size effects, which are observed for 1-2 

nm nanoparticles but become insignificant for > 2 nm nanoparticles.
9
   The binding 

energy shift to higher levels can hence be attributed to the enhanced Pt-carbon 

interactions facilitated by the  sites charge transfer to the Pt metal. It can hence be 

deduced that the metal-support interactions for Pt on graphitic supports are stronger than 

Pt on amorphous carbons and play a key role in enhancing the catalyst stability towards 

ADT potential cycling (Figure 2.8).  

A2.2.6 Oxidation of graphitic carbon by TGA 

 The oxidation of the graphitic carbons may be further studied TGA, to 

compliment the isothermal tests in the main manuscript.  Figure A2.7 shows the TGA 

curves for 20% Pt on DMC-850 and DMC-2000 mesoporous carbons.  The onset of 

carbon oxidation for DMC-850 is gradual and occurs at relatively low temperature of ~ 

300 °C for DMC 850, and is comparable to that of 20% Pt on Vulcan–XC72 which also 

starts oxidizing at ~ 300 °C.
10

  DMC-2000 on the other hand does not show any carbon 

degradation for DMC 2000 until 600 °C. Thus graphitic DMC-2000 is significantly more 

stable than DMC-850 as well as Vulcan carbon towards carbon oxidation by Pt. High 

stability of the carbon enables complete retention in activity upon ADT potential cycling 

for the dealloyed Pt20Cu80 on DMC-2000 catalysts (as seen in Figure 3.8). 
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 Thermal stability of the carbons supporting Pt after 16 days at 195 °C in air is 

shown in Figure A2.8.  The highly graphitized DMC 2000 and 2600 lose insignificant 

mass due to oxidation.  However, the more amorphous carbons losses up to ~9 wt %.  

This thermal oxidation resistance translates into the electrochemical oxidation resistance 

observed after ADT.  

A2.2.7 Change in particle size and composition during dealloying 

The change in composition from Pt20Cu80 to ~Pt20Cu4 (≡ Pt85Cu15) during dealloying may 

be compared with the shrinkage in nanoparticle size, by examining the relevant lattice 

parameters. Assuming close packing of atoms, the ratio of final volume (Vf) to initial 

volume (Vi), Vf/Vi= (NPt,f.aPt + NCu,f.aCu) /(NPt,i.aPt + NCu,i.aCu = 0.28) where the atomic 

volumes aPt = 1.51 cc/mole and aCu = 1.18 cc/mole and the numbers of atoms NPt,i , NCu,i , 

NPt,f, NCu,f  are 20, 80, 20, and 4, respectively. Consequently, the particle diameter ratio 

df/di = (Vf/Vi)
1/3

 = (1.245/0.349)
1/3

 = 0.66 corresponds to a shrinkage of 34%. However, 

from XRD and TEM, the shrinkage in the diameter is 10-12%. This discrepancy can be 

addressed by including the effect of lattice restructuring and expansion during copper 

removal. The lattice parameters were 3.610 Å for bulk Cu, 3.668 Å for the original Pt-Cu 

nanoparticles, 3.876 Å for the dealloyed particles and 3.923 Å for bulk Pt (Table 3.3). 

The net expansion in the unit cell lattice is thus estimated to be about 8%,((3.876/3.668)-

1)*100. Thus, the net estimated reduction of the nanoparticle size was 26% (34%-8%), 

which is in reasonable agreement with the experimentally observed reduction of 12%. 

Thus while the lattice undergoes expansion during dealloying, it is still smaller than pure 

Pt and thus causes strain in the Pt shell to enhance the activity.  

A2.2.8 Formation of bimetallic nanoparticles by precursor reduction techniques  

 For sequential impregnation the second metal precursor is infused and reduced on pre-

formed particles of the first metal on the support. However, the second precursor may 

nucleate separately on the heterogeneous support sites, instead of on the first metal 

resulting in a multi-phased catalyst,
11, 12 

 as was seen for Pt-Cu nanoparticles.
3 

 Three 

distinct composition phases of Pt68Cu32, Pt24Cu76 and pure Cu were observed upon 
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reduction of Cu precursor on supported Pt particles.
3 

 Upon dealloying, a very high 

activity enhancement of >4-fold (0.5 A/mg Pt) relative to pure Pt was observed for this 

multi-phased catalyst. The relationship between dealloying of the multiple phases and the 

varying Pt strain depending upon the initial phase composition can be highly complex. 

For simultaneous impregnation, the metal ions may separate chromatographically as they 

diffuse into the pores, producing particles with multiple alloy phases.
13-16 

 For example, 

PtNi synthesized by simultaneous impregnation produced two different phases of NiO 

and Pt94Ni6 for a precursor ratio of  Pt(70):Ni(30).
17 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1: Nitrogen adsorption-desorption curves (a) and corresponding 

pore size distributions (b) for the disordered mesoporous carbons. 
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Figure A2.2: TEM micrographs of Pt20Cu80 nanoparticles 

(a) low resolution and (b) high-resolution.  Part (c) shows the histogram of 

particles sizes measured from the low resolution image.  The average nanoparticle 

size is 2.85±0.38 nm. 
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Figure A2.3: UV-Vis spectra for determination 

of catalyst loading 

(a) Effect of infusion of the Pt20Cu80 nanoparticles 

in DMC-850 on absorbance as determined by UV-

Visible spectroscopy (b) Calibration curve of the UV-

Visual absorbance vs. concentration of Pt20Cu80 

nanoparticles in toluene, measured at 800 nm.  

A 

B 
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Figure A2.4: First 20 cyclic voltammetry profiles of Pt20Cu80 nanoparticles 

supported on DMC-2000 during electrochemical dealloying at 20 mV/s under 

argon.  

The black arrows indicate the direction in which the peak shifts as cycling 

progresses. 
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Figure A2.5 : Cyclic voltammogram of 20% 

monometallic Pt on DMC-2000 scanned at 100 mV/s in 

argon atmosphere.  
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Figure A2.6: XPS of 20% Pt supported on graphitized mesoporous 

carbon.   

Pt particles were synthesized and infused on graphitized 

mesoporous carbon.    
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Figure A2.7: TGA of Pt nanoparticles supported on 

disordered mesoporous carbons.   

The dashed vertical lines indicate the temperature for 

the onset of oxidation.    
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Carbon 
% loss of 

Carbon 

20% Pt on VC 8.84 

20% Pt on DMC 850 1.9 

20% Pt on DMC 2000 <0.7 

20% Pt on DMC 2600 <0.7 

Figure A2.8: Isothermal stability 

test at 195°C for 16 days of 20% Pt 

on different carbons.   

Pt particles were pre-synthesized 

and infused on the mesoporous 

carbons. 
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Appendix 3: Atomic Resolution Structural Insights into PdPt 

Nanoparticle-Carbon Interactions for the Design of Highly Active and 

Stable Electrocatalysts 

 

 

Figure A3.1: Low-res TEM micrograph of Pd3Pt2 

nanoparticles synthesized in a 50/50 solvent of 

diphenylether/oleylamine.   

Snake-like particles form when the capping 

ligand oleylamine is diluted relative to solely 

using it as solvent. 
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Figure A3.2:  TEM micrographs and corresponding histograms for commercial 

Pt/VC calcined at 350°C  

both (A,C) before and (B,D) after electrochemical stability cycling. 
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Figure A3.3:  TEM micrographs and corresponding histograms for commercial 

Pt/VC calcined at 600°C  

both (A,C) before and (B,D) after electrochemical stability cycling. 
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Figure A3.4: TGA of Pd3Pt2 and Pt nanocrystals 

supported on VC.   

