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Abstract of the Dissertation 

Designing a New Class of Electrocatalysts for Polymer Electrolyte Membrane Fuel Cells: 

Probing Size, Composition, and Structure Dependent Electrocatalytic Performance in 

High-Quality, One-Dimensional Noble Metal Electrocatalysts 

by 

Christopher Koenigsmann 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2013 

A key challenge in the practical commercialization of PEMFCs is the extremely high cost 

and relatively poor durability of carbon supported Pt nanoparticle (Pt NP/C) electrocatalysts 

utilized in both the anode and cathode half-cells. Herein, we synthesize and characterize a new 

class of high-quality one-dimensional noble metal nanostructures as a potentially new and 

promising structural paradigm for the next generation of electrocatalyst materials. Specifically, 

we investigate the nature of the complex interplay amongst size, chemical composition, and 

electrocatalytic performance in high-quality elemental and bimetallic 1D noble metal nanowire 

systems with an emphasis on achieving efficient and sustainable methods for catalyst 

preparation. 

In terms of nanowire dimensions and composition, an interesting and measureable size-

dependent enhancement in performance emerges in the case of elemental Pt, Pd, and Pd1-xAux 

nanowires possessing diameters ranging from the submicron (d = ~200 nm) to the ultrathin 

regime (d = ~1 nm). In a similar context, we have considered the role of chemical composition in 

1D electrocatalysts and noted significant composition-dependent enhancements in activity and 

durability in high-quality, bimetallic Pd1-xAux and Pd1-xPtx NWs. A key finding that is apparent 

from these experimental results is that widely seen behavioral trends in the composition- and 

size-dependent performance for 0D nanoparticle-based catalysts do not hold in the case of 1D 

architectures, because of the patently unique structural and electronic effects, associated with 

their anisotropic structures. As a culmination of our efforts to take advantage of these intrinsic 

structure-activity correlations, our group has developed a morphology-, size-, and composition-

optimized Pd9Au NW possessing a Pt monolayer shell (PtML~Pd9Au NWs) electrocatalyst with 

an ultrathin 2 nm diameter, which yielded outstanding Pt mass and PGM activities of 2.56 

A/mgPt and 0.64 A/mgPGM, respectively, thereby surpassing the activity of conventional state-of-

the-art Pt NP/C by more than ten-fold.
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Chapter 1. Nanostructured, One-Dimensional Noble Metal Electrocatalysts: A Promising 

Structural Paradigm for Polymer Electrolyte Membrane Fuel Cells 

 

 

1.1 A Brief Introduction to “Nano” and Nanostructured Materials 

The prefix “nano” is derived from the international system of units (SI) and refers to the 

unit of measurement that is 1 x 10
-9

 that of the base unit. Therefore, nanostructured materials or 

so called “nanomaterials” have been defined by the National Nanotechnology Initiative as 

materials, which possess at least one geometric dimension (e.g. length, diameter or thickness) 

that is between 1 and 100 nanometers (nm). To place the nanometer length scale in perspective, 

the diameter of a double-helix strand of deoxyribonucleic acid (DNA) is essentially equivalent to 

1 nm. Thus, nanomaterials are characterized by their small dimensions and high surface area to 

volume ratios.    

In the context of the definition of nanomaterials, the potential combinations of size and 

shapes are nearly endless. From a practical perspective however, the number of dimensions that 

are confined to the nanoscale has served as a useful tool for categorizing nanomaterial into four 

broad categories including, zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) 

or three-dimensional (3D).
1-5

 In 0D nanostructures, all of the dimensions are confined to the 

nanoscale and therefore, common manifestations of 0D particles include spherical nanoparticles 

(NPs),
5
 nanocubes, nanooctahedra, nanopyramids, and as well as many other isotropic-shapes. 

By contrast, 1D nanostructures are defined as structures with two-dimensions that are confined to 

the nanoscale. Thus, the 1D structures such as nanowires (NWs), nanotubes (NTs) and nanorods 

(NRs) maintain two-dimensions that are confined to the nanoscale (e.g. the diameter), while the 

length of the structure can vary to lengths on the macroscopic scale.
2-4

 In a similar context, 2D 

structures require only one-dimension that is confined to the nanoscale and therefore common 
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2D morphologies are defined by their thickness such as in the case of nanoplates, nanodisks or 

nanosheets, for example. Although not a true nanomaterial, three-dimensional nanomaterials are 

defined as materials, which are composed of ensembles of 0D, 1D, or 2D nanostructured 

materials forming a composite heterostructure. Relevant examples of hierarchical 3D structures 

include dendritic “sea-urchin” like structures composed of multiple NW dendrites fused at the 

core
6,7

 and particulate superstructures
8
 formed from the three-dimensional aggregations of NPs.  

The distinctively small size of these materials and the ability to tailor their morphology 

impart a broad spectrum of characteristic optical,
9
 electromagnetic,

10
 catalytic,

11,12
 and thermal

13
 

properties in nanomaterials that are different from macroscopic or so-called “bulk” analogs.
9
 In 

many cases, the properties of nanomaterials are inherently linked to the dimensions and 

physicochemical properties of the nanostructure itself, which renders these materials as exciting 

candidates in a broad range of practical applications including biotechnology, sensors, catalysis, 

electromagnetic devices, photovoltaic devices, energy storage, and many more. The observed 

size- and shape-dependent properties has led to a veritable explosion in the literature, involving 

the synthesis and characterization of nanomaterials, wherein control over size, morphology (e.g. 

shape), composition, crystallinity, surface structure, and homogeneity can be predictably 

controlled.
1-3

 For example, Figure 1.1 demonstrates the shape-dependent synthesis of palladium 

nanostructures utilizing preformed 0D NPs as seeds.
4
 In this case, the production of a range of 

morphologies such as 0D faceted particles, 2D plates, or anisotropic 1D rods and bars, can be 

realized by tailoring synthetic parameters such as the either reaction kinetics, the presence of 

shape directing agents in the reaction solution, or the morphology of the pre-formed seed 

employed in the synthesis.  
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Figure 1.1 A schematic illustration of the reaction pathways that lead to Pd nanostructures with 

different shapes. (Adapted with permission from Ref. 4. Copyright © 2007 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim) 
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Although a complete and detailed discussion of all of the properties and applications of 

nanomaterials is beyond the scope of this dissertation, the development of nanostructured 

materials has led to advances in the commercial development of several technologies and these 

efforts have been summarized in several relevant reviews.
14-20

 In this dissertation, we focus 

specifically on the application of nanostructured materials in the role of electrocatalysts within 

polymer electrolyte membrane fuel cells (PEMFCs).
12,21-25

 PEMFCs represent a key developing 

technology with direct and practical applications in the portable power and automotive industries 

with the potential for greatly improving upon efficiency. In addition, PEMFCs also represent a 

promising paradigm in the progression towards the ubiquitous use of renewable energy sources 

to meet our future power needs. Despite their promise, their commercialization has been 

hindered by the long-standing challenges associated with the fabrication of uniform, high 

performance nanostructured precious metal electrocatalysts that are at the core of this 

electrochemical device. Specifically, commercially available, state-of-the-art nanoparticulate 

catalysts maintain low overall performance and poor long-term durability, which contributes to 

high capital costs for PEMFC device production.  

In light of the challenges associated with electrocatalyst development, the following 

sections provide a concise introduction to electrocatalysis in PEMFCs. Specifically, we first 

provide a concise introduction to PEMFCs in Section 1.2, including the challenges associated 

with their commercialization. In Section 1.3, we consider the operational principles of a PEMFC 

with an emphasis on elaborating upon the role of electrocatalysts in both the anode and cathode 

half-reactions. Subsequently, the technological challenges and shortfalls associated with 

commercial electrocatalysts are outlined in Section 1.4 with a focus on understanding 

correlations between the structure of the catalyst and the corresponding performance. In the 



5 
 

context of the technological shortfalls associated with commercial catalysts, 1D noble metal 

nanostructures are highlighted in Section 1.5 as a new and potentially promising structural 

paradigm for the development of highly active and durable electrocatalysts. Specifically, we 

emphasize the importance of structural anisotropy in 1D nanostructures in terms of 

electrocatalytic performance. 

In this chapter, we also present in Section 1.6 the objectives of the current work, which 

includes the development of a novel class of 1D noble metal nanostructured materials, wherein a 

rational correlation of size, composition, structure, and morphology with electrocatalytic 

performance has led to considerable enhancements in both activity and durability as both anode 

and cathode electrocatalysts.
11,12,26-34

 The enhancement of these physicochemical parameters has 

led to the development of size, composition, and structure-optimized ultrathin Pt monolayer 

(PtML) shell supported on a Pd9Au NW core (PtML~Pd9Au NW) electrocatalysts that display 

significant enhancements over commercial NP analogs for the oxygen reduction reaction 

(ORR).
29

 Collectively, our efforts demonstrate that coupling rational design principles with 

ambient, scalable synthesis can lead to practical, highly active 1D catalytic architectures that can 

achieve activities in excess of commercial, state-of-the-art analogs. 

 

1.2 A Concise Guide to Polymer Electrolyte Membrane Fuel Cells 

The growing demand for low-cost, renewable energy sources has sparked the commercial 

development of several energy conversion and storage devices including batteries, solar cells, 

fuel cells, supercapacitors, thermoelectronic devices and many others.
35

 At the core of this effort, 

is the need for practical devices that are not only inexpensive and efficient but also portable for 

applications in electronic devices and automobiles.
11,12

 Of the multitude of technologies 
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available, PEMFCs have been highlighted as a promising alternative energy source for portable 

power applications, particularly in the context of replacing the internal combustion engine (ICE) 

for vehicular applications.
21-25

 PEMFCs operate on the principle of electrochemical conversion 

of chemical energy from fuels to electrical current, which is utilized to operate the intended 

device.
36,37

 In principle, PEMFC technology is advantageous, because theoretical efficiencies of 

up to 30 – 50% can be achieved, whereas analogous ICEs are limited by the Carnot cycle with an 

efficiency approaching ~30%.
22,38

 In addition, the ability to extract chemical energy from a fuel 

source can circumvent the need for extensive recharge cycles required for lithium ion batteries, 

for instance and provide for longer operational ranges in vehicular applications, when compared 

with supercapacitors.
14,39

 

In the spectrum of fuel cell technologies, PEMFCs are distinctive from other fuel cell 

architectures because of their low operating temperature, which can span from near ambient 

temperatures (30 – 80C) to as high as 120C in static designs.
22,23

 This architecture renders 

them uniquely suited in the role of portable power generation for automotive and electronics 

applications.
37

 Other fuel cell designs such as the solid oxide fuel cell (SOFC) and molten 

carbonate fuel cell (MCFC) operate at significantly higher temperatures of up to 700C – 900C 

in order to maintain sufficiently high conductivity through the solid or molten electrolytes, 

respectively.
40,41

 High temperature SOFCs and MCFCs have found promising applications as 

static power sources because of their ability to utilize a broad range of fuels including natural 

gas.
41

 However, the high temperature and considerable external equipment necessary for their 

operation render them less suited for mobile or portable applications. 

From a practical perspective, PEMFCs can operate on a variety of fuels including 

gaseous hydrogen in hydrogen fuel cells (HFCs) and small organic molecules (SOMs) such as 
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methanol, formic acid, or ethanol in direct alcohol fuel cells (DAFCs).
42

 The use of elemental 

hydrogen (H2) as a fuel source is advantageous in the context of achieving a zero-carbon 

emission power source, since the exhaust consists only of water.
43

 Cells based on hydrogen also 

have higher practical efficiencies (40 – 50%) since the oxidation of hydrogen is facile on 

platinum catalysts.
38

 However, the commercialization of HFCs has been largely hindered by the 

technological shortfalls that are associated with the practical production, storage and 

transportation of hydrogen.
37

 Although considerable work is underway on the efficient 

production of hydrogen from solar energy, the production of effective water splitting catalysts 

has not yet been commercially realized at a scale that is sufficiently practical for the 

commercialization of hydrogen fuel cells.
44,45

 In addition, the development of HFCs is hindered 

by the challenges associated with storage and transport of hydrogen both for vehicular and 

portable power applications.
35

 Thus, significant advances are necessary at many levels of 

technological development and engineering in order to practically commercialize HFCs. 

 By contrast with HFCs, the fuel sources in DAFCs are either liquids or aqueous solutions 

containing the liquid fuel.
24,46

 This is advantageous, since the inherent technological challenges 

associated with transportation and storage of hydrogen are inherently circumvented. From an 

engineering perspective, liquid fuels are also compatible with existing fuel storage and feed 

devices for automotive applications, thereby rendering them as better candidates with direct 

applications for automobiles.
47

 In addition, liquid fuels such as methanol maintain significantly 

higher energy densities, especially as compared with hydrogen. For example, under ambient 

conditions, methanol and ethanol maintain energy densities of approximately 4.3 kW h L
-1

 and 

6.7 kW h L
-1

, which are several orders of magnitude higher than gaseous hydrogen (2.4 x 10
-4

 

kW h L
-1

).
23

 Although ethanol can be readily prepared from renewable sources such as 
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biomass,
48

 the oxidation of ethanol requires the catalytic breakage of a C–C bond, which greatly 

hinders the performance of the overall device.
49

 By contrast, the complete oxidation of methanol 

is generally more facile. However, the production of methanol is most readily realized through 

the reformation of natural gas, which is an abundant but non-renewable energy source.
48

 Other 

fuels such as formic acid and sodium borohydride have gained some popularity although their 

high toxicity and corrosive nature render them less attractive for broad application.  

 The inherent advantages of liquid-based fuel cells and direct methanol fuel cells 

(DMFCs) in particular have already made some preliminary commercial inroads into portable 

power generation and for military and civilian transportation applications, particularly in 

Europe.
38

 For example, Smart Fuel Cells of Germany has begun commercial production of light 

weight fuel cells (e.g. ~7 kg) with maximum power outputs that range from 40 W to 150 W at 12 

V for use in portable power applications.
50

 This basic design has been scaled up for military 

applications to include static energy production for powering mobile operations centers and 

miniaturized for hand-portable electronics and communication devices. Toshiba has also 

produced the Dynario
TM

 DMFC with a weight of 280 g and a fuel capacity of 14 mL that is 

suitably portable for hand-held electronics, including cellular phones. Tentative 

commercialization efforts have also been made in the context of HFCs for automotive and 

military applications albeit at a considerably slower rate.
51

 Collectively, these devices have not 

been as ubiquitous as expected, largely because of their prohibitive expense and concerns about 

their reliability. 

 Despite the initial commercialization of PEMFCs, the wide-spread commercial adoption 

of HFCs and DAFCs suffer from several technological challenges that continue to elevate 

production costs.
15

 For example, capital costs for DMFCs continue to remain at nearly $1000 US 
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per kW largely due to their low efficiency (30 – 40%) and high materials costs. The shortfalls 

associated with PEMFC device designs are complex and require technical innovations at many 

levels including the polymer electrolyte membrane (PEM), the electrodes, and external 

components, such as humidifiers and fuel feed systems. However, it is critical to highlight that 

large portions of the cost associated with PMFCs arise from the poor performance and the high 

cost of the precious metal electrocatalysts that are necessary for the electrochemical conversion 

of energy in both the anode and cathode half cells.
52

 In fact, the US Department of Energy 

(DOE) in a 2009 report,
53

 has suggested that the cost of the electrocatalysts alone will represent 

~20% of the total cost of a commercial fuel cell stack with a precious metal loading of 0.15 – 

0.25 mg/cm
2
 in the cathode, even when outlays associated with their manufacturing and 

development are included. On this basis, it is clear that significant innovations are required on 

the frontier of electrocatalyst development in order to achieve practical fuel cell designs. This 

challenge is particularly compounded in DMFC designs where catalyst poisoning from the 

methanol oxidation reaction (MOR) can contribute to even higher loading requirements in the 

anode, when compared with HFCs.  

 In Sections 1.3 – 1.5, we focus our discussion on the direct methanol fuel cell as a 

relevant example of a PEMFC, since the work within this dissertation is focused upon the 

development of electrocatalysts for MOR and ORR, which are inherent to this cell. However, we 

stress that the design principles, technological challenges, and advantages of 1D nanostructures 

presented in the context of the DMFC design can be generalized to all PEMFCs (e.g. HFCs and 

DEFCs) particularly in the case of ORR catalysis.  
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1.3 The Role of Nanostructured Noble Metal Electrocatalysts in the Electrochemical 

Conversion of Energy in PEMFCs 

 Fuel cells including PEMFCs generate power by coupling the electrochemical oxidation 

of a fuel with the reduction of molecular oxygen, thereby producing an electrical current through 

an external circuit.
54

 In the context of PEMFCs, a variety of fuels exist. However, in this section, 

we consider the DMFC, which specifically utilizes methanol as a liquid fuel source. Equations 

(1) and (2) highlight the methanol oxidation and the oxygen reduction processes that occur at the 

anode and cathode half-cells, respectively. When these half-cell processes are combined in a 

functional DMFC, the overall cell reaction obtained is illustrated in Equation (3). In this case, the 

calculated theoretical operating potential is 1.21 V on the basis of the standard potentials for the 

anode process (E = 0.02 V) and the cathode process (E = 1.23 V), and closely approximates the 

value calculated for the HFC (1.23 V). 

  

CH3OH + H2O → CO2 + 6H
+
 + 6e

-
   (1) 

     6H
+
 + 6e

-
 + 3/2O2 → 3H2O  (2) 

CH3OH + 3/2O2 → CO2 + 2H2O  (3) 

 

The half-cell reactions are catalyzed by heterogeneous precious metal catalysts, which 

mutually facilitate the transfer of electrons and the multi-step reaction pathways for the oxidation 

and reduction processes.
55

 State-of-the-art DMFC electrocatalysts primarily consist of platinum 

NPs (cathode) and platinum-ruthenium alloy NPs (anode) physisorbed onto mesoporous carbon 

supports, which are impregnated into gas diffusion media.
47,56-59

 The diameter of commercial 

supported NPs (e.g. Pt NP/C) typically range between 2 – 4 nm, which significantly increases the 
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specific surface area and the utilization of the precious metal.
46,59

 In the case of nanoparticulate 

catalysts, the carbon support serves as a three-dimensional substrate, which decreases the effects 

of particle ripening and aggregation under fuel cell conditions and promotes a higher three-

dimensional dispersion of the particles on the electrode itself.
60-62

 Despite the increased surface 

area and dispersion of these catalysts, there are several inherent challenges in the context of both 

catalytic activity and durability in these catalysts.
61

 These technological shortfalls are discussed 

in detail in Section 1.4 in the context of both the MOR and ORR reactions. 

In practical cell designs, the anodic and cathodic electrodes are incorporated into a single 

membrane electrode assembly (MEA), shown schematically in Figure 1.2, which serves as the 

heart of the functioning device. Within the MEA, the anode and cathode are mutually separated 

by a proton-conducting PEM, commercially referred to as Nafion®.
63

 The electrodes themselves 

are comprised of an outer polymeric diffusion layer and an inner electrocatalytic layer, supported 

onto a carbon backing. Methanol or other liquid fuels can be transported to the anode passively 

by diffusion or actively by a fuel feed pump external to the MEA. The oxidation process results 

in the production of (i) protons, which are conducted to the cathode via the PEM, (ii) electrons, 

which are transferred to the cathode via an external circuit, and (iii) carbon dioxide, which is 

exhausted from the cell. At the cathode, molecular oxygen is provided either by means of passive 

convection or provided under pressure from an external compressor. The oxygen is combined 

with protons and reduced to form water, which is exhausted from the cell.  
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Figure 1.2 A simplified schematic representation of a membrane electrode assembly in a direct 

methanol fuel cell showing the anode and cathode backing layers (ABL and CBL), the anode and 

cathode electrocatalyst layers (AEL and CEL) and the polymer electrolyte membrane (PEM). 

(Reprinted with permission from Ref. 12, Copyright 2011 Royal Society of Chemistry) 
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 In the broader sense, passive designs are relatively simple in the context of their 

production.
63

 However, long term analysis of existing commercial models is required in order to 

understand their durability and performance, which has been a major concern amongst various 

manufacturers.
59,61

 Moreover, these designs can be scaled up for larger power applications and 

miniaturized, utilizing micro electromechanical systems (MEMS) techniques.
47

 The inherent 

performance and durability have in large part been attributed to the nanostructured precious 

metal electrocatalysts employed in both the anode and cathode of PEMFCs. Accordingly, we 

discuss the technological shortfalls of contemporary DMFC electrocatalysts in the context of the 

materials that are currently employed to catalyze the oxygen reduction and methanol oxidation 

reactions in the next section. 

 

1.4 Technological Shortfalls of Contemporary PEMFC Electrocatalysts 

 Although PEMFC technology is definitely promising, contemporary PEMFCs and 

particularly DAFCs suffer from high production costs and relatively low efficiencies.
64

 Utilizing 

the DMFC as an example, the maximum theoretical operating potentials is 1.21 V, which closely 

approximates the operating potential for HFCs (1.23 V). However, modern DMFCs maintain 

half-cell potentials of approximately 0.3 V and 0.7 V at the anode and cathode, respectively, 

thereby imparting a dramatically reduced practical cell potential of 0.4 V.
47

 Significant 

overpotentials at both the anode and the cathode can be traced in large part to the precious metal 

catalysts that are employed at both the methanol oxidation anode
60-62,65

 and the coupled oxygen 

reduction cathode.
66-68

 These electrocatalysts possess slow kinetics, require high precious metal 

loadings between 2 – 4 mg/cm
2
 to achieve suitable kinetics in the anode, and lack the necessary 

cost-efficiency for wide-spread commercialization.
38

 In addition, typical electrocatalysts also 
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lack the durability for long term applications in fuel cells due to poisoning, metal dissolution, 

oxidation, and particle ripening. In Sections 1.4.1 and 1.4.2, we discuss the origin of the 

overpotential at both the cathode and anode of DMFCs, respectively. 

 

1.4.1. Cathode Electrocatalysts 

 Contemporary commercial ORR electrocatalysts in PEMFCs typically rely on metallic 

platinum NPs physisorbed onto nanostructured carbon supports (Pt NP/C).
36,38,69

 Despite the high 

specific surface area evinced by Pt NP/C, the measured ORR kinetics are relatively low and 

significant overpotentials are required to achieve suitable kinetics. Recently, a large number of 

theoretical studies, particularly those of Nørskov and co-workers, have been performed in order 

to explore the slow kinetics and high overpotentials of ORR occurring on Pt-based metal 

electrodes.
70-73

 In particular, density functional theory (DFT) analysis has been particularly 

useful in studying the thermodynamics associated with the mechanism of ORR and correlating 

inherent structural and electronic properties of Pt catalyst with their corresponding ORR 

performance.
70

  

Although Pt has long been considered as the best catalyst for ORR, the results of this 

analysis have demonstrated that there are two fundamental challenges that arise from utilizing 

nanostructured Pt as a catalyst. First, the oxygen affinity of elemental bulk Pt was found to be 

too high for optimum kinetics at low overpotentials.
72

 The relatively high oxygen affinity is 

thought to prevent effective formation of OH bonds, which is a critical step in the formation of 

water at the cathode. In essence, the catalytically active Pt (111) surface forms passivating layers 

of coordinated OHads and Oads species at potentials comparable to the working potential (i.e. 0.7 

– 0.9 V) of practical cathodes.
71,74

 This effectively decreases the number of active catalytic Pt 



15 
 

sites and necessitates higher overpotentials to reduce the surface oxygen coverage and achieve 

suitable ORR kinetics. In terms of Pt NP/C, the problem of high oxygen affinity is compounded 

as the size of Pt catalysts is decreased to the nanoscale, thereby leading to lower overall ORR 

activity in Pt NP/C when compared with bulk analogs.
75,76

 The lower performance in Pt NP/C is 

attributed to a combined size-dependent electronic effect as well as the high defect site density 

inherent to Pt NPs with diameters of less than 2 – 3 nm, which mutually increase the strength of 

the interaction with adsorbed oxygen species.
77-82

  

Second, the strong interaction with oxygen and the high defect site density associated 

with Pt NP/C also contribute to significant challenges associated with the durability of these 

catalysts under fuel cell conditions.
60,61,83

 Specifically, long term durability tests have 

demonstrated that Pt NP/C undergo significant irreversible oxidation, particle dissolution, and 

ripening, which leads to lower overall performance. Poor long term performance in carbon 

supported catalysts has also been linked to oxidation and corrosion of the carbon supports 

themselves, which leads to further loss of active Pt surface area.
61

 Hence, a significant amount of 

research and optimization are required to address these intrinsic difficulties associated with 

nanostructured platinum catalysts, especially when the prohibitively high cost of platinum (more 

than $1,600 US per ounce)
84

 is considered.  

In addition to studying the origin of the overpotential on elemental Pt, DFT studies have 

also provided a useful direction to achieve enhanced performance towards ORR with precious 

metal electrocatalysts. Recently, Norskøv and co-workers have correlated the electronic structure  

of a large range of transition metals with relative ORR performance, and a distinctive “volcano-

type” dependence was observed.
72

 In effect, the most effective electrocatalysts should possess a 

weighted d-band center that is slightly lower in energy as compared with pure Pt, so as to 
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weaken the interaction between the Pt d-band and the *
 
orbitals of oxygen and thereby facilitate 

ORR kinetics. This has sparked a great interest in tailoring the physicochemical properties of 

noble metal electrocatalysts to achieve higher activity and durability.  

One successful strategy is to create distinctive structural alternatives to standard, 

spherical NPs. For example, improvements in activity have been achieved by tailoring the shape 

of symmetrical NPs in order to produce faceted cubes and octahedra composed of Pt and Pd, 

which maintain improved ORR activity.
85-88

 Adzic and co-workers have also developed a new 

class of electrocatalysts based on a core-shell design, wherein a platinum monolayer (PtML) is 

supported on either Pd or Pd-alloy NP cores.
66,67,89,90

 These PtML~Pd NP/C catalysts maintain 

significant improvements in performance over Pt NP/C, owing to the modulation of the 

electronic and structural properties of the PtML by the Pd core. In a parallel effort, highly active 

catalysts have also been prepared by manipulating the chemical composition so as to include 

homogeneous alloy-type formulations
59,91-93

 and hierarchical “Pt-skin” core-shell structures.
94,95

 

Although tangible gains have been achieved in the continued development of the NP motif, 

generating viable, permanent solutions to many of these inherent performance issues continues to 

remain elusive, particularly in the context of catalyst durability. 

In addition to the intrinsic issues associated with effective ORR performance, the issue of 

fuel cross-over in DAFCs has also represented a key challenge in the development of cathode 

electrocatalysts. In DMFCs, for example, a fraction of the methanol that diffuses into the anode 

remains un-oxidized and continues to diffuse into the cathode half-cell, where it is oxidized by 

the cathode electrocatalyst.
96,97

 This parasitic oxidation process contributes to a loss of potential 

in the cathode, thereby directly increasing the observed overpotential. Partial oxidation of the 

methanol can also contribute to the formation of oxidized carbon containing species including 
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carbon monoxide (CO).
73

 The strong interaction of Pt active sites with CO can contribute to 

significant poisoning effects in the cathode, thereby decreasing the number of Pt active sites 

available and reducing performance. Recently, there has been a considerable effort to reduce the 

contribution of methanol crossover by optimizing the device parameters and the chemistry of the 

PEM itself.
98

 These efforts have led to reductions in methanol crossover by nearly 50%. 

However, measurable effects on catalyst performance are still observed despite the tangible 

improvements. Collectively, it is clear that the issue of methanol crossover must be addressed 

from the perspective of the cathode electrocatalysts by reducing their sensitivity to methanol 

under operating conditions. This can be accomplished either by increasing the tolerance of 

cathode materials to adsorbed CO or by reducing their inherent ability to oxidize methanol in the 

potential window relevant for ORR. 

  

1.4.2. Anode Electrocatalysts 

 By analogy with cathode electrocatalysts, PEMFC anode catalysts also rely upon carbon-

supported Pt-based NPs.
61,62,65

 The development of anode catalysts has been largely focused 

upon the corresponding fuel that is oxidized at the anode. Accordingly, the mechanism of 

hydrogen, methanol, ethanol, and formic acid oxidation are unique and necessitate different 

electrocatalyst design principles to achieve high performance. In this dissertation, we focus our 

efforts on the development of electrocatalysts for the oxidation of small organic molecules and in 

particular, methanol and ethanol, which represent two of the key reactions in DAFCs. In this 

section, we focus our discussion on the methanol oxidation reaction (MOR) as a useful example 

for the challenges that face the development of effective anode electrocatalysts.  
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 The electrocatalytic oxidation of methanol on Pt, although very complex, can be 

simplified into four mechanistic steps, with the primary intermediate being CO.
57,99-103

 

Essentially, methanol is adsorbed onto the Pt surface and in a rapid 4e
-
 oxidation process 

occurring over several mechanistic steps, the carbon is dehydrogenated, producing adsorbed CO. 

The subsequent oxidation of CO proceeds relatively slowly at potentials close to the 

thermodynamic potential, due to a lack of adsorbed oxygen species, such as Pt-OH
*
, which are 

believed to facilitate the oxidation process.
73

 Therefore, the adsorbed CO, which is rapidly 

formed at low overpotentials, acts as a poisoning intermediate and blocks Pt active sites. The 

poisoning effect of the CO intermediate prevents high MOR kinetics at low potentials. In case of 

elemental Pt, defect sites on the Pt surface play a key role in the oxidation of CO, since these 

sites adsorb oxygen species at lower potentials and thereby facilitate the oxidation of CO.
104

 

Thus, the high defect site density associated with Pt NP/C by comparison with bulk analogs 

facilitates the oxidation of CO. However, the small size of the commercial Pt NP/C increases the 

relative interaction with CO. Collectively, it has been demonstrated that the poisoning effect of 

CO and the correspondingly low MOR kinetics at low overpotentials render elemental Pt as a 

poor candidate for practical MOR catalysts. 

 Significant enhancements in performance have been achieved by tailoring the chemical 

composition of Pt to include more oxophilic metals in homogeneous alloys. The most promising 

example has been nanostructured Pt1-xRux alloys, which have demonstrated a shift in the onset 

potential of MOR by nearly ~100 mV to lower potentials.
15,56,105,106

 Optimization of these alloys 

has shown that maximum efficiency can be obtained, when Ru concentrations range between x = 

0.07 and 0.33 in Pt1-xRux alloys. Specifically, when alloyed at low to moderate concentrations 

(χRu = 0 – 0.6), the PtRu alloy forms a solid solution with Ru atoms occupying sites within the 
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Pt‟s face-centered cubic structure.
56

 In the context of the electrocatalytic oxidation of methanol, 

the more oxophilic Ru sites adsorb oxygen species (e.g. Ru-OHads) at significantly lower 

potentials than Pt. This facilitates the oxidation of CO to CO2 in a process referred to as carbonyl 

spillover. Accordingly, PtRu alloys have also been demonstrated to improve the selectivity of the 

MOR process for the complete oxidation of methanol and to decrease the production of partially 

oxidized species, such as formic acid.  

 Despite the tangible improvements in the CO tolerance and activity of alloyed PtRu NPs, 

contemporary DMFCs continue to maintain high anodic overpotentials and suffer from 

considerable CO poisoning. Another issue that has become increasingly important in the 

development of anode catalysts has been the challenge of poor durability in PtRu NPs, which is 

readily attributed to the presence of Ru. The addition of more oxophilic metals, which are less 

stable toward permanent oxidation and dissolution, especially in the acidic and corrosive 

conditions of DMFCs.
107

 Hence, continued research is necessary in order to develop more 

effective catalysts that are equally active, stable, and CO-tolerant for successful and wide spread 

commercialization. 

 

1.5 Importance of One-Dimensionality – The Role of Structural Anisotropy in 

Electrocatalysis 

In light of the shortfalls of contemporary DMFCs, the use of one-dimensional (1D) 

motifs in the development of fuel cell electrocatalysts has been highlighted as a new and 

promising paradigm with which to solve many of the technological challenges that face the 

development of DMFCs as a commercially viable portable power source. There are many 

existing reviews that already discuss the properties of 1D nanostructures in great detail.
2,3,108-110
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Since our Perspective in 2011 on the subject,
12

 the number of publications involving 1D noble 

metal nanostructures has increased significantly owing to their advantageous properties as both 

cathode and anode electrocatalysts. Our group along with several others has recently reviewed 

the progress in this exciting and emerging field.
11,111-113

 In this section, we summarize the 

advantages associated with 1D nanostructures, which has contributed to the significant and 

measureable increase in their application as electrocatalysts for PEMFCs. 

From a structural perspective, 1D noble metal nanostructures are characterized by their 

geometric anisotropy and this anisotropy can impart several beneficial properties. For example, 

the anisotropic structure of 1D noble metal nanostructures has been shown to promote the 

exposure of largely pristine surfaces with long segments of crystalline planes, as compared with 

their associated 0D morphologies.
110

 Additionally, the anisotropic growth of 1D structures 

typically results in the preferential display of low energy crystal facets in order to minimize the 

surface energy of the systems.
114

 In the case of noble metal nanostructures, the use of basic 

amine-terminated surfactants has been widely shown to lead to the preferential display of (100) 

facets on the NW surface. In terms of platinum and palladium, the low energy (100) and (111) 

facets are most active for oxygen-reduction and thus, the preferential display of the low-energy 

facets are highly advantageous for catalysis.
36,115
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Figure 1.3 Comparison of electrocatalytic behavior between 1D platinum nanostructures and 

commercial Pt NP/C. Representative TEM images collected from individual isolated Pt NWs 

possessing diameters of 49 (A) and 2 nm (B). A representative selected area electron diffraction 

pattern collected from an ensemble of individual 2 nm NWs is shown as an inset. The size-

dependent trend in 1D Pt nanostructures of specific ORR activity measured at 0.9 V with 

commercial Pt NP/C serving as a commercial reference system is illustrated in (C). (Reprinted 

with permission from Ref. 11. Copyright 2012 American Chemical Society) 
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In addition, it is also important to note that the recent literature has demonstrated that 

single-crystalline, 1D nanostructures generally maintain fewer surface defect sites as compared 

with 0D morphologies.
37

 This arises from their structural anisotropy wherein growth in one 

dimension allows for the preferential exposure of lattice planes with fewer lattice boundaries.
3
 In 

the context of ORR, the low defect site density associated with 1D noble metal nanostructures is 

expected to promote more facile kinetics by weakening the interaction with adsorbed oxygen 

species and delaying the passivation of the surface to higher potentials.
36

 When taken together, 

these factors clearly demonstrate that 1D motifs can possess advantageous intrinsic structural 

aspects that would impart improved catalytic performance towards ORR at the interface in the 

cathode. For example, Figure 1.3 shows a comparison of  the electrocatalytic behavior of a 

number of 1D Pt nanostructures including 200 nm Pt NTs, 45 nm Pt NWs (Figure 1.3A), and 1.3 

nm Pt NWs (Figure 1.3B) with commercial Pt NP/C.
11

 In all cases, the 1D Pt nanostructures 

maintained higher area-normalized or so-called “specific” ORR activity by comparison with a 

state-of-the-art, commercial Pt NP/C sample (Figure 1.3C), demonstrating the intrinsic 

advantages of 1D nanostructures.  