The lower slope at temperatures greater than 

~400ºC may indicate a slower rate of the catalytic 

carbon oxidation by Pd3Pt2 particles relative to 

pure Pt. 
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Figure A3.5.  Diffraction pattern for Pd3Pt2 

alloy particles  

(Figure 4.3A) showing intensity broadening 

around the bright points, indicating the particle 

contains both a crystalline and disordered 

structure. 
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Figure A3.6:  XRD spectra for Pd3Pt2 alloy 

after calcination  

at (A) 350°C and (B) 600°C.  Scherrer particle 

sizes are (A) 4.0nm and (B) 4.7nm. 

  

Pd
3
Pt

2
 (350°C) A 

Pd
3
Pt

2
 (600°C) B 



237 

 

Figure A3.7: Normalized XPS spectra  

for the (A) Pt4f, (B) Pd3d, and (C) C1s regions both before and after stability cycling.  

The calculated ratio of Pt to Pd from these spectra is Pd1.8Pt1 and Pd0.9Pt1 before (blue) 

and after (red) cycling, respectively. 
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Figure A3.8:  STEM-EDS particle compositions for Pd3Pt2/VC 350ºC.   

Large area (A) and single particle EDS (B,C) spectra give a particle composition 

of ~Pd1.3Pt1, suggesting a uniform composition among the particles. 
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Figure A3.9:  Cyclic voltammetry (A,B) and linear sweep voltammetry (C,D) 

for commercial Pt/VC calcined at both 350ºC (A,C) and 600ºC  (B,D). 
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Figure A3.10:  XPS C1s spectra of controls for VC and 

VC + nafion ink, as well as Pd3Pt2/VC and Pd3Pt2/VC 

+ nafion ink before electrochemical cycling.   

The peak at 284.5 eV corresponds to graphitic carbon.  For 

catalyst inks, the nafion produces a peak at ~292 eV, 

corresponding to the CF2 groups in the polymer chain.  

Furthermore, the presence of nafion also broadens the tail 

at higher binding energies of the graphitic carbon peak 

(284.5 eV), suggesting slightly more oxidized carbon 

character for the catalyst inks relative to the powder. 
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Table A3.1†: Particle surface areas from structural and electrochemical techniques  

 Pd3Pt2 calcined at 350 °C Pd3Pt2 calcined at 600 °C 

Technique Before cycling 

[m
2
/gmetal] 

After cycling 

[m
2
/gmetal] 

Before cycling 

[m
2
/gmetal] 

After cycling 

[m
2
/gmetal] 

TEM
† 95 84 81 -- 

XRD
† 95 95 76 -- 

H upd 32 20 44 34 

†Areas calculated based on a linearly weighted density between Pd and Pt 

 

 

 

 

 

Table A3.2†:  Comparison of specific activities for 

the Pd3Pt2 alloy and commercial Pt catalysts.   

 

 

 

 

 

 
 

†The ECSA in units of [m2/gmetal] from H upd were 

used to calculate specific activities.  The significantly 

higher specific activity for the Pt/VC (600°C) after 

cycling is due to sintering of the particles, thereby 

exposing a more extended Pt crystalline surface.  This 

lowers the relative percentage of less active edges and 

facets, allowing for higher specific activity but lower 

mass activity (reduction from 0.061 A/mg to 0.033 

A/mg). 

 

  

Catalyst 

Specific Activity 

Before Cycling 

[μA/cm
2
] 

Specific Activity 

After Cycling 

[μA/cm
2
] 

Pd3Pt2/VC 

(350°C) 
213 266 

Pd3Pt2/VC 

(600°C) 
230 178 

Pt/VC 

(350°C) 
268 171 

Pt/VC 

(600°C) 
291 672 
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Appendix 4: Bifunctional Catalysts for Alkaline Oxygen Reduction 

Reaction via Promotion of Ligand and Ensemble Effects at Ag/MnOx 

Nanodomains 

 

 

Figure A4.1.  Low mag TEM of sequential 

deposition of MnOx, followed by Ag 

reduction in a separate step.   

This method yields Ag particles dispersed 

evenly over the support, as found for 

simultaneous addition of precursors. 
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Figure A4.2:  MnOx on Vulcan carbon as viewed with (A) bright field STEM and (B) 

dark field STEM with EDS elemental mapping of C, Mn, and O.   

The Mn is distributed over the carbon, but is not visible as particles in the bright field 

image as the domains are small and have low contrast with respect to the carbon.  

However, the dark field mapping image shows uniform dispersion of MnOx over the 

carbon surface. 

 

 

Figure A4.3:  Line scan of Ag-MnOx/VC as shown with (A) bright field STEM and (B) 

the corresponding line spectrum.   

The three peaks in the spectrum correspond to the three particles over which the sample 

was scanned.  MnOx is shown to be present along with each of the three Ag particles. 
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Figure A4.4:  Effect of varying molar ratio 

of Ag:Mn on ORR.  

 As the amount of Mn is decreased, (A) 

cyclic voltammetry shows a negative ORR 

peak shift as well as lower peak areas, 

indicating a lower turnover of oxygen.  For 

(B) the linear sweep voltammetry with a 

rotating disk electrode (1600 rpm, 5mV/s, 

O2 sat. 0.1M KOH), all catalysts display 

limiting currents which correspond to a ~4 

electron ORR.  As the amount of Mn is 

decreased, the polarization curves shift 

negatively, consistent with lower turnover 

rates of oxygen observed in the CVs. 
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Figure A4.5:  Cyclic voltammogram for VC in 0.1M KOH 

in both Ar and O2.   

The peak occurring at ~-0.15V is due to oxygen reduction.  

The negative peak shift is indicative of slower kinetics than for 

carbon containing the MnOx and Ag-MnOx catalysts. 
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Figure A4.6:  Cyclic voltammogram for Ag/VC in 0.1M 

KOH in both Ar (red) and O2 (black).   

The peak at ~-0.1 V vs NHE is due to oxygen reduction.  

The onset of a peak at ~0.2V is due to Ag oxidation. 

 

Table A4.1:  Comparison between the theoretical and experimental loadings of Ag and 

MnOx on Vulcan carbon.   

Sample 
Mol% MnOx 

(SEM-EDS) 
Mol% Ag 

(SEM-EDS) 
Mol% MnOx 

Theoretical* 
Mol% Ag 

Theoretical* 

56wt% Ag-MnOx/VC 8 4 8 3 

40wt% Ag-MnOx/VC 3 4 3 3 

10wt% Ag-MnOx/VC 0.5 0.7 0.5 0.5 

7wt% Ag-MnOx/VC 0.4 0.5 0.3 0.3 
*
 Theoretical loadings assumed that all of the moles of KMnO4 reacted to form MnOx, 

and each mole of MnOx reduced one atom of Ag. 
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Appendix 5: Atomic Ensemble and Electronic Effects in Ag-Rich AgPd 

Nanoalloy Catalysts for Oxygen Reduction in Alkaline Media 

 

 

Figure A5.1: Low mag TEM micrographs  

of (A) as-synthesized Ag9Pd nanoparticles, (B) Vulcan XC72 carbon supported Ag9Pd particles 

after calcination at 450°C in N2, and (C) commercial Pd/VC calcined at 450°C N2.  The alloy 

particles undergo slight sintering from 3.2 to 5.3 nm. The similar size of the alloy and the 

commercial catalyst after calcination allows for meaningful comparison of activities based on 

their similar surface/volume ratio.    
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Figure A5.2:  TEM for pure Ag nanoparticles  

(A) as-synthesized and after adsorption on Vulcan XC72 carbon and calcination at (B) 

210°C in H2/N2 and (C) 450°C in N2.  The particles sinter significantly for calcination 

at 450°C as it is above the Tamman temperature for ~5nm Ag nanoparticles 

(220°C),{Luo, 2008 #70} where bulk diffusion becomes rapid. 
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Figure A5.3:  X-ray diffraction for all Pd:Ag ratios.   