 In the case of MOR, the role of defect sites has been highlighted in previous literature 

and found to be advantageous, for example in the case of pure platinum.
104

 However, it is unclear 

whether in the case of pure platinum if strictly anisotropic structures will serve to necessarily 

increase the intrinsic activity as defect sites become less available. By contrast, there has been 

less emphasis on the importance of defect sites in the case of the more effective and most 

commonly utilized PtRu alloy catalysts where the surface Ru sites act as the more oxophilic 

catalyst for the oxidation of adsorbed CO.
25

 Thus, it is generally unknown in the case of MOR 

catalysis if anisotropy will necessarily increase the intrinsic activity. However, we have recently 



23 
 

demonstrated that processed, Pt NWs possess considerably better CO tolerance on the basis of 

the shift in the main CO stripping peak potential by 200 and 80 mV to lower potential, in 

ultrathin 1.3 nm NWs and 45 nm NWs, respectively.
32,34

 This intrinsic property of ultrathin NWs 

has rendered them as excellent candidates for both the methanol and ethanol oxidation reactions 

and demonstrates that 1D morphologies are more tolerant to CO owing to their weaker 

interaction with adsorbed intermediates.
34,116

 In addition, structural anisotropy may largely 

contribute to an increase in the stability of the catalysts by removing defect sites, which are 

susceptible to oxidation and decomposition.
46

 

In terms of catalytic stability, lattice boundaries and defect sites are more susceptible to 

decomposition, because these regions evince surface Pt atoms with lower coordination numbers, 

which are more prone to irreversible oxidation.
61,117

 The three primary “break-down” 

mechanisms of carbon-supported Pt and Pt alloy NPs are dissolution and ripening, support 

breakdown, and irreversible oxidation.
62,66

 The structural nature of 1D nanostructures are thought 

to mitigate for all of these issues.
3
 That is, the asymmetry of this structure suppresses physical 

ripening processes and thus, these nanomaterials are inherently stabilized from dissolution and 

Oswald ripening. 
118,119

 Therefore, 1D nanostructures would in theory be less apt to require a 

carbon support, because they do not suffer from the same propensity to ripen and aggregate. 

Finally, anisotropic 1D nanostructures also possess advantageous path-directing effects, 

which greatly enhance their electron transport properties.
109,120

 A previous study of metallic NWs 

in devices has shown that single-crystalline NWs can maintain resistivity values commensurate 

with that of their bulk counterparts.
121

 Moreover, the resistance of metallic NWs can be reliably 

tuned as function of diameter, which is highly advantageous in terms of the nanoscale design of 

conductive systems. The growth mechanism and anisotropic structure may in essence reduce the 
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number of grain boundaries and particle interconnects, which thereby suppresses the electronic 

scattering and would therefore improve the overall electronic transport present in the half cells. 

This advantageous property would be particularly beneficial to vertically oriented, free-standing 

NW or NT arrays, since the 1D structure serves as both the catalyst and the conductive 

media.
27,30

  

 As a culmination of all of these advantages, 1D nanomaterials possess many of the key 

structural and electronic properties that can contribute to solving many of the technological 

challenges that are observed with 0D-based electrocatalysts. When taken together, these 

noteworthy advantages have the potential to reduce the inevitable material needs and processing 

costs associated with future cell designs. As such, in light of the advantages of 1D 

nanostructures, there has been a significant push towards the development of electrocatalysts, 

possessing 1D motifs. In the following section, we critically explore the recent progress in this 

area within the context of the correlation between structure and electrocatalytic performance.  

  

1.6 Objectives of Current Work 

 Although 1D noble metal nanostructures have been widely demonstrated in recent 

literature to maintain significantly better activity and durability than commercial Pt NP/C, 

several critical challenges remain in their practical application as feasible commercial catalysts.
11

 

For example, 1D nanostructures possess inherently lower specific surface areas as compared 

with 0D spherical particles of the same diameter. Thus, the greatly enhanced specific activities 

observed in these anisotropic systems may not necessarily lead to corresponding enhancements 

in terms of mass-normalized performance. Although several promising examples in the literature 

have corroborated the reproducibility of enhanced platinum group metal (PGM) normalized 
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activities in 1D structures,
26,29,122

 the mass activities typically observed in existing NW and NT 

electrocatalyst systems are actually similar to what has been correspondingly observed for Pt 

NP/C. Therefore, a key step in designing practical 1D catalysts will be to minimize the necessary 

precious metal loading, while simultaneously continuing to improve upon the inherent activity of 

these materials.
11,12

 This strategy includes developing synthetic approaches (many of which are 

presented herein) for the production of high-quality so called “ultrathin” 1D nanostructures with 

diameters below 5 nm so as to maximize the surface area-to-volume ratio and correspondingly, 

minimize the precious metal content necessary for high performance. 

Additionally, the goal of achieving enhanced performance in 1D nanostructures is further 

complicated by the fact that the origin of electrocatalytic enhancement, as a result of the 

anisotropic structure, remains elusive. This issue is particularly apparent in multi-metallic 1D 

catalysts, wherein both morphology and chemical composition mutually and synergistically 

contribute to improved performance. Therefore, a key step in terms of producing practical 1D 

electrocatalysts has been to probe ORR performance as a function of both particle size and 

composition. This endeavor is important not only to gain critical insights into the correlation 

between structure and activity but also, more practically, to establish a means of reducing Pt 

content and overall precious metal loading in functional electrocatalysts, since presumably both 

catalyst size and composition can be further optimized. For example, decreasing the diameter of 

a NW catalyst of a fixed length by a factor of two can more than double the effective specific 

surface area expected, thereby leading to plausibly greater improvements in PGM utilization. 
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Figure 1.4 Rationally tailoring the size, composition, and structure of one-dimensional 

nanostructures represents a key step in moving towards active, cost-effective, and durable 

replacements for commercial Pt NP catalysts for oxygen reduction. (Reprinted with permission 

from Ref. 11. Copyright 2012 American Chemical Society) 
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In this dissertation, we focus our experimental efforts on precisely deducing the nature of 

the complex interplay amongst size, chemical composition, and electrocatalytic performance in 

high-quality elemental and bimetallic 1D noble metal NW systems with an emphasis on 

achieving efficient and sustainable methods for catalyst preparation. In terms of catalyst 

dimensions, an interesting and measureable size-dependent trend emerges in the case of 

elemental Pt and Pd
26,33

 as well as in more complex hierarchical core-shell PtML~Pd and 

PtML~Pd1-xAux NWs.
27,29,30

 In fact, outstanding enhancements in catalyst performance are 

measured, when the diameter of 1D NW electrocatalysts is purposefully decreased into the 

ultrathin size regime. In a similar context, we have considered the role of chemical composition 

in 1D electrocatalysts and noted significant composition-dependent enhancements in activity and 

durability in high-quality, bimetallic Pd1-xAux and Pd1-xPtx NWs.
29,30

 A key finding that is 

apparent from these experimental results is that widely seen behavioral trends in the 

composition- and size-dependent performance for 0D NP-based catalysts do not necessarily hold 

in the case of 1D architectures, because of the structural and electronic effects, associated with 

their anisotropic structures.  

As a culmination of our efforts to take advantage of these intrinsic structure-activity 

correlations, our group developed a morphology-, size-, and composition-optimized PtML~Pd9Au 

NW electrocatalyst with an ultrathin 2 nm diameter, which possessed outstanding Pt mass and 

PGM activities of 2.56 A/mgPt and 0.64 A/mgPGM, respectively, surpassing the activity of 

conventional state-of-the-art Pt NP/C by more than ten-fold. The rational progression towards 

this fully optimized 1D electrocatalyst system (Figure 1.4) was achieved by combining several 

design principles including tailoring the composition and structure to achieve progressively 

enhanced performance. This exciting result has been highlighted in a recent editorial entitled 
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“The Magic of Electrocatalysts”
123

 and demonstrates  that the fundamental insights gained into 

the intimate correlation between size, shape, composition, and catalyst performance can lead to 

very practical improvements in terms of both catalyst efficiency and cost-effectiveness. On the 

basis of this progress, we divide this dissertation into chapters describing the synthesis, 

characterization, and investigation of morphology, size, and composition-dependent performance 

in high-quality 1D electrocatalysts. The following sections provide a concise outline of each 

chapter. 

 

1.6.1. Experimental Methods for Characterizing Structure, Determining Electrocatalytic 

Performance and Depositing Surface PtML on Novel 1D Noble Metal Nanostructures (Chapter 2) 

 A core set of experimental methods are employed to examine the structure and 

performance of novel, as-prepared, 1D nanostructures as a function of composition, size, 

structure and morphology. In this chapter, we discuss the experimental methods for evaluating 

catalyst crystallinity, structure, and morphology utilizing powder X-ray diffraction (XRD) and 

electron microscopy techniques including scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM). In addition, we describe the methods for evaluating 

electrocatalyst performance under three-electrode conditions or so called “half-cell” conditions. 

This includes methods for preparing the working electrode, evaluating the surface structure of 

the electrocatalyst, and quantitative methods for determining electrochemically accessible 

surface area (ESA). In addition, common electrochemical characterization methods (e.g. cyclic 

voltammetry and CO stripping voltammetry) are discussed. The electrocatalytic performance 

towards the oxygen reduction reaction is measured, utilizing the thin-layer rotating disk electrode 

approach, and we describe in detail the methods for calculating surface area and mass-
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normalized kinetic current densities. In addition, the synthetic protocol for depositing a 

homogeneous PtML on the surface of noble metal nanostructures utilizing a copper underpotential 

deposition process (UPD) combined with a galvanic displacement protocol developed by Adzic 

and co-workers
124

 is discussed. This process has been generalized to include PtML deposition on 

elemental, bimetallic and segmented NW systems.  

  

1.6.2. Size-Dependent Enhancement of Electrocatalytic Performance in Relatively Defect-Free, 

Processed, Ultrathin Platinum NWs (Chapter 3) 

 The synthesis, characterization, and size-dependent electrocatalytic performance of 

ultrathin Pt NWs with a diameter of less than 2 nm are described.
33

 An acid-wash process was 

developed in order to suitably exfoliate and purify the crystalline nanostructures, in this case the 

Pt NWs of surface defect sites, thereby yielding processed NWs with diameters of 1.3 ± 0.4 nm. 

The electrocatalytic activity of these NWs toward ORR was studied in relation to commercial Pt 

NP/C and to analogously processed, unsupported Pt NP, which mutually demonstrate that the 

one-dimensional Pt NWs maintain a significant morphology-dependent enhancement in 

electrocatalytic performance. More importantly, we demonstrate for the first time that there is a 

significant and measureable size-dependent enhancement in specific ORR activity in 1D Pt 

nanostructures. Specifically, the ultrathin acid treated Pt NWs display a specific activity of 1.45 

mA/cm
2
, which is nearly a two-fold and four-fold enhancement over nanosized Pt wires (0.82 

mA/cm
2
) and submicron Pt tubes (0.38 mA/cm

2
), respectively. This novel size-dependent 

phenomenon observed in 1D architectures starkly contrasts with the corresponding trend in 0D 

nanoparticulate catalysts, and represents a critical step in demonstrating the highly advantageous 

properties of 1D nanostructures for electrocatalysis.  
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1.6.2. Enhanced Electrocatalytic Performance in Processed, Ultrathin, Carbon Supported 

PtML~Pd Core-Shell NW Catalysts for the Oxygen Reduction Reaction (Chapter 4) 

 In the context of our results with elemental Pt NWs, we develop for the first time a 

practical, one-dimensional core-shell electrocatalyst consisting of a PtML shell supported onto a 

high quality, carbon supported ultrathin Pd NW core (PtML~Pd NW/C).
26

 Ultrathin Pd NWs were 

prepared with diameters of 2.0 ± 0.5 nm, utilizing a simple, scalable solution-based technique, 

and a method was developed for dispersing the as-prepared NWs onto a Vulcan XC-72R carbon 

support forming Pd NW/C composite structures. The Pd NW/C were purified of residual 

surfactant and activated for electrocatalysis utilizing a two-step process involving a pretreatment 

(e.g. acid wash or ozone oxidation) followed by a selective CO adsorption process. The PtML was 

deposited onto the processed, purified Pd NW/C composites by means of a Cu UPD process 

followed by the galvanic displacement of the Cu ad-atoms by a platinum precursor. Extensive 

characterization of the NWs pretreated with either acid or UV generated ozone confirmed that 

the ozone pre-treatment leads to the production of purified NWs with an optimum dispersion of 

the catalyst on the carbon surface. Accordingly, the UV-ozone pre-treated PtML~Pd NW/C 

catalyst was found to possess outstanding specific and mass-activities of 0.77 mA/cm
2
 and 1.83 

A/mgPt, which was significantly enhanced beyond that of commercial Pt NP/C and analogous 

core-shell PtML~Pd NP/C. The ozone-treated PtML~Pd NW/C composites also maintained 

excellent electrochemical durability under accelerated half-cell testing and it was confirmed that 

there was no measureable loss in mass-normalized activity after 30,000 electrochemical cycles.  
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1.6.3. Ambient Surfactantless Synthesis, Growth Mechanism and Size-Dependent 

Electrocatalytic Behavior of High-Quality, Single Crystalline Palladium NWs (Chapter 5) 

 In light of the distinctive size-dependent properties associated with 1D nanostructures, we 

undertake a systematic investigation of the diameter-dependent phenomena associated with 

elemental Pd NWs and hierarchical core-shell PtML~Pd NWs. In this chapter, we develop an 

ambient, surfactantless methodology that employs commercially available filter membranes as 

templates for the produce high quality, single crystalline Pd NWs with direct and predictable 

control over the diameter and the aspect ratio.
27

 The NWs grown within 200 and 15 nm 

polycarbonate membranes maintain homogeneous diameters of 270 ± 45 nm and 45 ± 9 nm, 

respectively, and can be isolated as either individual NWs or as vertically oriented, free-standing 

NWs arrays. To fully understand the potential of this novel synthetic technique, the growth 

mechanism of these NWs has been extensively explored and on the basis of a direct examination 

of individual NWs within the template pores, we have determined that a two-step growth 

mechanism predominates in the formation of the NWs within the template pore. As a 

culmination of our synthetic efforts, we also demonstrate the feasibility of preparing segmented 

or so called “A/B NWs”, wherein predictable control over the composition of the NW is 

achieved along the axial dimension.
31

 

 The ability to predictably tailor the diameters of as-synthesized Pd NWs affords a unique 

opportunity to explore the diameter-dependent electrocatalytic ORR performance in elemental 

and core-shell NWs.  As-prepared submicrometer (270 nm) and nanosized (45 nm) Pd NWs 

were studied by comparison with ultrathin 2 nm NWs described in Chapter 4 in order to 

elucidate systematic trends in ORR activity and durability. The specific and platinum mass 

activity was found to increase significantly from 0.40 mA/cm
2
 and 1.01 A/mgPt to 0.74 mA/cm

2
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and 1.74 A/mgPt, as the diameter was decreased from the submicrometer size regime to the 

ultrathin nanometer range. This exciting result demonstrated that the size-dependent phenomena 

associated with elemental Pt NWs can be further generalized to elemental Pd NWs and core-shell 

PtML~Pd NW analogs. 

 

1.6.4. Highly Enhanced Electrocatalytic Oxygen Reduction Performance in Bimetallic 

Palladium-Based NWs Prepared Under Ambient, Surfactantless, Conditions (Chapter 6) 

 In addition to considering particle dimensions, tailoring the chemical composition of 

nanostructured electrocatalysts has led to a veritable explosion of new catalytically active noble 

metal formulations and considerable improvements in performance have been realized. In this 

context, we employ our ambient, template-based technique described in Chapter 5 to prepare a 

series of bimetallic Pd1-xAux and Pd1-xPtx NWs with control over composition and size.
30

 

Extensive characterization of the as-prepared NWs demonstrates that our methodology can 

produce high-quality, crystalline NWs with homogeneous, alloy-type compositions. The ability 

to tailor chemical composition at the nanoscale, while maintaining nearly identical surface 

structure, crystallinity, purity and quality, highlights the U-tube synthesis technique as an ideal 

candidate for studying composition-dependent phenomena in 1D nanostructured systems. 

Accordingly, we examine the performance of as-synthesized Pd1-xAux NWs and Pd1-xPtx towards 

ORR, MOR, and formic acid oxidation (FAOR). In addition, we also consider the stability of 

highly activity Pd9Au NWs toward ORR in the presence of SOMs such as methanol. 

Collectively, our results demonstrate that tailoring composition in 1D NWs can lead to 

considerable enhancements in electrocatalytic performance. As a tangible example, the core-shell 

PtML~Pd9 Au NWs were found to maintain a platinum and PGM mass normalized activities of 
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2.08 A/mgPt and 0.16 A/mgPGM, respectively, representing significant improvements over 

elemental PtML~Pd NW analogs. 

 

1.6.5. Size- and Composition-Dependent Enhancement of Electrocatalytic Oxygen Reduction 

Performance in Ultrathin Palladium – Gold (Pd1-xAux) NWs (Chapter 7) 

 Drawing upon our collective findings in Chapters 3 – 6, we have developed a 

hierarchical, ultrathin PtML~Pd9Au NW/C electrocatalyst that is optimized in terms of 

morphology, structure, size and composition.
29

 The solution-based synthetic protocol described 

in Chapter 4 has been generalized to include the synthesis of ultrathin Pd1-xAux NWs, wherein 

composition is controlled simply by manipulating the ratio of precursors present within the 

reaction mixture. The as-synthesized Pd9Au NW/C maintain a specific activity of 0.40 mA/cm
2
, 

which is an improvement upon elemental Pd NW/C analogs (0.12 mA/cm
2
) and commercial Pt 

NP/C (0.20 mA/cm
2
). After PtML deposition, a volcano-type composition dependence is observed 

in the ORR activity of the corresponding PtML~Pd1-xAux NWs as the Au content is increased to 

30% with the activity of the PtML~Pd9Au NWs (0.98 mA/cm
2
, 2.54 A/mgPt) representing the 

optimum performance. The ultrathin size of the optimized PtML~Pd9Au NWs (0.64 A/mgPGM) is 

highly advantageous and promotes a significant increase in the PGM normalized mass activity, 

especially when compared with 45 nm PtML~Pd9Au NWs (0.16 A/mgPGM) and commercial Pt 

NP/C (0.1 – 0.2 A/mgPGM). In fact, preliminary results have not only demonstrated that the 

synthetic protocol can be scaled to produce near gram-scale quantities of optimized NWs but 

also excellent performance within a MEA can be realized. Collectively, this result demonstrates 

that coupling rational design principles with ambient, scalable synthesis can lead to practical, 
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highly active 1D catalytic architectures that can achieve activities in excess of commercial, state-

of-the-art analogs. 
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Chapter 2. Experimental Methods for Characterizing Morphology & Chemical 

Composition, Determining Electrocatalytic Performance and Depositing Surface Pt 

Monolayers on Novel 1D Noble Metal Nanostructures 

 

 

2.1 Importance of Characterization in the Development of Effective Nanoscale 

Electrocatalysts 

 The optical, electromagnetic, thermal, catalytic, and mechanical properties of 

nanostructured materials depend highly upon the dimensions, morphology, crystallinity, 

chemical composition, surface texture, structure, and homogeneity of their structure.
1,2

 

Therefore, rigorous characterization of nanoscale materials is necessary in the context of 

designing functional nanoscale architectures and is necessary in order to investigate relevant 

structure-property correlations. This is particularly relevant to the design of nanoscale 

electrocatalysts, since the structure of the catalytic interface is necessarily dictated by the 

physical and chemical properties of the nanostructured catalyst itself.
3,4

 For instance, we have 

recently prepared hierarchical, core-shell NWs consisting of Pt clusters supported on elemental 

Ru NWs, shown in Figure 2.1.
5
 Extensive characterization of this heterostructured 1D system 

revealed that the structure of the Pt-Ru interface at the NW surface was essential in determining 

the catalytic performance toward MOR. Furthermore, the interpretation of catalytic performance 

in nanostructured catalysts is also highly dependent upon factors, such as three-dimensional 

dispersion on support materials, and surface area, for instance, all of which can contribute to the 

structure of the catalytic interface and the active sites available. Collectively, the challenge of 

correlating trends in electrocatalytic performance with morphology, chemical composition, and 

structure of the catalyst can be a significant problem, and requires rigorous efforts to characterize 

the physicochemical properties of as-synthesized catalyst materials both before and after 

catalytic operation. 
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Figure 2.1 Characterization of Pt-Ru interface in Pt~Ru NWs consisting of Pt clusters supported 

on elemental Ru NWs. A TEM image (A) and an HAADF (B) of a representative Pt NP on the 

surface of the Ru NW. Spatially-resolved EDAX maps (C), highlighting the Ru L-edge signal 

(left) and the Pt L-edge signal (right), along with the composite image (center). (Reprinted with 

permission from Ref. 5. Copyright 2013 American Chemical Society) 
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 In the first part of this Chapter, we provide a concise overview of the methodologies and 

instrumentation employed in the structural characterization of our novel as-synthesized 1D 

electrocatalyst materials. In terms of studying structure and chemical composition, we have 

employed X-ray powder diffraction (Section 2.2) as an effective technique to characterize the 

crystallinity and structure of as-synthesized and commercial catalyst materials. This is 

complemented by a broad suite of scanning (SEM) and transmission (TEM) electron microscopy 

techniques (Section 2.3), which provides direct characterization of not only catalyst morphology 

but also crystal structure, chemical composition, and homogeneity. For example, we can couple 

high resolution TEM (HRTEM) analysis with other in situ characterization techniques, such as 

energy dispersive X-ray spectroscopy (EDAX) and selected area electron diffraction (SAED), to 

deduce chemical composition and crystallinity in three-dimensional space. In addition, we have 

also combined electron microscopy with microtome cross-sectioning to examine the growth 

mechanism of 1D nanostructures directly within the spatial confines of the porous templates, 

within which they were grown.
6,7

 In Chapter 5 and 6, for example, we examine the morphology, 

crystallinity, and composition of as-synthesized Pd
6
 and Pd1-xAux

7
 NWs directly within the 1D 

pore channels of the polycarbonate filter membranes that served as templates for their growth. 

In addition to characterizing the physical structure of the catalyst, the challenge of 

developing effective nanoscale catalysts also requires the development of electrochemical 

methods to study electrocatalytic performance. This endeavor is complicated by the fact that the 

activity and durability of catalysts under functional membrane electrode assembly (MEA) 

conditions differ from those of half-cell conditions with catalysts supported on glassy carbon 

electrodes (GCEs). Therefore, care must be taken when considering the activity and durability 

results obtained from novel electrocatalysts under half-cell conditions. Regardless, the objective 
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of our examination of performance herein is to identify relevant trends in the performance of 

high-quality 1D nanostructures as a function of physicochemical properties, such as size, 

chemical composition, structure, and crystallinity. From a fundamental perspective, these 

inherent structure-property correlations represent key insights into the potential of development 

and optimizing 1D noble metal nanostructures as an entirely new class of electrocatalysts.  

From a practical perspective, we have also taken steps to mimic the conditions of 

operating MEAs, thereby enabling initial insights into the performance of 1D electrocatalysts 

under practical operating conditions. Our efforts to rigorously characterize and optimize the 

structure of 1D catalysts have led to a fully optimized, ultrathin PtML~Pd9Au NW/C catalyst.
3,8

 In 

fact, recent preliminary testing of this optimized catalyst under true MEA conditions has 

demonstrated that the high performance observed under half-cell conditions is indeed observed 

in a practical device architecture. Not only does this highlight the importance of rigorously 

studying structure-property correlations but also it stresses the importance of rational design 

principles in the development of highly active catalyst materials. 

In this dissertation, we have developed a core, commonly accepted set of electrochemical 

techniques to study the properties, structure, and catalytic performance of novel 1D structures. In 

Section 2.4, we describe our methods for preparing the working electrode, dispersing novel 

catalysts into so-called “catalyst inks”, and depositing the catalysts onto the surfaces of the 

working electrode with uniform dispersions. The electrochemical properties have been studied 

by several traditional electrochemical methods, such as cyclic voltammetry (Section 2.5), in 

order to determine the electrochemically accessible surface area (ESA) and the surface structure. 

In addition, we also describe the methods (Section 2.7) for determining catalytic activity toward 

the oxygen reduction reaction (ORR) and the oxidation of small organic molecules such as 
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methanol (MOR). The key point is that this standardized portfolio of electrochemical techniques 

has enabled the direct correlation of performance amongst various catalysts, since each catalyst 

undergoes an identical set of electrochemical protocols. More importantly, we can employ a 

variety of state-of-the-art catalysts as internal standards throughout all of the testing protocols, so 

as to better understand the performance of our novel nanostructures in the context of the existing 

commercial benchmarks for PEMFC catalysts.   

 

2.2 Methods for Structural Characterization: X-ray Powder Diffraction & Electron 

Microscopy 

 

 
 PdAu

PdM
Au

aa

aa






 
(1) 

 

X-ray powder diffraction (XRD) is utilized to probe the crystallinity, crystalline structure, 

and chemical composition of as-synthesized 1D noble metal nanostructures. Powder diffraction 

samples were prepared by rendering the dried powders into slurries in ethanol after sonication for 

several minutes. The slurries were then air dried onto glass slides. XRD patterns were obtained 

from the as-prepared samples on a Scintag diffractometer, operating in the Bragg-Brentano 

configuration using Cu K radiation ( = 1.54 Å) at a scan rate of 0.2 – 0.4 in 2 per minute. 

Information regarding the crystalline structure was determined by comparing the experimental 

diffraction patterns with standard patterns obtained from the Joint Committee on Powder 

Diffraction Patterns (JCPDS).  
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 In Chapter 6, we also employed XRD as a useful methodology for estimating the 

composition of alloy-type Pd1-xAux and Pd1-xPtx NWs.
7
 The lattice parameters for elemental Pd 

and Au NWs and bimetallic Pd1-xAux NWs were determined from the experimental diffraction 

patterns, utilizing the peak positions of the (111), (200), and (220) reflections from the face-

centered cubic structure. The chemical compositions of these as-synthesized Pd1-xAux and      

Pd1-xPtx NWs were calculated utilizing Vegard‟s Law, which assumes that there is a linear 

relationship between the lattice parameter and chemical composition in bimetallic metal alloys. 

 In Equation (1), for example, the mole fraction of Au (χAu) in Pd1-xAux NW is calculated 

from the measured lattice parameter of the as-synthesized alloy-type NW (aM) as well as the 

lattice parameters of the elemental Pd (aPd) and Au (aAu) NWs. In both cases, we employed the 

measured lattice parameters from the elemental Pd and Au or Pd and Pt NWs, so as to account 

for any variations of the lattice parameter of the NWs from that reported in the JCPDS, 

associated with either the size or the morphology, for example. To validate this methodology, 

linear fits of the calculated lattice parameter with respect to the predicted composition, on the 

basis of the precursor solution contents, were highly correlated with the R
2
 values of 0.991 and 

0.995 for the Pd1-xPtx and Pd1-xAux NW systems, respectively. Additional details, including the 

experimental XRD patterns and calculated lattice parameters, as well as extra discussion can be 

found in Chapter 6. 

 

2.3 Methods for Structural Characterization: Electron Microscopy 

 In addition to XRD, electron microscopy techniques represent a critical technique that 

enables direct examination of morphology, size, homogeneity, crystallinity, chemical 

composition, and surface structure at the nanoscale. Typically, the morphology and size of as-
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synthesized 1D nanostructures were probed by means of scanning electron microscopy (SEM). 

SEM samples were prepared by drop casting the nanostructures dispersed into ethanol onto clean 

silicon wafers. Overview SEM images were obtained using either a Hitachi S4800 SEM 

instrument with an operating voltage of 5 kV or a Leo 1550 field emission SEM (FESEM 

instrument operating at 15 kV. The SEM technique can be coupled with energy dispersive X-ray 

spectroscopy (EDAX), which is capable of detecting elemental composition with spatial 

resolution. EDAX measurements and corresponding compositions were obtained on the Leo 

1550 FESEM instrument to verify the composition and purity of individual nanostructures. 

 In addition to SEM, we have also extensively characterized our nanostructures, utilizing 

transmission electron microscopy (TEM). In all cases, TEM samples of individual NWs were 

prepared by dispersing the as-synthesized nanostructures into a solvent, typically ethanol or 

methanol, and evaporating a single drop onto a 300 mesh Cu grid, coated with a lacey carbon 

film. Initially, low magnification TEM images were obtained on a Technai12 BioTwinG
2
 TEM 

instrument at 80 kV equipped with an AMT XR-60 CCD camera system to provide an overview 

of catalyst morphology and size. TEM images were analyzed in the ImageJ software package.
9
  

Once the morphology and dimensions of the as-synthesized nanostructures were 

confirmed, high resolution TEM (HRTEM) was employed to examine the local structure, 

crystallinity, chemical composition, and homogeneity. HRTEM images were obtained on a JEOL 

2100F instrument at 200 kV, which is equipped with a Gatan high-angle annular dark field 

(HAADF) detector for performing incoherent HAADF or Z-contrast imaging in scanning TEM 

(STEM) mode. The crystallinity of as-prepared structures was examined by combining HRTEM 

imaging with selected area electron diffraction (SAED) in order to study the local crystal 

structure and crystallinity of as-synthesized nanostructures at selected locations. In addition, the 
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chemical composition and homogeneity of as-synthesized elemental (e.g. Pt, Pd, Au, Ru, & Ag) 

and bimetallic (e.g. Pd1-xPtx & Pd1-xAux) were studied by HAADF and EDAX in STEM mode. 

The contrast in HAADF is sensitive to the atomic number (Z) and the density of material present. 

Thus, HAADF imaging is a useful methodology for examining the spatial homogeneity of as-

synthesized nanostructures. HAADF can be coupled with EDAX in STEM mode (0.2 nm beam 

size) in order to quantitatively study composition at a desired point in the HAADF image. The 

ability to couple EDAX with HAADF is crucial in determining if regions of high contrast in the 

HAADF image are a result of a corresponding variation in either the chemical composition or the 

density of material. More importantly, the JEOL 2100F is capable of obtaining spatially resolved 

EDAX composition maps, thereby further enabling the determination of the homogeneity and 

composition of novel nanostructured materials.  

 

2.4 Preparation of Catalyst Inks and Glassy Carbon Rotating Disk Working Electrode  

The electrochemical properties and catalytic performance of novel nanostructured 

materials were accessed by depositing thin catalyst layers onto a glassy carbon rotating disk 

electrode (GC-RDE, Pine Instruments, 5 mm disk diameter), serving as the working electrode. 

Recently, Kocha and co-workers have reviewed the methods for evaluating catalyst performance 

utilizing thin catalyst films on GC-RDEs and systematically investigating the effects of the 

uniformity of the catalyst film and methods for depositing catalyst films on the surface.
10

 In this 

context, we have developed a methodology for preparing thin catalyst films of both supported 

ultrathin and unsupported noble metal NWs on GC-RDEs with excellent uniformity and 

reproducibility. Initially, the electrode is polished to a mirror finish with a micro-abrasive 

polishing cloth and alumina powder slurry (0.05 μm) prepared in water. The polished electrode is 
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then cleaned by periods of brief sonication in water and ethanol in order to remove inorganic 

salts and organic impurities. The clean electrode is subsequently allowed to dry under ambient 

conditions before the deposition of the catalyst can proceed.  

Prior to deposition on the electrode, nanostructured catalysts and commercial catalysts 

are rendered into aqueous suspensions referred to herein as “catalyst inks.” The optimization of 

the homogeneity and uniformity of catalyst inks is of critical importance, since this dictates the 

uniformity of the film after deposition on the GC-RDE. Herein, we have developed optimized 

ink formulations for (i) as-synthesized carbon-supported ultrathin noble metal NWs and (ii) as-

prepared free-standing NWs. The extensive optimization process has enabled highly uniform 

catalyst films to be achieved.   

Protocol 1: In the case of carbon-supported nanostructures, the dried composite powder is 

dispersed into a solution of 25% isopropyl alcohol (IPA) in water by means of sonication with a 

concentration of approximately 2 mg/mL. The dispersion of the catalyst in solution is essential 

and parameters, such as the sonication time, were optimized for the commercial Pt NP/C (E-Tek 

or BASF, 20% precious metal loading), Pd NP/C (E-Tek, 20% precious metal loading), Pd 

NW/C composites (Chapter 4),
6,11

 and Pd1-xAux NW/C (Chapter 7)
8
 systems in order to achieve 

catalyst inks that maintain stable dispersions for a minimum of 48 – 72 h. For each carbon 

supported catalyst ink, the GC-RDE was loaded with either one or two drops (5 μL each). 

Smooth, uniform catalyst films on the working electrode‟s surface were achieved for the Pd 

NWs and Pd1-xAux NWs by allowing the catalyst modified electrodes to dry under ambient 

conditions, and the film uniformity was confirmed by visual inspection with an optical 

microscope.  
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Protocol 2: In the case of unsupported noble metal NWs, the as-prepared powder 

consisting of Pd,
6
 Pd-Au, Pd-Pt,

12
 (Chapter 5), Pd1-xAux, or Pd1-xPtx

7
 (Chapter 6) NWs were 

rendered into catalysts inks by dispersing the NWs into a solution of 25% IPA in water with a 

concentration of approximately 1 mg/mL. Prior to depositing the catalyst ink onto the electrode, 

the surface of GC-RDE was pre-modified by a thin-carbon layer. This was accomplished by 

depositing two drops of a carbon ink consisting of 1 mg/mL Vulcan XC-72R carbon dispersed 

into 25% IPA in water on the surface of the GC-RDE. When dried rapidly under vacuum, the 

carbon modified electrode forms a thin, uniform layer of carbon on the surface of the GC, which 

serves as a three-dimensional textured substrate for the deposition of the unsupported NWs. The 

purposeful pre-modification of the GCE surface has been previously demonstrated to be useful in 

approximating the textured carbon surfaces within practical functional devices, and can also 

contribute to an improved distribution of NWs over the geometric area of the electrode.
6,7

 

However, the addition of carbon to the electrode is not necessary to promote a uniform 

distribution of the individual isolated NWs, as homogeneous dispersions of NWs can be 

achieved directly on the GCE surface itself.
6
 In fact, we demonstrate in a prior report that the 

deposition of Pd NWs directly onto the surface of the GC-RDE and onto a GC-RDE premodified 

with a thin carbon layer produces essentially identical activity results.
6
 Finally, the GCE is then 

loaded with the catalyst by placing one 5 μL drop of the unsupported NW ink on the surface, and 

we noted that drying rapidly under vacuum can produce a uniform layer of NWs on the surface 

of the carbon substrate. 