The diffraction peaks shift linearly to higher two thetas as 

the amount of Pd increases in the alloy.  The broad peaks 

from 20° to 30° correspond to the Vulcan XC72 carbon 

support.  The particle sizes calculated from the (111) 

reflection with the Scherrer equation are summarized in 

Table 6.1. 
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Figure A5.5:  Polarization curves for all alloy ratios 

studied as well as pure Ag and commercial Pd. 
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Figure A5.6: Cyclic voltammograms for all Ag:Pd 

ratios in Ar purged 0.1 KOH.   

The surface characteristics change as the more Pd is 

added to the alloy.  For dilute Ag≥4Pd, the CVs 

resemble that of pure Ag, with the addition of a small 

Pd oxide reduction peak at ~-0.2V.  For ratios of 

Ag≤2Pd, the Ag oxidation peaks are diminished while 

the characteristic Hupd peaks (~-0.6V to -0.8V) for pure 

Pd emerge.  As a minimum of Pd dimers in the surface 

is required for this Hupd, the alloy surface can be 

characterized Pd monomers dispersed in Ag for Ag≥4Pd, 

whereas Pd clusters in Ag are present for Ag≤2Pd. 



252 

 

 

Figure A5.7:  CO stripping 

voltammograms of Vulcan XC72 carbon 

supported (A) Pd, (B) Ag9Pd, and (C) Ag.   

The stripping peak at ~0.12 V for pure Pd is not 

present for the pure Ag catalyst.  The alloy 

catalyst displays a broad CO stripping curve 

from ~-0.1 V to 0.3V, indicating that the signal 

is not a combination of the pure components, but 

modified to a unique signature for the dilute Pd 

in Ag alloy surface. 
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Table A5.1.  XPS shifts for the various alloy ratios. 

Catalyst  
Pd 3d5/2 

Peak [eV] 
ΔPd5/2 
[eV] 

Ag 3d5/2 
Peak [eV] 

ΔAg5/2 
[eV] 

Ag -- -- 368.25 0 

Pd 335.55 0 -- -- 

Ag9Pd 335.2 0.35 368.15 0.1 

Ag4Pd 335.16 0.39 368.01 0.24 

Ag2Pd 334.86 0.69 367.76 0.49 

AgPd2 335.46 0.09 367.61 0.64 
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Appendix 6: High Surface Area Perovskite Nanocrystals with High 

Mass Activities for the Oxygen Evolution and Reduction Reactions 

 

Figure A6.1: SEM micrographs of particles calcined at 700°C in air.  

These particles were crystallized from A/B) amorphous particles processed with TFF 

and lyophilization, producing a thin film of sintered particles and C/D) amorphous 

particles dried in an oven at 120°C, resulting in larger particles with lower surface area. 
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Figure A6.2: XRD spectra of LaNiO3 particles calcined 

at at 800°C in O2.  

These particles were crystallized from amorphous 
precursor particles that were dried from a gel. This 
spectra indicate a nearly pure, stoichiometric LaNiO3 

phase, a detectable amount of NiO is present and peaks 

are marked with a .  
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Figure A6.3: BET adsorption curve for unsupported nsLaNiO3 and LaNiO3 
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Figure A6.4:  BET adsorption curve and pore size distribution (PSD) for NC  

These curves indicate a surface area of 1080 m
2
/g and pore volume 1.07cm

3
/g.  

The PSD shows the carbon is primarily composed of mesopores in the range of 

~10 nm.
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Figure A6.5: OER polarization curve for nsLaNiO3/NC in O2 

saturated 0.1 M KOH at 1600 rpm. 
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Figure A6.6: High resolution XPS spectra for the N 1s region of neat LaNiO3, 

LaNiO3/NC and pure NC.  



260 

 

Bibliography 

(1)  efunda.  

http://www.efunda.com/materials/corrosion/electrochem_entry.cfm.  1999. 

(2) Abe, K.; Hanada, T.; Yoshida, Y.; Tanigaki, N.; Takiguchi, H.; Nagasawa, H.; 

Nakamoto, M.; Yamaguchi, T.; Yase, K. Thin Solid Films 1998, 327, 524. 

(3) Adzic, R. R.; Zhang, J.; Sasaki, K.; Vukmirovic, M. B.; Shao, M.; Wang, J. X.; 

Nilekar, A. U.; Mavrikakis, M.; Valerio, J. A.; Uribe, F. Topics in Catalysis 2007, 46, 249. 

(4) Allard, L. F.; Flytzani-Stephanopoulos, M.; Overbury, S. H. Microscopy and 

Microanalysis 2010, 16, 375. 

(5) Antolini, E. Journal of Materials Science 2003, 38, 2995. 

(6) Antolini, E. Materials Chemistry and Physics 2003, 78, 563. 

(7) Antolini, E.; Giorgi, L.; Cardellini, F.; Passalacqua, E. Journal of Solid State 

Electrochemistry 2001, 5, 131. 

(8) Banhart, F. Nanoscale 2009, 1, 201. 

(9) Baturina, O. A.; Aubuchon, S. R.; Wynne, K. J. Chemistry of Materials 

2006, 18, 1498. 

(10) Bennett, T.; Poulikakos, D. Journal of Materials Science 1993, 28, 963. 

(11) Bezdicka, P.; Grygar, T.; Klapste, B.; Vondrak, J. Electrochimica Acta 1999, 

45, 913. 

(12) Bidault, F.; Brett, D. J. L.; Middleton, P. H.; Brandon, N. P. Journal of 

Power Sources 2009, 187, 39. 

(13) Blizanac, B. B.; Ross, P. N.; Markovic, N. M. Journal of Physical Chemistry 

B 2006, 110, 4735. 

(14) Bruce, P. G.; Scrosati, B.; Tarascon, J.-M. Angew. Chem.-Int. Edit. 2008, 

47, 2930. 



261 

 

(15) Calegaro, M. L.; Lima, F. H. B.; Ticianelli, E. A. Journal of Power Sources 

2006, 158, 735. 

(16) Calvo, S. R.; Balbuena, P. B. Surface Science 2007, 601, 165. 

(17) Cao, Y. L.; Yang, H. X.; Ai, X. P.; Xiao, L. F. Journal of Electroanalytical 

Chemistry 2003, 557, 127. 

(18) Chang, S. H.; Su, W. N.; Yeh, M. H.; Pan, C. J.; Yu, K. L.; Liu, D. G.; Lee, J. F.; 

Hwang, B. J. Chemistry-a European Journal 2010, 16, 11064. 

(19) Chatenet, M.; Aurousseau, M.; Durand, R.; Andolfatto, F. Journal of the 

Electrochemical Society 2003, 150, D47. 

(20) Chen, L.; Yelon, A.; Sacher, E. Journal of Physical Chemistry C 2011, 115, 

7896. 

(21) Chen, M.; Kumar, D.; Yi, C.-W.; Goodman, D. W. Science 2005, 310, 291. 

(22) Chen, M.; Liu, J. P.; Sun, S. H. Journal of the American Chemical Society 

2004, 126, 8394. 

(23) Chen, S.; Sheng, W. C.; Yabuuchi, N.; Ferreira, P. J.; Allard, L. F.; Shao-

Horn, Y. Journal of Physical Chemistry C 2009, 113, 1109. 

(24) Chen, W.; Kim, J.; Sun, S.; Chen, S. The Journal of Physical Chemistry C 

2008, 112, 3891. 

(25) Chen, Y.; Yang, F.; Dai, Y.; Wang, W.; Chen, S. Journal of Physical 

Chemistry C 2008, 112, 1645. 

(26) Chen, Z.; Deng, W.; Wang, X.; Yan, Y. ECS Transactions 2007, 11, 1289. 