In both protocols, the as-prepared electrodes were sealed by adding one 5 μL drop of a 

0.025 % Nafion solution prepared by diluting a 5% stock solution (Aldrich) with ethanol. The 

Nafion ionomer is added to improve upon the adhesion of the catalyst film to the electrode 
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surface and thereby prevent catalyst loss during rotating disk measurements.
10

 However, the 

addition of Nafion is also useful in simulating the operating conditions of the fuel cell, since the 

catalyst layer on the electrode includes Nafion ionomers and is typically hot pressed to the 

Nafion PEM in order to form the functional MEA. Herein, a dilute solution (0.025%) of the 

Nafion ionomer is employed to prevent a significant contribution of the polymeric layer to the 

diffusion of O2 during rotating disk electrode measurements (see Section 2.7).
13,14

 After Nafion 

modification, the electrodes are immersed in ultrapure water in order to remove any residual 

inorganic impurities, such as salts that may have been present either in the catalyst ink or Nafion 

solution. The immersion in water is also useful in saturating the catalyst layer with water before 

electrochemical experiments. 

In addition, a key aspect of evaluating catalyst performance is to normalize catalytic 

activity (i.e. current) to the mass of precious metal present on the electrode, thereby giving a so-

called “mass activity.” To achieve this goal, several methods have been employed to determine 

the concentration of precious metal present in typical catalyst inks including inductively coupled 

plasma (ICP) mass spectrometry, ICP atomic emission spectroscopy (ICPAES), and atomic 

absorption spectroscopy (AAS).
10

 Herein, we utilize thermogravimetric analysis (TGA) to 

determine the relative precious metal content in a catalyst ink. This was accomplished by 

transferring a known quantity of catalyst ink consisting of either carbon supported or 

unsupported noble metal NWs to a Pt TGA boat. The quantity of liquid ink was adjusted to give 

approximately 1 – 3 mg of residue after drying to give an accurate TGA profile. The ink was 

allowed to dry for a period of 24 hours in a drying oven at 100C, and rapidly transferred to the 

TGA to prevent moisture accumulation. The TGA profiles were obtained on a TGA Q500 (TA 

Instruments) from 100 - 900C at a rate of 5C/min. Organic residue (e.g. residual surfactant) 
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and carbon support material are decomposed at ~400C, thereby leaving the precious metal 

content. The quantity of precious metal residue was then utilized to determine the concentration 

of precious metal in the catalyst ink. This method is advantageous over spectroscopic methods, 

since it is generally more reproducible. However, care must be taken when considering and 

comparing the mass values obtained by this method with those collected by other means. 

Essentially, the results presented herein are self-consistent, thereby enabling accurate 

comparisons to be made with respect to commercial standards like Pt NP/C, for instance.  

 

2.5 Methods for Electrochemical Characterization and Determination of Electrochemically 

Accessible Surface Area 

 Electrochemical characterization including cyclic voltammetry, CO stripping 

voltammetry, linear sweep voltammetry, and chronoamperometry was performed, utilizing a 

three-electrode, half-cell configuration. The measurement of the electrochemical properties and 

corresponding catalytic activity of noble metal nanostructures is challenging, since these 

measurements are highly sensitive to both organic and inorganic impurities. For example, sulfate 

(SO4
2-

) and chloride (Cl
-
) species even at very low concentrations can significantly impact 

performance, particularly in the context of catalytic oxygen reduction.
15

 Extensive care has been 

utilized to prevent contamination of the electrolyte by impurities. Prior to use, a custom made 

glass electrochemical cell was cleaned of residual impurities by first filling the cell with sulfuric 

acid for a period of 24 h and subsequently treating it with steam for a period of 2 h in order to 

remove adsorbed sulfate species on the surfaces of the glass. Immediately prior to each 

measurement, the cleaned cell was washed with ultrapure water, possessing a resistivity of 18.2 

MΩ·cm before adding the electrolyte to the cell.  
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Electrochemical measurements were performed in 0.1 M perchloric acid (HClO4) 

electrolyte, prepared by diluting the acid concentrate (Fisher Scientific, Optima Grade) in 

ultrapure water with a measured resistivity of 18.2 MΩ·cm, unless otherwise noted. A 

silver/silver chloride (BASi, Ag/AgCl, 3 M Cl
-
) electrode isolated in a double junction chamber 

(BASi) and Pt foil served as the reference and counter electrodes, respectively. The double 

junction chamber exists to isolate the Ag/AgCl reference electrode, thereby preventing the 

diffusion of Cl
-
 ions into the electrolyte of the cell. To minimize the diffusion of Cl

-
 ions, the 

electrolyte solution in the double junction chamber was changed periodically to prevent 

measureable contamination of the main cell by Cl
-
 ions. The Pt counter electrode was cleansed of 

residual impurities by undergoing the same purification process as the electrochemical cell 

before use. All electrodes were washed extensively with ultrapure water before immersion into 

the cell, and all of the potentials in this dissertation are reported with respect to the reversible 

hydrogen electrode (RHE), unless otherwise noted.  

 The first step in assessing the quality and electrochemical properties of our as-

synthesized noble metal NW electrocatalysts was to perform cyclic voltammetry (CV). 

Typically, CVs of as-prepared catalysts are collected at a scan rate of 20 mV/s in 0.1 M HClO4, 

which is deoxygenated by bubbling gaseous Argon (0.99998%) for a period of 20 minutes. 

Under these conditions, the CVs of noble metals, including Pt, Pd, and Ru, maintain 

characteristic features associated with reversible, interfacial processes that enable 

characterization of the surface structure, the active sites, as well as the relative interaction of the 

surface with adsorbates.
3,4

 Therefore, we have also employed this powerful technique to probe 

the purity of the surface, including determining if residual inorganic or organic impurities are 

present.  
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Figure 2.2 A representative CV obtained from commercial Pt NP/C is shown with the hydrogen 

underpotential adsorption/desorption and surface oxide regions denoted. The regions highlighted 

in blue indicate the area utilized to calculate the hydrogen adsorption (Hads, cathodic sweep) and 

desorption (Hdes, anodic sweep) charges. The horizontal and vertical black lines indicate the 

double layer correction and integration limit used to determine the integrated Hads and Hdes 

charge, respectively. 
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In a typical CV, there are two characteristic regions associated with reversible oxidation 

and reduction processes at the noble metal interface, which are shown in the case of commercial 

Pt NP/C, in Figure 2.2. Specifically, the first is the region of hydrogen adsorption/desorption 

(Hads), which is in essence the reversible underpotential deposition (UPD) of a surface monolayer 

of hydrogen atoms. In addition, the Hads region is particularly useful in probing the 

electrochemically accessible surface area (ESA) of noble metal electrocatalysts, since the charge 

associated with Hads can be employed to calculate the geometric surface area in Pt catalysts. In 

the case of Pt and PtML catalysts, we have employed this methodology and determined the ESA 

of our catalysts by first determining the average of the hydrogen adsorption and desorption 

charges. Figure 2.2 demonstrates the typical integration area employed for the determination of 

the adsorption and desorption charges including the correction for the double layer charge.
†
 The 

average charge associated with the monolayer formation of adsorbed hydrogen is converted to a 

geometric surface area, utilizing 210 μC/cm
2
 as the known conversion factor.

16
 In addition to 

calculating the ESA, examination of the shape and structure of the Hads and Hdes regions provide 

for important information, regarding the type, structure, and availability of active sites, present at 

the catalytic surface. Further discussion relating to specific noble metal NW systems can be 

found in Chapters 3 – 7.   

The second feature that is characteristic to the CV obtained from Pt and Pd 

nanostructures is the so called “surface oxide region,” which is associated with the reversible 

oxidation of the surface sites and the corresponding adsorption of oxygen species (e.g. PtOHads 

and PtOads). In the context of designing ORR electrocatalysts, this region is an important tool in 

                                                           
† The hydrogen adsorption and desorption processes are specified in Figure 2.2 as Hads and Hdes, respectively for the 

sake of clarity. In future chapters, the hydrogen adsorption/desorption process is referred to generally as “Hads” for 

the sake of consistency with the relevant literature. 
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terms of understanding the relative interaction of the surface with oxygen adsorbates, which are 

crucial species present during oxygen reduction.
17

 The formation and reduction features 

associated with the commercial Pt NP/C are highlighted in Figure 2.2.  The shape and structure 

of the Hads region and oxide region represent important diagnostic tools, since different active 

sites will adsorb/desorb hydrogen and oxygen at different potentials and the particular details 

regarding the interpretation of this region for each of our novel 1D catalysts are provided in 

Chapters 3 – 7. 

In addition to CV measurements, we have also characterized our as-synthesized noble 

metal NWs, utilizing carbon monoxide (CO) stripping. The CO stripping measurement involves 

the oxidative stripping of monolayer of CO molecules forming CO2. Typical CO stripping 

measurements were obtained by first immersing the electrode in 0.1 M HClO4 solution saturated 

with gaseous CO by bubbling for a period of 30 minutes in order to ensure complete adsorption. 

The electrode was then transferred directly to the argon-saturated electrolyte for CO stripping 

experiments. CO stripping voltammograms were obtained by immersing the electrode into the 

electrolyte and sweeping the potential in the anodic direction at a rate of 20 mV/s. CO stripping 

voltammetry provides important information regarding the interaction of the surface with 

adsorbed intermediates, and these data are utilized in Chapters 3 – 7 to elucidate relative trends 

in electrochemical properties as a function of NW size, chemical composition, and structure. In 

the case of small molecule oxidation, CO stripping is an important tool in terms of evaluating the 

performance of a novel electrocatalyst toward the oxidation of CO, which has been identified as 

a poisoning intermediate in the methanol and ethanol oxidation reactions, for instance.  

CO stripping is also an important methodology for determining ESA, since the oxidation 

of the CO monolayer is related to the geometric surface area in an analogous manner to Hads. In 
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the case of Pd-based nanostructures, CO stripping is particularly advantageous since the 

determination of ESA from Hads is often complicated by the additional contribution of hydrogen 

absorption in this potential window, thereby rendering the direct conversion factor as 

unreliable.
18

 To avoid this inaccuracy, we have elected to utilize the carbon monoxide (CO) 

stripping peak charge of the as-prepared Pd NWs as an alternative, since this measurement of the 

surface area is not affected by the presence of hydrogen absorption. The method for calculating 

ESA from CO stripping measurements is described in detail elsewhere.
19

 A comparison of the 

calculated ESA confirms that the ESA determined from CO stripping is systematically lower 

than that of the corresponding ESA obtained by Hads which is consistent with the absorption of 

hydrogen by Pd. Hence, the ESA calculated from Hads provides for an overestimate of surface 

area in Pd-based catalysts. Both methods (i.e. Hads and COads) yield numerically self-consistent 

results. However, care should be taken when making comparisons between the ESAs obtained 

here and those acquired in other reports by different methods, since the specific assumptions 

regarding the formation of CO monolayers can influence both the nature and magnitude of the 

ESA.  

 

2.6 Deposition of Pt Monolayer Shells on Nanostructured 1D Electrocatalysts 

 Recently, considerable enhancements in electrocatalytic performance have been garnered 

by adopting core-shell geometries, wherein the Pt content is localized at the surface of the 

electrocatalyst.
20,21

 This structural architecture promotes enhanced performance of the Pt through 

the structural and electronic interactions between the Pt shell and the core material and more 

importantly, reduces the necessary Pt content and associated cost. Therefore, a key objective of 

this dissertation is not only to develop a novel class of 1D electrocatalysts but also to couple this 



55 
 

structural paradigm with a core-shell motif in order to develop highly active 1D 

heterostructures.
3
 Specifically, we have utilized a methodology developed by Adzic and co-

workers that is capable of depositing a homogeneous, uniform Pt monolayer (PtML) on the 

surface of noble metal nanostructures and we optimized this process for use with nanostructures 

possessing 1D morphologies.  

 

CuML + K2PtCl4aq → PtML + 2KClaq + CuCl2aq        (2) 

 

The deposition of a PtML onto 1D noble metal NWs was accomplished by initially 

electrodepositing a monolayer of Cu through a Cu underpotential deposition (UPD) process 

followed by galvanic displacement of the Cu ad-atoms by Pt
2+

.
22,23

 The details of the process 

have recently been reviewed.
24

 All of these steps were performed in a custom-made two-chamber 

glass housing (Figure 2.3), thereby allowing for the transfer of the Cu modified electrode under 

an inert N2 atmosphere so as to prevent the oxidation of the Cu ad-atoms. In the first step, the 

deposition of a Cu monolayer (Cu UPD) was achieved in a solution of 50 mM CuSO4 in a 0.10 

M H2SO4 electrolyte. In a typical experiment, the potential is scanned negatively at a rate of 1 

mV/s and the potential is held prior to the onset for the bulk deposition of Cu, for a period of 5 

minutes to ensure that a complete monolayer is formed.
25

 The Cu modified electrode was then 

transferred under the protection of argon to a solution of 1.0 mM K2PtCl4 dissolved in 50 mM 

H2SO4. The Cu ad-atoms are galvanically displaced (Eqn. 2) by the Pt
2+

 ions within the 

precursor, thereby producing a uniform PtML on the surface. The quantity of Pt deposited can be 

calculated from the integrated Cu UPD charge calculated from the UPD LSV. The quality and 

uniformity of the PtML have been confirmed by cyclic voltammetry. 



56 
 

 

Figure 2.3 Cells and set-up for the deposition for PtML deposition by displacement of a Cu UPD 

monolayer. (Reprinted with permission from Ref. 24. Copyright 2011 The Electrochemical 

Society) 
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 The process has been generalized to include the deposition of a PtML on (i) elemental Pd 

NWs
6,11

 with diameters ranging from the submicron to the ultrathin size regime, (ii) bimetallic 

Pd1-xAux NWs
7,8

, and (iii) segmented A/B NWs.
12

 These as-prepared core-shell NWs maintain 

outstanding performance towards the oxygen reduction reaction, and the results are described in 

detail in Chapters 4 – 7. Recently, we have also explored the morphology-dependent deposition 

of Pt onto nanostructured Ru electrocatalysts.
5
 The distinctive surface properties associated with 

elemental Ru promotes a unique structure of the Pt~Ru interface, when Ru NWs and Ru NP/C 

are employed as the substrate. The resulting materials maintain highly advantageous properties, 

that are suited for the methanol oxidation reaction, and these data have been described in a recent 

report.
5
  

 

2.7 Measurement of Electrocatalytic Oxygen Reduction, Methanol Oxidation and Formic 

Acid Oxidation Performance and Electrocatalyst Durability 
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The measurement of electrocatalyst performance in Chapters 3 – 7 is accomplished in 

terms of both activity and durability, so as to examine the correlation between physicochemical 

properties and performance. The activity of the NWs toward ORR was measured by obtaining a 

linear sweep voltammogram or so called “polarization curves” in an oxygen-saturated 0.1 M 

HClO4 electrolyte at 20C with the electrode, rotating at a rate of 1600 rpm and at a scan rate of 
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10 mV/s.
10

 The rotation of the electrode modified with a thin catalyst film is particularly 

advantageous in determining ORR activity, since the diffusion of oxygen to the electrode is 

largely defined by experimental parameters, such as the rate of rotation, the temperature, and the 

electrolyte employed. Utilizing this method, the Koutecky-Levich relationship (Eqn. 3) was 

employed to calculate the kinetic ORR current (IK), which serves as an intrinsic measurement of 

ORR activity at a desired potential. The Koutecky-Levich relationship can be recast (Eqn. 4) 

such that IK can be calculated at 0.9 V from the measured disk current (I0.9 V) and the diffusion 

controlled current (ID), which are obtained from the polarization curve at 0.9 V and 0.4 V, 

respectively. The IK is typically calculated at 0.9 V in accordance with the U.S. Department of 

Energy (DOE)
26

 protocol and the existing precedent in the literature.
10

 Once calculated, the 

measured IK is then normalized to either the ESA, platinum mass, or platinum group metal mass 

(PGM) of the catalyst loaded onto the RDE, respectively, in order to obtain surface area or mass 

normalized kinetic current (JK) densities.  

An important parameter in evaluating practical catalyst performance is to examine the 

long-term durability and stability of novel 1D ORR electrocatalysts in the context of existing 

commercial standards. The catalyst durability has been tested by a protocol defined by the U.S. 

DOE for simulating a catalyst lifetime under MEA conditions. The procedure though has been 

modified for use with a thin catalyst layer supported on a GC-RDE under half-cell conditions.
26

 

Specifically, the electrode is cycled from 0.6 to 1.0 V at 50 mV/s in a 0.1 M HClO4 solution, left 

open to the air for up to 30,000 cycles. The ESA and specific activity are measured incrementally 

after every 5,000 cycles. As internal standard, we have run the identical durability protocol on 

state-of-the-art Pt NP/C, so as to understand the durability in practical context.  
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In addition, we have also examined the stability of ORR performance in the presence of 

small organic molecule impurities. The testing protocol utilized herein is designed to simulate 

the effects of methanol crossover from the anode to the cathode in functional DMFC designs, 

which is a critical technological challenge in terms of the fabrication of electrocatalysts for 

DMFC cathodes. The stability of ORR performance in the presence of methanol was examined 

by obtaining a series of polarization curves in electrolytes with increasing methanol 

concentration. In the case of Pt-based catalysts including commercial Pt NP/C and Pd1-xPtx NWs, 

separate polarization curves were obtained in 0.1 M HClO4 electrolytes, containing methanol 

concentrations of 0, 1, 2, 3, and 4 mM, respectively. In the case of the highly methanol-tolerant 

Pd-based catalysts, including Pd and Pd9Au NWs, polarization curves were obtained in 0.1 M 

HClO4 solutions, containing methanol concentrations of 0, 1, 2, 3, 4, 25, 50, 75, and 100 mM, 

respectively. The relative methanol tolerance was estimated by normalizing the measured 

specific activity in the presence of methanol (JK [MeOH]) to the measured specific activity in a 

pure solution, containing no methanol (JK). The measurement of the fraction of specific activity 

in the presence of methanol with respect to the activity in a pure electrolyte (i.e. JK [MeOH] / JK) 

provides for an accepted and useful metric of the level of methanol tolerance as a function of 

NW composition. 

 We have also examined the catalytic performance of novel 1D electrocatalysts toward the 

oxidation of small organic molecules, which is a relevant endeavor to developing anode catalysts 

for DEFCs. The catalytic MOR and formic acid oxidation reaction (FAOR) performance was 

measured by obtaining linear sweep voltammograms (LSVs) in the anodic sweep direction in a 

solution consisting of either 0.1 M methanol (Fisher Scientific, Optima Grade) or 0.1 M formic 

acid (Fisher Scientific, Optima Grade), respectively, supported in a 0.1 M HClO4 electrolyte at 
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20 mV/s. The oxidation current, which is related to the kinetics of the oxidation process 

measured from the LSVs after double layer correction, can be normalized to the measured 

catalyst surface area, so as to provide for a specific MOR activity at a given potential. Additional 

details relating the measurement of the oxidation kinetics of small organic molecules can be 

found in Chapter 1 and Chapter 6. 
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Chapter 3. Size-Dependent Enhancement of Electrocatalytic Performance in Relatively 

Defect-Free, Processed, Ultrathin Platinum Nanowires 

 

3.1 Introduction 

By contrast with commercial 0D Pt NP/C, single-crystalline, inherently anisotropic 1D 

structures possess (a) high aspect ratios, (b) the potential for fewer surface defect sites and (c) 

can be synthesized to expose long smooth segments of low energy (100) and (111) facets.
1-3

 

Collectively, these intrinsic structural advantages are expected to contribute to a delay in the 

passivation of 1D noble metal nanostructures to higher potentials, when compared with 

analogous NPs and promote more facile ORR kinetics.
1,4,5

  From a practical perspective, the 

inherent anisotropy in these structures is expected to promote improved long term durability by 

minimizing the effects of particle dissolution and ripening.
6-9

 

Not surprisingly, several early reports in 2007 – 2009 by our group and others 

demonstrated that both elemental Pt and Pd nanowires (NWs) and nanotubes (NTs) consistently 

maintain improved activity and durability as compared with analogous NP/C motifs.
10-12

 For 

example, our group has successfully demonstrated the synthesis of unsupported Pt NTs with 

diameters of approximately 200 nm utilizing an ambient, surfactantless template-based 

technique.
12

 The submicron NTs maintain a specific ORR activity (0.38 mA/cm
2
) that was more 

than double that of commercial Pt NP/C. Similar improvements were observed with platinum 

NTs prepared by Yan and co-workers that displayed a four-fold enhancement in area-specific 

activity when compared with carbon-supported platinum NPs.
11

 Since these first examples, there 

has been a considerable increase in the attention devoted to elemental 1D structures because of 

their intrinsically higher performance when compared with analogous NP catalysts.
13-20
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Although the morphology-dependent enhancement has been well documented in 

elemental Pt and Pd nanostructures, there have been very few reports that rationally correlate 

trends in the physicochemical properties of 1D nanostructures to their performance. For example, 

the exploration of size-dependent phenomena is of critical importance in the functional design of 

electrocatalysts, since the size of nanostructures is inherently linked to the surface-to-volume 

ratio and the corresponding precious metal loading.
21

 In the context of nanoparticulate catalysts, 

extensive studies have demonstrated that particle diameter is not only linked to surface area and 

catalyst usage but is also linked to intrinsic ORR performance.
21-26

   In fact, it has been widely 

demonstrated that the specific and mass activity of Pt NP/C decreases by more than 50% in some 

cases as the diameter is decreased below 2 – 3 nm.
21

 The decreased performance in these 

catalysts is believed to immerge from a combined effect of the increased defect site density and 

size-dependent electronic effects, which are believed to strength the relative interaction with 

oxygen adsorbates in the potential window relevant for ORR. Thus, despite their high surface 

area-to-volume ratio, nanoparticulate catalysts do not display beneficial size-dependent 

properties in the context of ORR electrocatalysis. 

However, the relevant literature involving the size-dependent electronic and structural 

properties of 1D nanostructures reveals that they are anticipated to possess a distinctive size-

dependent enhancement in performance as the diameter is decreased toward 1 nm. Specifically, 

previous analysis of the size-dependent structure of noble metal NWs by DFT (i.e. Pt, Pd, Au, 

and Ir) has predicted that the NW structure is expected to undergo a reconfiguration and 

compression of the surface the atoms when the diameter is decreased below a critical value of 

approximately 2 nm.
27-29

 Surface contractions of platinum have been shown both 

experimentally
30,31

 and theoretically
32,33

 to improve the surface ORR activity because it is 
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thought that such contractions weaken the binding of oxygen and increase ORR kinetics at low 

overpotentials.
30

 Therefore, these initial results involving the size-dependent properties of 1D 

structures points towards a predicted enhancement as size is decreased into the so-called 

“ultrathin” regime (i.e. 2 nm > d). More importantly, the use of ultrathin NWs maximizes the 

surface area-to-volume ratio and therefore decreases the amount of catalytically inactive support 

material present within the interior of the wire.
2
 When these parameters are combined, the 

potential for a highly active, ultra-small 1D catalyst with diameters below 2 nm becomes a key 

target in developing novel electrocatalysts 

In this chapter, therefore, we report on the synthesis of high quality, crystalline Pt NWs 

with ultrathin diameters below 2 nm synthesized by an optimized ambient, solution based 

technique.
19

 In addition, a novel acid-treatment protocol is developed to controllably decrease the 

diameter of the NWs, remove surface defect sites and purify the as-synthesized NWs of residual 

inorganic impurities. We couple UV-visible spectroscopy with the acid-treatment protocol to 

provide an in situ methodology for monitoring the rate and degree of Pt dissolution, which has 

important commercial applications in the processing of functional Pt nanostructures.
34

 More 

importantly, we investigate for the first time the size-dependent electrocatalytic ORR 

performance in anisotropic 1D structures with diameters that range from the submicron range 

(1000 > d > 100 nm) to the ultrathin regime (2 nm > d). Our results confirm that there is nearly a 

four-fold enhancement in specific ORR activity as the diameter of the Pt NWs is decreased from 

200 nm to 1.3 nm and a seven-fold enhancement is observed when the processed ultrathin Pt 

NWs are compared with commercial Pt NP/C. Therefore, not only does this report provide 

further evidence of a morphology-dependent enhancement in 1D nanostructures, it is the first 

report to the best of our knowledge demonstrating a remarkable size-dependent enhancement in 
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performance as the diameter of Pt NWs is systematically decreased to the ultrathin regime. In 

addition, an investigation of the morphology-dependent performance of Pt NWs and Pt NP/C 

confirm a significant enhancement in the electrocatalytic activity of the Pt NWs toward ethanol 

oxidation, further highlighting their versatility as multi-functional catalysts.    

 

3.2 Synthesis of Ultrathin Pt NWs & A Novel Acid Treatment Protocol 

The fabrication of small-diameter platinum NWs was accomplished by a modification of 

a previously published synthetic route from the Miyake
35

 and co-workers, so as to yield smaller 

diameters and improved dispersibility in water. In a typical synthesis, a 2.5 mL aliquot of a 

hexachloroplatinic (IV) acid hydrate (H2PtCl6 ∙ x H2O, >99.9%, Aldrich) solution (10.0 mM, 

aqueous) was dissolved in a solvent system comprised of 20 mL dimethylformamide (EMD, 

anhydrous), 12.5 mL toluene (Acros, reagent grade), and 2.5 mL triethylamine (Fisher, reagent 

grade). The Pt precursor was reduced by the addition of 20 mg of sodium borohydride while 

stirring, and the reaction was allowed to proceed for 3 h. The resulting black product was 

precipitated by centrifugation and washed several times with either absolute methanol or ethanol. 

A sample of platinum NPs was also generated by a modification of the aforementioned NW 

synthesis. The platinum precursor solution was reduced with 10 mg of sodium borohydride in a 

solvent system devoid of toluene.  

A novel acid-treatment protocol was developed to selectively remove defect sites from 

the surface and to reduce the diameter of the as-synthesized Pt nanostructures.
34

 Prior to 

treatment, the isolated product was precipitated from the ethanol or methanol solution utilizing 

centrifugation. In a typical treatment process, the washed solid black powder was dispersed into 

a solution of 6 M HCl by sonication and allowed to remain dispersed in the solution for a period 
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of time, typically 1 – 5 minutes. The degree of etching can be monitored in situ by UV-visible 

spectroscopy, which detects the emergence of H2PtCl6 in solution resulting from the dissolution 

of residual amorphous Pt salts and impurities and surface defect sites. Once the desired amount 

of Pt impurities were dissolved, the Pt nanostructures were rapidly isolated from the 6 M HCl 

treatment solution by centrifugation and washed several times with water to quench the etching 

process and remove residual acid and dissolved impurities. In this case, UV-visible spectra were 

collected at high resolution on a Thermospectronics UV1 spectrometer using quartz cells with a 

10 mm path length. For all measurements a 6 M HCl solution was used for background 

correction. As a controlled experiment, the concentration of dissolved Pt as H2PtCl6 was 

examined in the various alternative solutions used to treat the Pt nanostructures such as ethanol 

and water in the place of 6 M HCl. For each test, aliquots of the solution were diluted in 6 M 

HCl to maintain the fully protonated form of hexachloroplatinic acid within solution.
36

  

 

3.3 Results & Discussion 

3.3.1. Structural Characterization of Pt NWs 

In our studies, the crystallinity and purity of as-prepared ultrathin platinum NWs were 

studied by means of X-ray powder diffraction. Crystallographic analysis (Figure 3.1) of the solid 

confirmed that all of the peaks could be readily indexed to the (111), (200), (220) and (311) 

reflections of the face-centered cubic platinum (Fm3m, JCPDS #04-0802). No detectable 

impurity peaks were observed in the XRD pattern. The significant broadening of the peaks was 

an indication that small crystallite sizes had been achieved and is consistent with the production 

of nanosized Pt structures. 
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Figure 3.1 Representative experimental X-ray powder diffraction pattern of as-prepared ultrathin 

Pt NWs with the corresponding JCPDS standard shown immediately below. (Reprinted with 

permission from Ref. 19. Copyright 2010 American Chemical Society) 
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The morphology of the NWs and NPs was characterized by transmission electron 

microscopy (TEM). Overview TEM images of the acid-treated Pt NPs (Figure 3.2A) prepared by 

the reduction of the precursor without the presence of toluene in the solvent system revealed NPs 

with an average diameter of 2.8 ± 0.7 nm. The addition of toluene to the reaction resulted in a 

majority of NWs (85  90%) (Figure 3.2B) forming a net-like structure with some NPs 

distributed throughout the net. The average diameter of the wires was determined from the TEM 

images to be 1.8 ± 0.3 nm with an average length of 100 ± 25 nm. After acid-treatment, the wire 

diameters measurably decreased to 1.3 ± 0.4 nm (Figure 3.2C) with an associated decrease in the 

perceptible degree of aggregation. The overview TEM image in Figure 3.2C shows the presence 

of well-defined individual NWs, which have been exfoliated by the acid-wash. 

Inspection of the individual, acid-treated NWs by high-resolution TEM (HRTEM) shown 

in Figure 3.2D reveals that they are polycrystalline, i.e. consist of multiple crystalline segments 

with an average length of 6 ± 2 nm that extend along the axis of the NW. The majority of the 

single crystalline segments making up the NWs have lattice spacings of 0.23 nm and 0.19 nm, 

consistent with the (111) and (200) lattice planes, respectively. The selected area electron 

diffraction (SAED) pattern shown in Figure 3.2E highlights not only continuous rings that can be 

indexed to platinum‟s (111), (200), (220), (311) and (331) planes, respectively, but also discrete 

diffraction spots indicating that the high degree of substructure observed is representative of the 

whole ensemble of NWs that contributed to the diffraction pattern. The composition of 

individual NWs investigated by EDAX (Figure 3.2F) performed in STEM mode suggests only 

the presence of Pt, as expected, with Cu peaks emanating from the TEM grid. 
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Figure 3.2 Electron microscopy of acid-treated Pt NWs and Pt NPs. Low resolution TEM 

images of acid-washed Pt NPs (A) and ultrathin Pt NWs both before (B) and after (C) treating 

with acid. An HRTEM image (D) of a single acid-washed NW is shown as an inset with an 

image containing a representative collection of these NWs. Associated SAED (E) and EDAX (F) 

patterns of these 1D nanostructures. (Reprinted with permission from Ref. 19. Copyright 2010 

American Chemical Society) 
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Figure 3.3 Purification of Pt NWs utilizing an acid-wash protocol. Representative SEM images 

of the NWs washed with water (A) and 6 M HCl (B). UV-Visible spectra (C) obtained from 

solutions used to purify the Pt NWs with a 0.2 mg/mL solution of H2PtCl6 serving as a reference 

for the presence of dissolved Pt species in 6 M HCl. (Adapted with permission from Ref. 19. 

Copyright 2010 American Chemical Society.) 
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3.3.2. Purification of Pt NWs by a Novel Acid Treatment 

The novel use of an acid wash was critical in achieving suitably exfoliated NWs 

maintaining ultrathin diameters. Acid washes are ubiquitous in nanomaterial purification, 

especially with respect to the purification of platinum thin films after plasma etching.
37

 Figure 

3.3A – 3.3B shows representative scanning electron microscopy (SEM) images of NWs washed 

with water and with 6 M HCl. When washed in water (Figure 3.3A), the NWs are highly 

aggregated into a monolithic net-like structure and are encased in an amorphous residue apparent 

between the NW bundles. By comparison, acid-washed NWs (Figure 3.3B) displayed are 

exfoliated with a much lower degree of aggregation and in fact, individual NWs could be 

resolved. We attribute the improvement in dispersibility and NW exfoliation to the solubilization 

of residual amorphous platinum and platinum salts such as PtClx and PtOx by the HCl.
38

  

Moreover, the apparent diameter of the NWs after acid-treatment (Figure 3.2C) is 

decreased from ~2 nm to ~1.3 nm size after acid treatment of acid-washed NWs as the length of 

the treatment protocol was increased from 1 – 5 min. We attribute this change in wire diameter to 

a symmetrical etching of the exposed surfaces by oxygen, which is catalyzed by the selective 

presence of the chloride
 
anion. The catalyzed oxidative etching of noble metal nanostructures by 

O2/Cl
-
 has been demonstrated by Xia and co-workers in the shape-dependent seed mediated 

growth of Pd and Pt nanostructures.
39

 Specifically, mechanistic insights suggest that defect sites 

are the most susceptible to oxidative etching leading to the selective formation of low energy 

(111) and (100) facets and consequently to a variety of distinctive shapes depending upon the 

synthetic parameters and the capping agent employed.
40

  However, we demonstrate for the first 

time herein that oxidative etching can be utilized on preformed noble metal nanostructures to not 

only (i) remove residual amorphous impurities but to (ii) selectively etch defect sites present on 
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the surface and (iii) decrease particle size, without influencing the morphology of the pre-formed 

structure. This represents a significant advance in the processing of noble metal nanostructures 

for use in practical applications since this treatment protocol is applicable to a broad range of 

nanostructures and is independent of synthetic technique, morphology or dimensions.  

To further expand upon the practicality of this purification technique, we have coupled 

the acid-treatment protocol with UV-visible spectroscopy to provide an in situ quantitative 

technique to probe the rate and degree of etching. During the acid-treatment of ultrathin Pt NWs 

and Pt NPs, visual inspection of the 6 M HCl solution reveals the evolution of a light yellow 

color, which is consistent with the dissolution of Pt and Pt salts forming solubilized H2PtCl6. 