(27) Chen, Z.; Yu, A. P.; Higgins, D.; Li, H.; Wang, H. J.; Chen, Z. W. Nano Letters 

2012, 12, 1946. 

(28) Cheng, F.; Su, Y.; Liang, J.; Tao, Z.; Chen, J. Chemistry of Materials 2010, 

22, 898. 



262 

 

(29) Cheng, F. Y.; Chen, J. Chem. Soc. Rev. 2012, 41, 2172. 

(30) Chhina, H.; Campbell, S.; Kesler, O. Journal of the Electrochemical Society 

2009, 156, B1232. 

(31) Chlistunoff, J. Journal of Physical Chemistry C 2011, 115, 6496. 

(32) Choi, W. C.; Woo, S. I.; Jeon, M. K.; Sohn, J. M.; Kim, M. R.; Jeon, H. J. 

Advanced Materials (Weinheim, Germany) 2005, 17, 446. 

(33) Coloma, F.; Sepulveda-Escribano, A.; Rodriquez-Reinoso, F. Journal of 

Catalysis 1995, 154, 299. 

(34) Cuesta, A. ChemPhysChem 2011, 12, 2375. 

(35) Cuesta, A.; Dhamelincourt, P.; Laureyns, J.; Martinez-Alonso, A.; Tascon, J. 

M. D. Carbon 1994, 32, 1523. 

(36) Cuong, N. T.; Chi, D. H.; Kim, Y.-T.; Mitani, T. Physica Status Solidi 2006, 

13, 3472. 

(37) Cushing, B. L.; Kolesnichenko, V. L.; O'Connor, C. J. Chem. Rev. 2004, 104, 

3893. 

(38) Darmstadt, H.; Roy, C.; Kaliaguine, S.; Choi, S. J.; Ryoo, R. Carbon 2002, 

40, 2673. 

(39) Dhouib, A.; Guesmi, H. Chemical Physics Letters 2012, 521, 98. 

(40) Ding, J.; Chan, K.-Y.; Ren, J.; Xiao, F.-s. Electrochimica Acta 2005, 50, 3131. 

(41) Engstrom, J. D.; Lai, E. S.; Ludher, B. S.; Chen, B.; Milner, T. E.; Williams, R. 

O.; Kitto, G. B.; Johnston, K. P. Pharm. Res. 2008, 25, 1334. 

(42) Fernandez, J. L.; Raghuveer, V.; Manthiram, A.; Bard, A. J. Journal of the 

American Chemical Society 2005, 127, 13100. 

(43) Fernandez, J. L.; Walsh, D. A.; Bard, A. J. Journal of the American Chemical 

Society 2005, 127, 357. 



263 

 

(44) Ferreira, P. J.; la O, G. J.; Shao-Horn, Y.; Morgan, D.; Makharia, R.; Kocha, 

S.; Gasteiger, H. A. Journal of the Electrochemical Society 2005, 152, A2256. 

(45) Freund, A.; Lang, J.; Lehmann, T.; Starz, K. A. Catalysis Today 1996, 27, 

279. 

(46) Fu, X.; Wang, Y.; Wu, N.; Gui, L.; Tang, Y. Journal of Colloid and Interface 

Science 2001, 243, 326. 

(47) Fukai, J.; Ozaki, T.; Asami, H.; Miyatake, O. JOURNAL OF CHEMICAL 

ENGINEERING OF JAPAN 2000, 33, 630. 

(48) Garsuch, A.; Stevens, D. A.; Sanderson, R. J.; Wang, S.; Atanasoski, R. T.; 

Hendricks, S.; Debe, M. K.; Dahn, J. R. Journal of the Electrochemical Society 2010, 157, 

B187. 

(49) Gasteiger, H. A. Electrochemistry (Tokyo, Japan) 2007, 75, 103. 

(50) Gasteiger, H. A.; Kocha, S. S.; Sompalli, B.; Wagner, F. T. Applied Catalysis, 

B: Environmental 2005, 56, 9. 

(51) Gierszal, K. P.; Kim, T.-W.; Ryoo, R.; Jaroniec, M. Journal of Physical 

Chemistry B 2005, 109, 23263. 

(52) Gilbert, B.; Huang, F.; Zhang, H. Z.; Waychunas, G. A.; Banfield, J. F. 

Science 2004, 305, 651. 

(53) Girishkumar, G.; McCloskey, B.; Luntz, A. C.; Swanson, S.; Wilcke, W. 

Journal of Physical Chemistry Letters 2010, 1, 2193. 

(54) Gontard, L. C.; Chang, L. Y.; Hetherington, C. J. D.; Kirkland, A. I.; Ozkaya, 

D.; Dunin-Borkowski, R. E. Angew. Chem.-Int. Edit. 2007, 46, 3683. 

(55) Gorlin, Y.; Jaramillo, T. F. Journal of the American Chemical Society 2010, 

132, 13612. 



264 

 

(56) Grden, M.; Lukaszewski, M.; Jerkiewicz, G.; Czerwinski, A. Electrochimica 

Acta 2008, 53, 7583. 

(57) Greeley, J.; Krekelberg, W. P.; Mavrikakis, M. Angewandte Chemie, 

International Edition 2004, 43, 4296. 

(58) Gu, Z. H.; Balbuena, P. B. Journal of Physical Chemistry A 2006, 110, 9783. 

(59) Guo, J.; Hsu, A.; Chu, D.; Chen, R. Journal of Physical Chemistry C 2010, 

114, 4324. 

(60) Gupta, G.; Patel, M. N.; Ferrer, D.; Heitsch, A. T.; Korgel, B. A.; Johnston, 

K. P. Chemistry of Materials 2008. 

(61) Gupta, G.; Shah, P. S.; Zhang, X.; Saunders, A. E.; Korgel, B. A.; Johnston, 

K. P. Chemistry of Materials 2005, 17, 6728. 

(62) Gupta, G.; Slanac, D. A.; Kumar, P.; Wiggins-Camacho, J. D.; Kim, J.; Ryoo, 

R.; Stevenson, K. J.; Johnston, K. P. Journal of Physical Chemistry C 2010, 114, 10796. 

(63) Gupta, G.; Slanac, D. A.; Kumar, P.; Wiggins-Camacho, J. D.; Wang, X.; 

Swinnea, S.; More, K. L.; Dai, S.; Stevenson, K. J.; Johnston, K. P. Chemistry of Materials 

2009, 21, 4515. 

(64) Gupta, G.; Stowell, C. A.; Patel, M. N.; Gao, X.; Yacaman, M. J.; Korgel, B. 

A.; Johnston, K. P. Chemistry of Materials 2006, 18, 6239. 

(65) Hacker, V.; Wallnofer, E.; Baumgartner, W.; Schaffer, T.; Besenhard, J. O.; 

Schrottner, H.; Schmied, M. Electrochemistry Communications 2005, 7, 377. 

(66) Haider, M. A.; Capizzi, A. J.; Murayama, M.; McIntosh, S. Solid State Ion. 

2011, 196, 65. 

(67) Han, J. J.; Li, N.; Zhang, T. Y. Journal of Power Sources 2009, 193, 885. 

(68) Han, P.; Axnanda, S.; Lyubinetsky, I.; Goodman, D. W. Journal of the 

American Chemical Society 2007, 129, 14355. 



265 

 

(69) Harting, K.; Kunz, U.; Turek, T. Z. Phys. Chemie-Int. J. Res. Phys. Chem. 

Chem. Phys. 2012, 226, 151. 

(70) Hayashi, M.; Uemura, H.; Shimanoe, K.; Miura, N.; Yamazoe, N. Journal of 

the Electrochemical Society 2004, 151, A158. 