Examination of the acid wash solution by UV-visible spectroscopy (Figure 3.3C) reveals a 

prominent absorption peak at 362 nm, which is consistent with the presence of dissolved H2PtCl6 

in HCl shown as a standard.
36

 Interestingly, the use of UV-visible spectroscopy is advantageous 

because the concentration of H2PtCl6 can be determined in solution from Beer‟s law enabling the 

direct in situ detection of the quantity of Pt redissolved by the HCl treatment. For example, a 

typical acid treatment of the Pt NWs results in the solubilization of 2.5 mg of platinum 

representing ~50% of the product on the basis of the quantity of precursor utilized in the 

reaction. This important finding is consistent with a reduction in the diameter of the NWs from 2 

nm to 1.3 nm. From a mechanistic perspective, the 6 M HCl solution was rationally substituted 

with ethanol (Figure 3.3C, black trace) and water (Figure 3.3C, green trace). UV-visible 

spectroscopy obtained from these solutions showed the presence of no H2PtCl6 confirming that 

the etching and solubilization process only takes place when both O2 and Cl
-
 are mutually 

present in the 6 M HCl solution.  
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Figure 3.4 Cyclic voltammograms obtained from as-synthesized ultrathin Pt NWs (black), acid-

treated ultrathin Pt NWs (red) and acid-treated Pt NPs (blue). 
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3.3.3. Size-Dependent Electrochemical Performance of Pt NWs toward Oxygen Reduction 

The cathodic ORR kinetics of the as-synthesized NW samples were probed by thin layer 

rotating disk cyclic voltammetry. Initially, stationary electrode cyclic voltammograms (CVs) 

were obtained of RDEs loaded with the platinum NWs in deoxygenated 0.1 M HClO4 solution in 

order to retrieve the electrochemically addressable surface areas (Figure 3.4). For comparison, 

the sample of acid-washed platinum NPs prepared by modification of the NW synthesis is 

shown. Initially, the active surface areas of the both electrodes were determined by the integrated 

hydrogen adsorption (Hads) charge measured.
41

 

The peaks associated with Hads in the CV in Figure 3.4 indicate the presence of the 110 

and 100 oriented steps for the as-prepared NWs. For the acid-treated Pt NWs, the number of low-

coordinated sites is significantly lower as compared with that found with as-prepared NWs, as 

evidenced by the absence of distinct peaks in the 0  0.2 V region.
26

 Not surprisingly, defect sites 

are also selectively etched from the Pt NP sample, which confirms that the acid treatment is 

effective on Pt nanostructures with diverse morphologies. Thus, it appears that the acid wash 

contributed to the removal of atoms occupying low coordination sites, in addition to removing 

amorphous deposits. This assertion is consistent with previous reports that have shown that high 

energy metallic surfaces
40

 and defect sites
39

 are preferentially etched by acidic solutions. Thus, 

we can attribute the lack of extraneous, undesirable low-coordination sites to the etching effect 

of the acid wash, leaving behind primarily desirable smooth, crystalline, and defect-free surfaces. 

In addition, it also apparent that the acid-treatment contributes to a suppression of the onset of 

the formation of the surface oxide region (0.6 – 1.0 V), which is indicative that a more active 

catalytic surface is obtained after treatment.
42
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Figure 3.5 Electrocatalytic performance of ultrathin Pt NWs toward ORR. The polarization 

curve (A) for the acid-treated ultrathin Pt NWs as compared with commercial Pt NP/C obtained 

in 0.1 M HClO4 at 1600 rpm. The measured specific activity (B) at 0.9 V from acid-treated Pt 

NWs and Pt NPs with as-synthesized Pt NWs and commercial Pt NP/C serving as a comparison 

to demonstrate the beneficial effects of the acid-treatment protocol on ORR performance. 
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The ORR activity for the NW samples was measured electrochemically by obtaining 

polarization curves in an oxygen saturated 0.1 M HClO4 solution (Figure 3.5A). The Pt NWs 

show an ORR onset between 0.7 and 0.8 V, as expected, with nanostructured platinum 

electrocatalysts. It is important to note that the slightly lower than expected current density 

between 0.2 – 0.6 V associated with the primarily diffusion controlled region of the polarization 

curve can be attributed to the insufficient dispersion of the unsupported Pt NW catalysts on the 

electrode. Efforts are underway to improve the distribution of the catalyst by supporting the 

ultrathin Pt NWs on carbon. Regardless, the measured kinetic currents were normalized to the 

real surfaces areas so as to probe the intrinsic activity of each Pt nanostructure sample. Based on 

this protocol, the acid-washed ultrathin NWs displayed an outstanding specific activity (JK) for 

an unsupported nanostructured material of 1.45 mA/cm
2
.   

In the context of the acid wash protocol, Figure 3.5B clearly demonstrates that the acid-

treatment protocol significantly and measurably increases the performance of the Pt NWs when 

compared with the as-synthesized Pt NWs by nearly three-fold. This observation is consistent 

with the TEM and CV results, which mutually demonstrate that the acid-wash protocol (i) 

exfoliates the Pt NWs, (ii) removes amorphous residues thereby exposing active sites and more 

importantly, (iii) selectively removes defect sites. In this context, we also observed that the 

unsupported acid-treated Pt NPs displayed comparable but slightly enhanced activity as 

compared with their commercial Pt NP/C analogues, further highlighting the benefits of the acid 

treatment. However, the activity displayed by the acid-treated Pt NPs is lower when compared 

with the acid-treated Pt NW counterparts. This provides strong evidence that the superior 

performance observed in the NW system is strictly derived from the ultrathin, 1D motif of the 

NW morphology and is in agreement with prior reports.
8,9
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Figure 3.6 Detailed investigation of the ORR process on acid treated Pt NWs. Polarization 

curves (A) of acid-treated ultrathin Pt NWs at various rates of rotation. Koutecky-Levich plots 

(B) at different potentials obtained from the data in (A). A plot of the potential vs. specific 

activity (E vs. JK) is also shown as an inset to B. (Reprinted with permission from Ref. 19. 

Copyright 2010 American Chemical Society) 
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To further explore the kinetics of ORR at the ultrathin Pt NW electrode, we constructed a 

Koutecky-Levich (K-L) plot at various potentials, which is shown in Figure 3.6B. In Equation 

(1), the J is the measured disk current density, JK is the kinetic current density, B is a constant, 

and  is rotation speed. Thus, the experimental values for JK and B can be extracted from the 

Koutecky-Levich plot from the y-intercept and slope, respectively at a given potential. For 

comparison with the experimental data, the B from Equation (2) was calculated based on the 

published values of the diffusion coefficient of O2 (DO2 = 1.93 ∙ 10
-5

 cm
2
 s

-1
), the kinetic 

viscosity of the solution  ( = 1.009 ∙ 10
-2

 cm
2
 s

-1
),

43
 the concentration of dissolved O2 in 

solution (CO2 = 1.26 ∙ 10
-3

 mol L
-1

),
2
 the Faraday constant (F), and the electrode‟s geometric area 

(Ag).  
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The experimental fit yields a value of 0.096 mA s
-1/2

 for B which agrees well with the 

theoretical value of 0.092 mA s
-1/2

 calculated for an ideal, four-electron reduction process and 

suggests that the ORR at the NW electrode largely follows a 4e
-
 pathway. Furthermore, the data 

at each potential closely fit the K-L linear relationship and a consistent slope (i.e. consistent B 

value) is maintained over all of the potentials. Taken together these observations suggests first-

order kinetics
44

 with respect to molecular oxygen, which is highly desirable. In addition, the so 

called potential verses kinetic current density (E vs. JK) plots (inset to Figure 3.6B) of acid-

treated Pt NWs and commercial Pt NPs are also shown.
45,46

 The E vs. JK plots clearly reveal that 
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the acid-treated NWs maintain significantly higher kinetic currents over the entire range of 

operating potentials. Overall, these observations provide additional evidence that the ultrathin 

acid-treated NWs display greatly enhanced ORR kinetics as compared with commercial Pt NPs, 

further demonstrating the general morphology-dependent enhancement in ORR activity in 1D Pt 

nanostructures.  

More importantly, we demonstrate in Figure 3.7 that there is a remarkable size-dependent 

enhancement in performance as the diameter of the 1D nanostructures is decreased to the 

ultrathin regime. Specifically, the unsupported ultrathin Pt NWs (1.3 nm) possessed an 

exceptional specific activity of 1.45 mA/cm
2
, representing nearly a two-fold and four-fold 

enhancement over the 45 nm nanosized (0.82 mA/cm
2
) and 200 nm submicron (0.38 mA/cm

2
) 

NWs, respectively. Representative images of the 200 nm and 45 nm Pt nanostructures prepared 

from a template-based technique are shown in Figure 3.7A and Figure 3.7B, respectively 

highlighting the distinctive and dramatic differences in diameter. 

 The size-dependent enhancement raises an interesting question in terms of ORR 

electrocatalysis, since the experimental trend in 1D systems contrasts starkly with that observed 

in analogous 0D nanoparticulate systems. In the case of Pt and Pd NP/C, decreases in particle 

size tend to result in lower activity as a result of size-dependent variations in the electronic 

properties of the particle as well as an increased density of defect sites and low coordination 

atoms (LCAs).
25

 This contributes to significantly lower specific activity as the particle size is 

decreased below 2 nm as a result of an increased interaction with the oxygen adsorbate. 
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Figure 3.7 The size-dependent trend in 1D Pt nanostructures of specific ORR activity measured 

at 0.9 V with commercial Pt NP/C serving as a commercial reference system is illustrated in (C). 

Representative TEM images collected from individual isolated 200 nm Pt NTs (A) and 45 nm Pt 

NWs (B), mutually prepared by an ambient, template-based technique. (Adapted in part with 

permission from Ref. 8. Copyright 2012 American Chemical Society) 
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By contrast with NPs, our collective experimental results including CV and HRTEM data 

confirm that the ultrathin NWs maintain well-ordered (111) and (100) facets, possessing very 

few defect sites as compared with their nanoparticulate analogues.
19,47-49

 Accomplishing this feat 

necessitated the use of basic amine-terminated surfactants, in this case triethylamine (TEA) to 

selectively promote the exposure of the (100) facet and lead to the desirable <111> growth 

direction apparent in Figure 3.2D. Moreover, cathodic and anodic features typically associated 

with (110)-type defect sites, which are clearly observed in commercial Pt NP/C, are almost 

indiscernible in the corresponding data associated with our acid-treated ultrathin Pt NWs.
19,49

 

The key point to emphasize is that our 1D motifs do not necessarily suffer from higher defect 

densities and LCAs, as diameter is decreased into the ultrathin size regime, and this observation 

may explain the general enhancement in activity, characteristic of the 1D morphology.  

Nevertheless, the size-dependent performance is neither completely nor solely explained 

by the relatively defect-free nature of 1D catalysts. More recently, the structural and electronic 

properties inherent to NWs have been postulated to be a key element in the origin of their size-

dependent performance. That is, in terms of size-dependent electronic and structural effects, 

several theoretical
27-29

 and experimental
50-52

 studies have asserted that noble metal NWs (e.g. Pt, 

Pd, Ir, Au etc.) undergo a characteristic contraction of the surface atoms, as the NW is decreased 

into the ultrathin regime, particularly when the NW diameter is below 2 nm. Contractions of the 

surface atoms are predicted to cause a down-shift of the d-band center to lower energies and 

thereby result in significantly weakened interactions with adsorbates, such as CO and oxygen 

species.
30,32,33

  In fact, recent theoretical work performed by Matanović et al. has provided for 

excellent DFT evidence in favor of a size-dependent enhancement in ORR activity, as the 

diameter of 1D platinum nanostructures is decreased below 2 nm.
53

 Specifically, it was shown in 
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this theoretical work that ultrathin NWs may undergo additional surface reconfiguration upon 

adsorption of oxygen leading to a downshift in the d-band center and this may in fact point 

toward the origin of the enhanced kinetics.
54

  

From an experimental perspective, the predicted downshift in the Pt d-band in ultrathin 

noble metal NWs has been observed experimentally by Guo and co-workers utilizing X-ray 

photoelectron spectra (XPS). This was the first spectroscopic data that demonstrated that 

ultrathin Pt NWs maintained lower binding energies for the Pt 4f7/2 signal in the NWs as 

compared with commercial Pt NPs and bulk Pt.
52

 Herein, the CV data obtained from our 

submicron and ultrathin Pt NWs reveal that the oxide reduction peak is shifted to higher 

potentials by ~10 mV, as the size of the NWs is decreased into the ultrathin regime. Not only is 

this observation in agreement with the XPS results but also it provides strong evidence of a 

systematic decrease and weakening in the interaction with adsorbates, as the NW diameter is 

decreased into the ultrathin regime.  

As we will demonstrate in Section 3.3.4 and Chapter 5, we have also utilized CO 

stripping voltammetry to probe the relative interactions with adsorbates in ultrathin Pd & Pt 

NWs. As expected, the measured CO stripping peak was observed to shift negatively from 0.925 

V to 0.906 V, as the size of the Pd NWs was decreased from 270 nm to 2 nm. Although the size-

dependent phenomena of Pd NWs is discussed in detail in Chapters 5, the CO stripping results 

obtained for ultrathin Pd NWs, the oxide reduction results gathered for Pt NWs, and the XPS 

results collected for ultrathin Pt NWs and NPs collectively provide for a strong argument for a 

surface reconstruction process and a corresponding down-shift in the d-band center, thereby 

resulting in an enhanced ORR performance. Furthermore, the excellent CO stripping kinetics 
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observed may also render these ultrathin catalysts as potentially effective alcohol oxidation 

catalysts.
49,52

 

 

3.3.4. Morphology-Dependent Enhancement toward Ethanol Oxidation in Ultrathin Pt NWs 

The ultrathin Pt NWs also maintain a significant morphology-dependent enhancement 

toward the ethanol oxidation reaction (EOR), when compared with Pt NP/C.
49

 The specific EOR 

activity for the Pt NWs and Pt NP/C was measured at an operating potential of 0.65 V over the 

course of 60 min utilizing chronoamperometry (CA) in 0.2 M ethanol supported in a 0.1 M 

HClO4 electrolyte. The results of the test (Figure 3.8A) confirm that the Pt NWs maintain higher 

specific EOR activity over the course of the test. After 60 min, the Pt NWs maintain a specific 

activity of 0.076 mA/cm
2
, which represents a two-fold enhancement over the corresponding Pt 

NP/C (0.036 mA/cm
2
). Similar enhancements were noted when the CA experiment was 

performed with operating potentials of 0.55 V, 0.60 V and 0.65V. In each case, the activity was 

measured after 500 s of electrode operation (Figure 3.8A) and a consistent three-fold 

enhancement in EOR activity was noted in the Pt NWs. In addition to performing CA, the 

reaction kinetics of EOR was also studied by obtaining linear sweep voltammograms (LSVs) in 

0.2 M ethanol/0.1 M HClO4. The results confirmed that the Pt NWs maintained a considerable 

lower onset potential (measured at J = 0.01 mA/cm
2
) for EOR of ~0.23 V, in comparison with 

the Pt NP/C (0.45 V). The LSVs also confirmed that the Pt NWs evince a higher current density 

over the entire voltammetric sweep and a near two-fold enhancement in the peak current density, 

further confirming the enhanced EOR performance. 
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Figure 3.8 Electrocatalytic performance of ultrathin Pt NWs toward EOR. Chronoamperometry 

results (A) for ethanol oxidation activity of Pt NWs (black) and Pt NP/C (red) in 0.2 M 

ethanol/0.1 M HClO4 solution at 0.65 V over a period of 3600 s reaction time. The current 

densities measured from Pt NWs and Pt NP/C after 500 s of reaction time with operating 

potentials of 0.55 V, 0.60 V and 0.65 V are shown as an inset to the chronoamperometry results. 

CO stripping curves obtained at a scan rate of 50 mV/s for the Pt NWs (B) and Pt NP/C (C) are 

also shown. The solid line denotes the first scan and the dashed line denotes the second scan. 

Typical HRTEM images of the Pt NWs and Pt NP/C are shown as insets to the CO stripping 

results.  
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 To rationalize the morphology-dependent performance in ultrathin Pt NWs, CO stripping 

voltammograms were obtained to determine the relative interaction of the Pt nanostructures with 

this key intermediate. The formation of adsorbed CO as an intermediate in the process of ethanol 

oxidation has been identified as a key challenge in attaining suitably high kinetics, since the 

strong interaction of CO with Pt results in a poisoning effect. This typically necessitates high 

overpotentials beyond the thermodynamic potential for EOR, in order to suitably decrease the 

CO coverage and increase the relative availability of Pt active sites for ethanol adsorption. 

Interestingly, the CO stripping voltammograms highlight a significant shift in the CO oxidation 

peak potential for the Pt NWs (Figure 3.8B, 0.73 V), when compared with the Pt NP/C (Figure 

3.8C, 0.90 V). The enhanced CO oxidation performance in this case likely immerges from the 

electronic properties associated with ultrathin Pt NWs. Specifically, the observed down-shift in 

the energy of the weighted center of the d-band is expected to significantly weaken the 

interaction between the Pt NW‟s surface sites and the CO adsorbate leading to enhanced CO 

oxidation kinetics. The intrinsically high tolerance to CO is an important finding and may render 

ultrathin Pt NWs active toward the oxidation of methanol and formic acid for example. 