(71) He, W.; Chen, M.; Zou, Z. Q.; Li, Z. L.; Zhang, X. G.; Jin, S. A.; You, D. J.; Pak, 

C.; Yang, H. Applied Catalysis B-Environmental 2010, 97, 347. 

(72) Hepel, M.; Tomkiewicz, M. Journal of the Electrochemical Society 1984, 

131, 1288. 

(73) Hodgkins, R. P.; Ahniyaz, A.; Parekh, K.; Belova, L. M.; Bergstroem, L. 

Langmuir 2007, 23, 8838. 

(74) Hong, J. W.; Kim, D.; Lee, Y. W.; Kim, M.; Kang, S. W.; Han, S. W. Angew. 

Chem.-Int. Edit. 2011, 50, 8876. 

(75) Hou, J. G.; Li, X.; Wang, H.; Wang, B. Journal of Physics and Chemistry of 

Solids 2000, 61, 995. 

(76) Huang, X.; Yue, H.; Attia, A.; Yang, Y. Journal of the Electrochemical 

Society 2007, 154, A26. 

(77) Imaizumi, S.; Shimanoe, K.; Teraoka, Y.; Miura, N.; Yamazoe, N. Journal of 

the Electrochemical Society 2004, 151, A1559. 

(78) Imaizumi, S.; Shimanoe, K.; Teraoka, Y.; Yamazoe, N. Electrochem. Solid 

State Lett. 2005, 8, A270. 

(79) Ishizuka, K.; Abe, E. 

(80) Jana, N. R.; Peng, X. Journal of the American Chemical Society 2003, 125, 

14280. 

(81) Javey, A.; Guo, J.; Wang, Q.; Lundstrom, M.; Dai, H. J. Nature 2003, 424, 

654. 



266 

 

(82) Jiang, L.; Hsu, A.; Chu, D.; Chen, R. Electrochimica Acta 2010, 55, 4506. 

(83) Jin, X.; Zhou, W.; Zhang, S.; Chen, G. Z. Small 2007, 3, 1513. 

(84) Joo, J. B.; Kim, Y. J.; Kim, W.; Kim, N. D.; Kim, P.; Kim, Y.; Yi, J. Korean 

Journal of Chemical Engineering 2008, 25, 770. 

(85) Joo, S. H.; Choi, S. J.; Oh, I.; Kwak, J.; Liu, Z.; Terasaki, O.; Ryoo, R. Nature 

(London, United Kingdom) 2001, 414, 470. 

(86) Jose-Yacaman, M.; Marin-Almazo, M.; Ascencio, J. A. J. Mol. Catal. A-

Chem. 2001, 173, 61. 

(87) Karlsson, G. Journal of Power Sources 1983, 10, 319. 

(88) Kim, T.-W.; Kleitz, F.; Paul, B.; Ryoo, R. Journal of the American Chemical 

Society 2005, 127, 7601. 

(89) Kim, T.-W.; Park, I.-S.; Ryoo, R. Angewandte Chemie, International Edition 

2003, 42, 4375. 

(90) Kim, T.-W.; Solovyov, L. A. Journal of Materials Chemistry 2006, 16, 1445. 

(91) Kinoshita, K. Carbon: Electrochemical and Physicochemical Properties; 

John Wiey and Sons, 1988. 

(92) Kinoshita, K. Carbon: Electrochemical and Physiochemical Properties; John 

Wiley & Sons: New York, 1988. 

(93) Kinoshita, K. Journal of the Electrochemical Society 1990, 137, 845. 

(94) Koh, S.; Hahn, N.; Yu, C.; Strasser, P. J. Electrochem. Soc. 2008, 155, 

B1281. 

(95) Koh, S.; Leisch, J.; Toney, M. F.; Strasser, P. Journal of Physical Chemistry 

C 2007, 111, 3744. 

(96) Koh, S.; Strasser, P. Journal of the American Chemical Society 2007, 129, 

12624. 



267 

 

(97) Koh, S.; Yu, C.; Strasser, P. ECS Transactions 2007, 11, 205. 

(98) Kongkanand, A.; Kuwabata, S.; Girishkumar, G.; Kamat, P. Langmuir 2006, 

22, 2392. 

(99) Kostowskyj, M. A.; Gilliam, R. J.; Kirk, D. W.; Thorpe, S. J. Int. J. Hydrog. 

Energy 2008, 33, 5773. 

(100) Kostowskyj, M. A.; Kirk, D. W.; Thorpe, S. J. ECS Transactions 2008, 16, 

419. 

(101) Kostowskyj, M. A.; Kirk, D. W.; Thorpe, S. J. Int. J. Hydrog. Energy 2010, 

35, 5666. 

(102) Kuo, T.-C.; McCreery, R. L. Analytical Chemistry 1999, 71, 1553. 

(103) Lai, F. J.; Su, W. N.; Sarma, L. S.; Liu, D. G.; Hsieh, C. A.; Lee, J. F.; Hwang, 

B. J. Chemistry-a European Journal 2010, 16, 4602. 

(104) Lee, C.-L.; Chiou, H.-P.; Chang, K.-C.; Huang, C.-H. Int. J. Hydrog. Energy 

2011, 36, 2759. 

(105) Lee, Y.; Suntivich, J.; May, K. J.; Perry, E. E.; Shao-Horn, Y. Journal of 

Physical Chemistry Letters 2012, 3, 399. 

(106) Li, H.; Sun, G.; Li, N.; Sun, S.; Su, D.; Xin, Q. Journal of Physical Chemistry C 

2007, 111, 5605. 

(107) Li, X.; Hsing, I. M. Electrochimica Acta 2006, 51, 3477. 

(108) Li, X.; Zhu, Y.; Zou, Z.; Zhao, M.; Li, Z.; Zhou, Q.; Akins, D. L.; Yang, H. 

Journal of the Electrochemical Society 2009, 156, B1107. 

(109) Liang, C.; Dai, S. Journal of the American Chemical Society 2006, 128, 

5316. 

(110) Lim, B.; Jiang, M.; Camargo, P. H. C.; Cho, E. C.; Tao, J.; Lu, X.; Zhu, Y.; Xia, 

Y. Science 2009, 324, 1302. 



268 

 

(111) Lim, B.; Xiong, Y. J.; Xia, Y. N. Angew. Chem.-Int. Edit. 2007, 46, 9279. 

(112) Lima, F. H. B.; Calegaro, M. L.; Ticianelli, E. A. Journal of Electroanalytical 

Chemistry 2006, 590, 152. 

(113) Lima, F. H. B.; Sanches, C. D.; Ticianelli, E. A. Journal of the 

Electrochemical Society 2005, 152, A1466. 

(114) Lima, F. H. B.; Zhang, J.; Shao, M. H.; Sasaki, K.; Vukmirovic, M. B.; 

Ticianelli, E. A.; Adzic, R. R. Journal of Physical Chemistry C 2007, 111, 404. 

(115) Lima, F. H. B.; Zhang, J.; Shao, M. H.; Sasaki, K.; Vukmirovic, M. B.; 

Ticianelli, E. A.; Adzic, R. R. Journal of Solid State Electrochemistry 2008, 12, 399. 

(116) Liu, P.; Norskov, J. K. Physical Chemistry Chemical Physics 2001, 3, 3814. 

(117) Liu, S.-H.; Lu, R.-F.; Huang, S.-J.; Lo, A.-Y.; Chien, S.-H.; Liu, S.-B. Chemical 

Communications (Cambridge, United Kingdom) 2006, 3435. 

(118) Liu, Z.; Koh, S.; Yu, C.; Strasser, P. Journal of the Electrochemical Society 

2007, 154, B1192. 

(119) Lopes, T.; Antolini, E.; Gonzalez, E. R. Int. J. Hydrog. Energy 2008, 33, 

5563. 

(120) Lu, Y.-C.; Xu, Z.; Gasteiger, H. A.; Chen, S.; Hamad-Schifferli, K.; Shao-

Horn, Y. Journal of the American Chemical Society 2010, 132, 12170. 

(121) Luo, W.; Hu, W.; Xiao, S. Journal of Physical Chemistry C 2008, 112, 2359. 

(122) Lyon, J. L.; Stevenson, K. J. ECS Transactions 2009, 16, 1. 

(123) Ma, S. B.; Ahn, K. Y.; Lee, E. S.; Oh, K. H.; Kim, K. B. Carbon 2007, 45, 375. 

(124) Ma, Y.; Bansmann, J.; Diemant, T.; Behm, R. J. Surface Science 2009, 603, 

1046. 

(125) Ma, Y.; Diemant, T.; Bansmann, J.; Behm, R. J. Physical Chemistry 

Chemical Physics 2011, 13, 10741. 



269 

 

(126) Maiti, A.; Ricca, A. Chemical Physics Letters 2004, 395, 7. 

(127) Makharia, R.; Kocha, S. S.; Yu, P. T.; Sweikart, M. A.; Gu, W.; Wagner, F. T.; 

Gasteiger, H. A. ECS Transactions 2006, 1, 3. 

(128) Maldonado, S.; Morin, S.; Stevenson, K. J. Carbon 2006, 44, 1429. 

(129) Mani, P.; Srivastava, R.; Strasser, P. Journal of Physical Chemistry C 2008, 

112, 2770. 

(130) Mani, P.; Srivastava, R.; Yu, C.; Strasser, P. ECS Transactions 2007, 11, 

933. 

(131) Mann, D.; Javey, A.; Kong, J.; Wang, Q.; Dai, H. J. Nano Letters 2003, 3, 

1541. 

(132) Mao, L. Q.; Sotomura, T.; Nakatsu, K.; Koshiba, N.; Zhang, D.; Ohsaka, T. 

Journal of the Electrochemical Society 2002, 149, A504. 

(133) Markovic, N.; Gasteiger, H.; Ross, P. N. Journal of the Electrochemical 

Society 1997, 144, 1591. 

(134) Maroun, F.; Ozanam, F.; Magnussen, O. M.; Behm, R. J. Science 2001, 293, 

1811. 

(135) Martinez-Casillas, D. C.; Vazquez-Huerta, G.; Perez-Robles, J. F.; Solorza-

Feria, O. Journal of New Materials for Electrochemical Systems 2010, 13, 163. 

(136) Mathias, M. F.; Makharia, R.; Gasteiger, H. A.; Conley, J. J.; Fuller, T. J.; 

Gittleman, C. I.; Kocha, S. S.; Miller, D. P.; Mittelsteadt, C. K.; Xie, T.; Yan, S. G.; Yu, P. T. 

Electrochemical Society Interface 2005, 14, 24. 

(137) Matsumoto, T.; Komatsu, T.; Nakano, H.; Arai, K.; Nagashima, Y.; Yoo, E.; 

Yamazaki, T.; Kijima, M.; Shimizu, H.; Takasawa, Y.; Nakamura, J. Catalysis Today 2004, 

90, 277. 



270 

 

(138) Mavrikakis, M.; Hammer, B.; Norskov, J. K. Physical Review Letters 1998, 

81, 2819. 

(139) Mazumder, V.; Chi, M. F.; More, K. L.; Sun, S. H. Angew. Chem.-Int. Edit. 

2010, 49, 9368. 

(140) Mazumder, V.; Sun, S. Journal of the American Chemical Society 2009, 

131, 4588. 

(141) Min, M.-K.; Cho, J.; Cho, K.; Kim, H. Electrochimica Acta 2000, 45, 4211. 

(142) Morrow, B. H.; Striolo, A. Molecular Simulation 2009, 35, 795. 

(143) Mukerjee, S. Journal of Applied Electrochemistry 1990, 20, 537. 

(144) Myers, S. V.; Frenkel, A. I.; Crooks, R. M. Chemistry of Materials 2009, 21, 

4824. 

(145) Nam, J.-H.; Jang, Y.-Y.; Kwon, Y.-U.; Nam, J.-D. Electrochemistry 

Communications 2004, 6, 737. 

(146) Neburchilov, V.; Wang, H.; Martin, J. J.; Qu, W. Journal of Power Sources 

2010, 195, 1271. 

(147) Nemanich, R. J.; Solin, S. A. Physical Review B: Condensed Matter and 

Materials Physics 1979, 20, 392. 

(148) Neyerlin, K. C.; Srivastava, R.; Yu, C.; Strasser, P. Journal of Power Sources 

2009, 186, 261. 

(149) Nguyen, S. T.; Law, H. M.; Nguyen, H. T.; Kristian, N.; Wang, S.; Chan, S. 

H.; Wang, X. Applied Catalysis B-Environmental 2009, 91, 507. 

(150) Nilekar, A. U.; Xu, Y.; Zhang, J. L.; Vukmirovic, M. B.; Sasaki, K.; Adzic, R. 

R.; Mavrikakis, M. Topics in Catalysis 2007, 46, 276. 

(151) Norskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R.; 

Bligaard, T.; Jonsson, H. Journal of Physical Chemistry B 2004, 108, 17886. 



271 

 

(152) Ogasawara, T.; Debart, A.; Holzapfel, M.; Novak, P.; Bruce, P. G. Journal of 

the American Chemical Society 2006, 128, 1390. 

(153) Ohsaka, T.; Mao, L. Q.; Arihara, K.; Sotomura, T. Electrochemistry 

Communications 2004, 6, 273. 

(154) Oliveira, M. C.; Rego, R.; Fernandes, L. S.; Tavares, P. B. Journal of Power 

Sources 2011, 196, 6092. 

(155) Ominde, N.; Bartlett, N.; Yang, X.-Q.; Qu, D. Journal of Power Sources 

2010, 195, 3984. 

(156) Ovenstone, J.; Chan, K. C.; Ponton, C. B. Journal of Materials Science 

2002, 37, 3315. 

(157) Pantea, D.; Darmstadt, H.; Kaliaguine, S.; Summchen, L.; Roy, C. Carbon 

2001, 39, 1147. 

(158) Park, I. S.; Park, K. W.; Choi, J. H.; Park, C. R.; Sung, Y. E. Carbon 2007, 45, 

28. 

(159) Park, K. W.; Sung, Y. E.; Han, S.; Yun, Y.; Hyeon, T. Journal of Physical 

Chemistry B 2004, 108, 939. 

(160) Park, Y.; Lee, B.; Kim, C.; Kim, J.; Nam, S.; Oh, Y.; Park, B. The Journal of 

Physical Chemistry C 2010, 114, 3688. 

(161) Park, Y.; Nam, S.; Oh, Y.; Choi, H.; Park, J.; Park, B. The Journal of Physical 

Chemistry C 2011, 115, 7092. 

(162) Patel, M. N.; Wang, X.; Wilson, B.; Ferrer, D. A.; Dai, S.; Stevenson, K. J.; 

Johnston, K. P. Journal of Materials Chemistry 2010, 20, 390. 

(163) Peng, Z.; Yang, H. Journal of the American Chemical Society 2009, 131, 

7542. 



272 

 

(164) Pickrahn, K. L.; Park, S. W.; Gorlin, Y.; Lee, H.-B.-R.; Jaramillo, T. F.; Bent, 

S. F. Advanced Energy Materials 2012, n/a. 

(165) Pourbaix, M. Atlas of Electrochemical Equilibria in Aqueous Solutions; 

NACE International, 1974. 

(166) Pylypenko, S.; Queen, A.; Olson, T. S.; Dameron, A.; O’Neill, K.; Neyerlin, 

K. C.; Pivovar, B.; Dinh, H. N.; Ginley, D. S.; Gennett, T.; O’Hayre, R. The Journal of 

Physical Chemistry C 2011, null. 

(167) Raghuveer, V.; Ferreira, P. J.; Manthiram, A. Electrochemistry 

Communications 2006, 8, 807. 

(168) Rajalakshmi, N.; Lakshmi, N.; Dhathathreyan, K. S. Int. J. Hydrog. Energy 

2008, 33, 7521. 

(169) Rajalakshmi, N.; Ryu, H.; Shaijumon, M. M.; Ramaprabhu, S. Journal of 

Power Sources 2005, 140, 250. 

(170) Ramirez-Caballero, G. E.; Ma, Y. G.; Callejas-Tovar, R.; Balbuena, P. B. 

Physical Chemistry Chemical Physics 2010, 12, 2209. 

(171) Rioux, R. M.; Song, H.; Hoefelmeyer, J. D.; Yang, P.; Somorjai, G. A. Journal 

of Physical Chemistry B 2005, 109, 2192. 

(172) Roche, I.; Chainet, E.; Chatenet, M.; Vondrak, J. Journal of Physical 

Chemistry C 2007, 111, 1434. 

(173) Rodriguez, J. A. Heterogeneous Chemistry Reviews 1996, 3, 17. 

(174) Rotenberg, Y.; Srinivasan, S.; Varghabutler, E. I.; Neumann, A. W. Journal 

of Electroanalytical Chemistry 1986, 213, 43. 

(175) Ruban, A. V.; Skriver, H. L.; Norskov, J. K. Physical Review B: Condensed 

Matter and Materials Physics 1999, 59, 15990. 



273 

 

(176) Ryoo, R.; Joo, S. H.; Jun, S. Journal of Physical Chemistry B 1999, 103, 

7743. 

(177) Salgado, J. R. C.; Antolini, E.; Gonzalez, E. R. Journal of Physical Chemistry 

B 2004, 108, 17767. 

(178) Sanchez, S. I.; Small, M. W.; Zuo, J. M.; Nuzzo, R. G. Journal of the 

American Chemical Society 2009, 131, 8683. 

(179) Sasaki, K.; Naohara, H.; Cai, Y.; Choi, Y. M.; Liu, P.; Vukmirovic, M. B.; 

Wang, J. X.; Adzic, R. R. Angew. Chem.-Int. Edit. 2010, 49, 8602. 

(180) Schlapka, A.; Lischka, M.; Gross, A.; Kasberger, U.; Jakob, P. Physical 

Review Letters 2003, 91, 016101/1. 

(181) Shanahan, P. V.; Xu, L.; Liang, C.; Waje, M.; Dai, S.; Yan, Y. S. Journal of 

Power Sources 2008, 185, 423. 

(182) Shao, M.; Peles, A.; Shoemaker, K. Nano Letters 2011, 11, 3714. 

(183) Shao, M. H.; Huang, T.; Liu, P.; Zhang, J.; Sasaki, K.; Vukmirovic, M. B.; 

Adzic, R. R. Langmuir 2006, 22, 10409. 

(184) Shao, Y.; Yin, G.; Gao, Y. Journal of Power Sources 2007, 171, 558. 

(185) Shao, Y.; Yin, G.; Gao, Y.; Shi, P. Journal of the Electrochemical Society 

2006, 153, A1093. 

(186) Shao, Z. P.; Zhou, W.; Zhu, Z. H. Prog. Mater. Sci. 2012, 57, 804. 

(187) Shao-Horn, Y.; Ferreira, P. J.; la O, G. J.; Morgan, D.; Gasteiger, H.; 

Makharia, R. ECS Transactions 2006, 1, 185. 

(188) Shao-Horn, Y.; Sheng, W. C.; Chen, S.; Ferreira, P. J.; Holby, E. F.; Morgan, 

D. Topics in Catalysis 2007, 46, 285. 

(189) Slanac, D. A.; Li, L.; Stevenson, K. J.; Johnston, K. ECS Transactions 2010, 

33, 161. 



274 

 

(190) Soares, C. O.; Carvalho, M. D.; Jorge, M. E. M.; Gomes, A.; Silva, R. A.; 

Rangel, C. M.; Pereira, M. I. D. Journal of Applied Electrochemistry 2012, 42, 325. 

(191) Spendelow, J. S.; Wieckowski, A. Physical Chemistry Chemical Physics 

2007, 9, 2654. 

(192) Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G.; Ross, P. N.; Lucas, C. 

A.; Markovic, N. M. Science (Washington, DC, United States) 2007, 315, 493. 

(193) Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G.; Ross, P. N.; Lucas, C. 

A.; Markovic, N. M. Science 2007, 315, 493. 

(194) Stevens, D. A.; Dahn, J. R. Carbon 2004, 43, 179. 

(195) Stevens, D. A.; Hicks, M. T.; Haugen, G. M.; Dahn, J. R. Journal of the 

Electrochemical Society 2005, 152, A2309. 

(196) Strasser, P.; Koh, S.; Anniyev, T.; Greeley, J.; More, K.; Yu, C. F.; Liu, Z. C.; 

Kaya, S.; Nordlund, D.; Ogasawara, H.; Toney, M. F.; Nilsson, A. Nature Chemistry 2010, 

2, 454. 

(197) Strasser, P.; Koh, S.; Greeley, J. Physical Chemistry Chemical Physics 2008, 

10, 3670. 

(198) Strasser, P.; Koh, S.; Yu, C. ECS Transactions 2007, 11, 167. 

(199) Sun, S. H.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A. Science 2000, 287, 

1989. 

(200) Sun, X.; Kang, S.; Harrell, J. W.; Nikles, D. E.; Dai, Z. R.; Li, J.; Wang, Z. L. 

Journal of Applied Physics 2003, 93, 7337. 

(201) Sunarso, J.; Torriero, A. A. J.; Zhou, W.; Howlett, P. C.; Forsyth, M. Journal 

of Physical Chemistry C 2012, 116, 5827. 

(202) Suntivich, J.; Gasteiger, H. A.; Yabuuchi, N.; Nakanishi, H.; Goodenough, J. 

B.; Shao-Horn, Y. Nature Chemistry 2011, 3, 546. 



275 

 

(203) Suntivich, J.; Gasteiger, H. A.; Yabuuchi, N.; Shao-Horn, Y. Journal of the 

Electrochemical Society 2010, 157, B1263. 

(204) Suntivich, J.; May, K. J.; Gasteiger, H. A.; Goodenough, J. B.; Shao-Horn, Y. 

Science 2011, 334, 1383. 

(205) Tang, Q.; Jiang, L.; Qi, J.; Jiang, Q.; Wang, S.; Sun, G. Applied Catalysis B-

Environmental 2011, 104, 337. 

(206) Teraoka, Y.; Nanri, S.; Moriguchi, I.; Kagawa, S.; Shimanoe, K.; Yamazoe, 

N. Chem. Lett. 2000, 1202. 

(207) Tian, J. M.; Wang, F. B.; Shan, Z. H. Q.; Wang, R. J.; Zhang, J. Y. Journal of 

Applied Electrochemistry 2004, 34, 461. 

(208) Tian, Z. Q.; Jiang, S. P.; Liu, Z.; Li, L. Electrochemistry Communications 

2007, 9, 1613. 

(209) Toda, T.; Igarashi, H.; Watanabe, M. Journal of the Electrochemical 

Society 1998, 145, 4185. 

(210) Trasatti, S. Journal of Electroanalytical Chemistry 1980, 111, 125. 

(211) Tuinstra, F.; Koenig, J. L. Journal of Chemical Physics 1970, 53, 1126. 

(212) van der Vliet, D.; Wang, C.; Debe, M.; Atanasoski, R.; Markovic, N. M.; 

Stamenkovic, V. R. Electrochimica Acta 2011, 56, 8695. 

(213) Vegard, L. Zeitschrift fuer Physik 1921, 5, 393. 

(214) Vegard, L. Zeitschrift fuer Physik 1921, 5, 17. 

(215) Vijayaraghavan, G.; Stevenson, K. J. Langmuir 2007, 23, 5279. 

(216) Vondrak, J.; Klapste, B.; Velicka, J.; Sedlarikova, M.; Reiter, J.; Roche, I.; 

Chainet, E.; Fauvarque, J. F.; Chatenet, M. Journal of New Materials for Electrochemical 

Systems 2005, 8, 209. 



276 

 

(217) Wagner, F. T.; Gasteiger, H. A.; Makharia, R.; Neyerlin, K. C.; Thompson, E. 

L.; Yan, S. G. ECS Transactions 2006, 3, 19. 

(218) Waje, M. M.; Li, W.; Chen, Z.; Larsen, P.; Yan, Y. ECS Transactions 2007, 

11, 1227. 

(219) Wakabayashi, N.; Takeichi, M.; Uchida, H.; Watanabe, M. Journal of 

Physical Chemistry B 2005, 109, 5836. 

(220) Wakayama, H.; Setoyama, N.; Fukushima, Y. Adv. Mater. 2003, 15, 742. 

(221) Walsh, D. A.; Fernandez, J. L.; Bard, A. J. Journal of the Electrochemical 

Society 2006, 153, E99. 

(222) Wang, C.; Peng, S.; Chan, R.; Sun, S. H. Small 2009, 5, 567. 

(223) Wang, J.; Yin, G.; Shao, Y.; Wang, Z.; Gao, Y. Journal of Physical Chemistry 

C 2008, 112, 5784. 

(224) Wang, X.; Liang, C.; Dai, S. Langmuir 2008, 24, 7500. 

(225) Wang, X. Q.; Lee, J. S.; Zhu, Q.; Liu, J.; Wang, Y.; Dai, S. Chemistry of 

Materials 2010, 22, 2178. 

(226) Wang, Y. G.; Cheng, L.; Li, F.; Xiong, H. M.; Xia, Y. Y. Chemistry of Materials 

2007, 19, 2095. 

(227) Wiberg, G. K. H.; Mayrhofer, K. J. J.; Arenz, M. ECS Transactions 2009, 19, 

37. 

(228) Wiberg, G. K. H.; Mayrhofer, K. J. J.; Arenz, M. Fuel Cells 2010, 10, 575. 

(229) Wiggins-Camacho, J. D.; Stevenson, K. J. Journal of Physical Chemistry C 

2011, 115, 20002. 

(230) Wikander, K.; Ekstroem, H.; Palmqvist, A. E. C.; Lundblad, A.; Holmberg, 

K.; Lindbergh, G. Fuel Cells (Weinheim, Germany) 2006, 6, 21. 



277 

 

(231) Wikander, K.; Petit, C.; Holmberg, K.; Pileni, M.-P. Langmuir 2006, 22, 

4863. 

(232) Wiley, B.; Sun, Y. G.; Mayers, B.; Xia, Y. N. Chemistry-a European Journal 

2005, 11, 454. 

(233) Xiao, W.; Wang, D.; Lou, X. W. Journal of Physical Chemistry C 2010, 114, 

1694. 

(234) Xiong, L.; Manthiram, A. Electrochimica Acta 2005, 50, 2323. 

(235) Xiong, L.; Manthiram, A. Journal of the Electrochemical Society 2005, 152, 

A697. 

(236) Xiong, L. F.; Manthiram, A. Journal of Materials Chemistry 2004, 14, 1454. 

(237) Xu, Y.; Ruban, A. V.; Mavrikakis, M. Journal of the American Chemical 

Society 2004, 126, 4717. 

(238) Yamamoto, M.; Kakiuchi, H.; Kashiwagi, Y.; Yoshida, Y.; Ohno, T.; 

Nakamoto, M. Bulletin of the Chemical Society of Japan 2010, 83, 1386. 

(239) Yang, D. Q.; Zhang, G. X.; Sacher, E.; Jose-Yacaman, M.; Elizondo, N. 

Journal of Physical Chemistry B 2006, 110, 8348. 

(240) Yang, H.; Yan, Y.; Liu, Y.; Zhang, F.; Zhang, R.; Meng, Y.; Li, M.; Xie, S.; Tu, 

B.; Zhao, D. Journal of Physical Chemistry B 2004, 108, 17320. 

(241) Yang, X.; Hu, J.; Fu, J.; Wu, R.; Koel, B. E. Angewandte Chemie 

International Edition 2011, 50, 10182. 

(242) Yang, Y.; Zhou, Y. Journal of Electroanalytical Chemistry 1995, 397, 271. 

(243) Yano, H.; Kataoka, M.; Yamashita, H.; Uchida, H.; Watanabe, M. Langmuir 

2007, 23, 6438. 

(244) Ye, H.; Crooks, R. M. Journal of the American Chemical Society 2007, 129, 

3627. 



278 

 

(245) Yu, C.; Koh, S.; Leisch, J. E.; Toney, M. F.; Strasser, P. Faraday Discuss. 

2008, 140, 283. 

(246) Yu, R.; Song, H.; Zhang, X.-F.; Yang, P. Journal of Physical Chemistry B 

2005, 109, 6940. 

(247) Yu, X.; Ye, S. Journal of Power Sources 2007, 172, 133. 

(248) Yuasa, M.; Nishida, M.; Kida, T.; Yamazoe, N.; Shimanoe, K. Journal of the 

Electrochemical Society 2011, 158, A605. 

(249) Yuasa, M.; Sakai, G.; Shimanoe, K.; Teraoka, Y.; Yamazoe, N. Journal of the 

Electrochemical Society 2004, 151, A1477. 

(250) Yuasa, M.; Shimanoe, K.; Teraoka, Y.; Yamazoe, N. Electrochem. Solid 

State Lett. 2011, 14, A67. 

(251) Zhang, G. Q.; Zhang, X. G.; Wang, Y. G. Carbon 2004, 42, 3097. 

(252) Zhang, H.; Wang, X. Y.; Zheng, L. L.; Jiang, X. Y. International Journal of 

Heat and Mass Transfer 2001, 44, 4579. 

(253) Zhang, J.; Lima, F. H. B.; Shao, M. H.; Sasaki, K.; Wang, J. X.; Hanson, J.; 

Adzic, R. R. Journal of Physical Chemistry B 2005, 109, 22701. 

(254) Zhang, J.; Mo, Y.; Vukmirovic, M. B.; Klie, R.; Sasaki, K.; Adzic, R. R. Journal 

of Physical Chemistry B 2004, 108, 10955. 

(255) Zhang, J.; Sasaki, K.; Sutter, E.; Adzic, R. R. Science (Washington, DC, 

United States) 2007, 315, 220. 

(256) Zhang, J. L.; Vukmirovic, M. B.; Xu, Y.; Mavrikakis, M.; Adzic, R. R. Angew. 

Chem.-Int. Edit. 2005, 44, 2132. 

(257) Zhang, X.; Chan, K. Y. Chemistry of Materials 2003, 15, 451. 

(258) Zhu, S. M.; Zhou, H. A.; Hibino, M.; Honma, I.; Ichihara, M. Advanced 

Functional Materials 2005, 15, 381. 



279 

 

(259) Zhuang, S. X.; Huang, C. H.; Huang, K. L.; Hu, X.; Tu, F. Y.; Huang, H. X. 

Electrochemistry Communications 2011, 13, 321. 

(260) Zoltowski, P.; Drazic, D. M.; Vorkapic, L. Journal of Appled 

Electrochemistry 1973, 3, 271. 

 