 

3.4 Conclusions 

We have synthesized crystalline platinum NWs with an ultrathin diameter of 1.3  0.4 

nm. As-prepared NWs were treated with an acid wash protocol in order to suitably exfoliate the 

NWs and re-dissolve amorphous platinum deposits so as to expose the active surface areas of the 

wires themselves. Moreover, cyclic voltammetry revealed that the acid-washed NWs displayed 

fewer undesirable surface defects, which was also attributed to the acid wash itself. The acid-

treated ultrathin Pt NWs displayed an outstandingly specific activity of 1.45 mA/cm
2
, which was 
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significantly higher than that reported for both commercial Pt NP/C and analogous acid-treated 

Pt NP confirming a morphology-dependent enhancement in performance in 1D structures. More 

importantly, we have also demonstrated for the first time a remarkable size-dependent 

enhancement in 1D Pt nanostructures as the diameter is decreased toward the nanometer scale. 

On the basis of our HRTEM, CV and CO-stripping results, this size-dependent enhancement is 

believed to arise from the size-dependent electronic properties of 1D noble metal nanostructures. 

In addition, the Pt NWs were also found to maintain a measureable morphology-dependent 

enhancement toward EOR performance in comparison with Pt NP/C. Collectively, these results 

highlight ultrathin Pt NWs as a versatile catalyst system relevant to both the anodic and cathodic 

reactions in PEMFCs. 
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Chapter 4. Enhanced Electrocatalytic Performance in Processed, Ultrathin, Carbon 

Supported PtML~Pd Core-Shell Nanowire Catalysts for the Oxygen Reduction Reaction 

 

4.1 Introduction  

 Given the remarkable size-dependent enhancement in performance, ultrathin noble metal 

NWs have been highlighted as a crucial new structural paradigm for electrocatalysis, since these 

structures maximize catalytic activity, while minimizing the precious metal content at the 

catalysts core.
1,2

 In the previous chapter, we demonstrated an enhancement in specific ORR 

activity of more than four-fold, as the diameter of 1D Pt nanostructures is decreased from 200 

nm to less than 2 nm.
3
 Although the observed enhancements in area-specific activity associated 

with ultrathin Pt NWs is promising, a continuing challenge with the development of 

electrocatalysts composed entirely of platinum has been its prohibitive cost (greater than $1,600 

US/ounce)
4
 as well as its relatively low abundance.

5
 This practical challenge associated with Pt-

based catalysts has sparked several parallel efforts to try to minimize Pt content.  

For example, promising results have been achieved with catalysts consisting of metal 

oxides, organometallic complexes, and biologically-inspired catalysts.
6
 However, the issues with 

durability, stability, and activity will necessitate fundamental and long-term development in 

order to assess their potential for commercialization. An alternative approach with rapid potential 

for commercialization has been the concurrent development of catalysts that substitute Pt for less 

expensive and more abundant metals.
2,6-8

 Currently, palladium represents a key candidate, 

because of its similar electronic and structural properties to Pt and its relatively lower cost 

(~$750 US/ounce).
4,9

 However, the measured activity of bulk palladium is considerably lower 

than bulk platinum owing to the measurably stronger interaction of Pd with oxygen adsorbates at 

potentials relevant for ORR, by comparison with Pt.
10

 Accordingly, there has been considerable 
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interest in the literature in terms of developing palladium-based catalysts consisting of either 

elemental palladium or palladium-based alloys, including first row transition metals, so as to 

achieve activities comparable to or higher than Pt.
11-13

  

Considering the proven and intrinsic advantages of 1D architectures, there have also been 

several reports, which couple the intrinsic catalytic advantages of 1D architectures with 

palladium to achieve improved specific and mass activity.
14-16

 For example, Abruña and co-

workers
14

 have observed a characteristic structure-dependent enhancement in ORR activity with 

palladium-based nanorod catalysts prepared by electrodeposition directly onto a carbon support. 

Utilizing a combinatorial approach, the enhanced activity in this case was attributed to the 

preferential display of certain low energy crystal facets, which have been predicted by DFT to be 

most active towards ORR in the case of Pd. Despite the significantly enhanced activity, the 

activity of these as-prepared nanorods did not surpass the activity of bulk platinum, which is 

largely considered to be one of the most active surfaces for ORR. In another report, Yan and co-

workers
15

 prepared polycrystalline PtPd nanotubes, which maintained a 1.4 fold higher Pt mass 

activity of approximately 0.1 A/mgPt at 0.85 V as compared with commercial Pt black catalysts. 

Similarly, Xia and co-workers have recently observed a degree of enhancement in mass activity 

of isotropic Pt dendrites, grown directly onto Pd NPs.
16

 Despite these tangible gains, continued 

improvement is necessary in order to meet the 2015 U.S. Department of Energy (DOE) target
17

 

for ORR performance under membrane electrode assembly (MEA) conditions, namely a Pt mass 

activity of 0.44 A/mgPt (at 0.9 V).  

 The opportunity to tailor morphology represents a key advance in designing novel Pd-

based catalysts with higher activity and durability. However, it is clear in the context of these 

preliminary results that simply tailoring the morphology of elemental structures alone will not 
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provide for sufficient flexibility in terms of increasing performance to exceed the DOE target set 

forth for 2015. In terms of meeting this goal, it is evident that successful methodologies must be 

developed in order to control not only morphology but also composition, structure, and 

homogeneity. For example, a promising route towards improving platinum mass activity, that 

has achieved considerable attention recently, has been the development of Pd nanocrystals 

possessing a Pt monolayer shell (PtML), a strategy pioneered by Adzic and co-workers.
10,18-20

 The 

highly controlled core-shell structure in this case has been achieved by first electrochemically 

depositing a monolayer of Cu atoms through the use of Cu underpotential deposition (UPD) 

followed by the controlled displacement of these ad-atoms with platinum via galvanic 

exchange.
21

  

In a recent report, the activity of the optimized PtML supported onto commercial Pd NPs 

was studied systematically, and as-prepared catalysts were found to possess outstanding mass 

and specific ORR activities of 0.96 A/mgPt and 0.5 mA/cm
2
, respectively.

22
 The significant 

enhancements in activity have been attributed to the advantageous core-shell motif, which 

modifies both the structural and electronic properties of platinum for enhanced activity. 

Specifically, the Pd substrate is thought not only to apply a compressive strain upon the PtML but 

also to impart a so-called “ligand-effect.” These phenomena mutually result in a lower energy of 

the weighted center of the Pt d-band. The resulting suppression of the Pt d-band energy is 

thought to directly provide for a weakened interaction with OHads groups, thereby yielding 

improved ORR activity.
23,24

 Although outstanding results have been achieved with 0D core-shell 

catalysts based upon the platform of commercial Pd NPs, to the best of our knowledge, there 

have been no reports prior to our own study
25

 in 2011 on the structural and morphological 

dependence of ORR activity in catalysts bearing this core-shell motif.   
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In this Chapter therefore, we describe the first successful synthesis, characterization, and 

electrocatalytic performance of a 1D core-shell catalyst consisting of a homogeneous PtML shell 

supported onto a high-quality, ultrathin 2 nm Pd NW core.
25

 In essence, we combine the 

advantageous core-shell motif with the known electrocatalytic advantages of ultrathin one-

dimensional nanostructures in order to enhance the activity and durability of the resulting 

catalyst. In particular, the development of ultrathin noble metal NW cores is particularly 

advantageous, as a result of the slight contraction of the atoms at their surfaces and the unique 

down-shift in their d-band energy.
26-32

 This phenomenon has been attributed by our group and 

others to be the origin for the enhanced performance toward ORR in elemental Pt NWs.
3,33

 In the 

context of core-shell motif, a contraction of the core NW surface would be highly advantageous 

for ORR electrocatalysis, since this would enhance the strain induced contraction of the PtML and 

therefore correspondingly improve upon the inherent ORR activity.  

The synthesis of this distinctive, heterostructured catalyst draws from rational bottom-up 

design principles,
34

 wherein solution-based synthetic techniques are merged with electrochemical 

deposition in order to provide for a method that can be readily scaled for production. In terms of 

synthesis, we first discuss the synthesis and characterization of ultrathin ~2 nm Pd NWs 

supported onto conductive carbon supports (Pd NW/C). This objective was accomplished by a 

surfactant-based synthetic technique coupled with a novel methodology for supporting these as-

prepared NWs on Vulcan XC-72 carbon nanoparticles. The as-synthesized, carbon-supported 

composites maintain excellent homogeneity and a uniform three-dimensional dispersion of the 

Pd NWs on the carbon surface. In addition, we have demonstrated that the extended Pd NWs 

consist of multiple, anisotropic, 6 – 8 nm single crystalline segments, which represent the 

functional catalytic sub-structure.  
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 In going beyond mere synthesis, we also developed a simple two-step protocol to purify 

the surfaces of the as-synthesized Pd NW/C composites of residual organic impurities present 

from the surfactants utilized in the synthesis.
35

 The development of practical methodologies for 

removing organic impurities is critical to the commercial development of anisotropic catalyst 

materials, since the anisotropic crystalline growth in 1D noble metal nanostructures is often 

achieved by organic surfactants and capping agents.
34,36

 However, these residual impurities 

strongly adsorb to the surfaces of the nanostructures after isolation and significantly reduce 

performance by blocking active sites. Herein, we have developed a treatment protocol that 

rationally combines a pre-treatment (e.g. either an acid wash, ligand exchange, or ozone 

oxidation) with a novel, selective CO adsorption process in order to remove organic impurities. 

The process is advantageous, since the surface can be purified without either damaging the 

desirable 1D morphology or reducing the overall homogeneity of the NWs on the carbon 

support.  The impact of these diverse treatment protocols upon the electrochemical properties of 

the nanostructures has been analyzed.  

We then explored the structure-dependent enhancement of ORR activity of as-prepared 

ultrathin Pd NWs by comparison with commercial Pd NP/C. Ultimately, the desired PtML shell ~ 

Pd NW (PtML~Pd NW) core structure can be prepared by utilizing Cu UPD followed by galvanic 

displacement. Specifically, the size-dependent enhancement of both area and mass-specific 

activity has been investigated herein. We find that the ozone-treated PtML~Pd NW shell 

nanostructures maintain a platinum mass activity of 1.83 A/mgPt, which is more than double that 

associated with optimized core-shell catalysts, based upon NP motifs.  
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4.2 Synthesis and Activation of Ultrathin, Carbon Supported Pd NWs 

4.2.1. Synthesis of Pd NW/C Composites  

 Initially, unsupported ultrathin Pd NWs were prepared, utilizing a modified procedure 

previously reported by Teng et al.
37

 Briefly, palladium nitrate (13.0 mg, Alfa Aesar 99.9%), 

octadecylamine (400 mg, Acros Organics 90%), and dodecyltrimethylammonium bromide (60 

mg, TCI >99%) were dissolved in 7 mL of toluene under vigorous magnetic stirring. The 

mixture was brought under an inert atmosphere, utilizing standard Schlenk procedures, and was 

sonicated for 20 min. Separately, solid sodium borohydride (13 mg, Alfa Aesar 98%) was 

dissolved into 2 mL of deoxygenated distilled water, and the solution was added dropwise to the 

precursor mixture, while stirring. After one hour, the reaction mixture was diluted with 2 mL 

aliquots of distilled water and chloroform, resulting in the separation of the organic and aqueous 

phases. The black organic phase was isolated, diluted with 10 mL of absolute ethanol, and 

centrifuged for 10 min, thereby resulting in the precipitation of a black solid. The black solid was 

subsequently washed several times with ethanol and allowed to dry in air.  

Adsorption of these as-prepared NWs onto conductive carbon support (Vulcan XC-72, 

Cabot) was achieved by first dispersing the isolated black solid containing a mixture of Pd NWs 

and residual surfactant into 6 mL of chloroform, until a homogeneous black mixture was formed. 

An equal mass of Vulcan carbon (~6 mg) was then added to this mixture and the mixture was 

subsequently sonicated for 30 min in a bath sonicator. As-prepared composites were then 

isolated by centrifugation and fixed onto the carbon substrate by immersion in hexanes for 12 h. 

After washing several times with hexanes and ethanol, as-prepared composites were further 

cleansed with either hexane or acetone in order to remove residual surfactants prior to drying 

overnight.  
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4.2.2. Activation of Pd NW/C Catalysts 

 The activation of the Pd NW/C was accomplished by developing a two-step protocol to 

remove residual organic impurities present from the synthesis. In the first step, three separate 

pre-treatments were employed to suitably weaken the interactions of the organic impurities with 

the surfaces of the noble metal nanostructure. 

Pre-treatment Protocol 1: We optimized an acid-treatment protocol previously described for Pd 

NPs
38

 in the literature for removing organic capping agents. Dried, as-prepared catalyst powder 

was dispersed in 5 mL of glacial acetic acid (Fisher Scientific) by bath sonication for 30 min 

within a fume hood. The mixture was then brought to 50C for 1 h, the mixture was centrifuged 

while still hot, and the acetic acid was later decanted. The treated composites were then washed 

several times with ethanol, and allowed to dry overnight.  

Pretreatment Protocol 2: We utilized a novel time-controlled ozone treatment. In this case, dried, 

as-prepared catalyst powder was dispersed into ethanol by sonication after which several drops 

were placed onto a silicon wafer. The wafers were placed into a ultraviolet (UV) lamp ozone 

generator (UVOCS Model # T10X10-0ES), and treated for 15 min. As-treated NWs were then 

isolated from the wafers by sonication into a 25% IPA solution, thereby ultimately yielding the 

final catalyst ink solution of approximately 1 mg/mL. 

Pretreatment Protocol 3: A ligand exchange protocol was employed to replace the long-chain 

surfactants employed in the synthesis, such as octadecylamine (ODA) in this case, with 

butylamine. The ligand exchange is advantageous, since butylamine is significantly easier to 

remove from the surface by means of selective CO adsorption than their long-chain surfactant 

counterparts. The Pd NW/C composites are then dispersed into n-butylamine (BA, Acros 

Organics, +99.5%) by sonication and the resulting dispersion is stirred for a period of three days 
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to ensure complete exchange of the ODA with BA. The treated product is isolated by 

centrifugation and washed with ethanol to remove excess BA.  

 After pre-treatment, the residual surfactant was removed from the surface of the treated 

Pd catalyst by displacement of the surface ligand with carbon monoxide (CO) followed by CO 

stripping. Adsorption of CO was achieved by immersing the electrode in a CO-saturated 0.1 M 

HClO4 solution under a CO atmosphere for 30 minutes. During this immersion, the residual 

organic impurities are selectively displaced by the dissolved CO, which strongly binds to the 

surface forming a CO monolayer. A pristine surface is achieved by transferring the electrode to a 

fresh electrolyte solution and performing CO stripping by a potential sweep, running up to 0.85 

V at 20 mV/s. In this process, the CO monolayer is oxidized to CO2, leaving behind pristine 

active sites with no organic impurities. The effectiveness of the combined pre-treatment and 

selective CO adsorption protocol was evaluated by means of electron microscopy in order to 

probe the quality and homogeneity of the product after treatment and electrochemistry to study 

the effect of the treatment itself upon purity and catalytic activity. 

For the sake of comparison, we utilized a heat treatment process typically used in the 

literature for removing residual organic surfactants. Specifically, the Pd NW/C powder was 

heated to 250C in air for 1.5 h within a muffle furnace to thermally desorb the ODA surfactant. 

The heat-treated powder was then dispersed in ethanol for the purposes of electron microscopy. 

 

4.3 Results & Discussion 

4.3.1. Synthesis & Characterization of Pd NW/C  

 The synthesis of the Pd NW core in this case was readily achieved by utilizing a 

surfactant-based method
37

 wherein the reduction of Pd
2+

 is directed by the surfactant agent, 
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ocatadecylamine (ODA). The crystallinity and purity of the subsequent as-prepared NWs was 

verified using XRD. The crystallographic analysis Figure 4.1A revealed that all of the peaks 

could be readily attributed to the (111), (200), (220), and (311) reflections of face-centered cubic 

palladium (Fm3m, JCPDS #46-1043), respectively. There were no detectable crystalline 

impurities observed in the XRD pattern. The morphology of as-prepared Pd NWs was initially 

characterized by electron microscopy. An overview TEM image presented in Figure 4.1B 

revealed that as-prepared NWs maintained ultrathin diameters of 2.0 ± 0.5 nm with average 

lengths in excess of 100 nm. High magnification SEM images (inset to Figure 4.1B) confirmed 

the inherent quality and dimensions of as-prepared Pd NWs. However, it was apparent that there 

was still a substantial undesirable surfactant residue present, despite multiple washes with 

ethanol. Based upon the high solubility of ODA in chloroform,
39

 as-prepared NWs were washed 

multiple times with chloroform in order to remove the residual surfactant. However, overview 

TEM image of the chloroform-washed product revealed that the NWs became heavily 

agglomerated and the desirable morphology was lost. Similarly, rapid agglomeration was 

observed after washing with other solvents, including dimethylformamide (DMF) and toluene. 
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Figure 4.1 Characterization of unsupported, as-prepared ultrathin Pd NWs. A representative 

XRD pattern (A) of as-prepared unsupported Pd NWs. Overview TEM (B) and SEM (inset) 

images of as-prepared unsupported Pd NWs. (Reprinted with permission from Ref. 25. 

Copyright 2011 American Chemical Society) 
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 Hence, a methodology was developed so as to reproducibly immobilize the as-prepared 

nanostructures onto a conductive carbon support in order to prevent rapid agglomeration upon 

removal of the surfactant. Conductive carbon supports are ubiquitous in nanostructured catalyst 

design, since they impart excellent durability to the supported nanostructures, slow Oswald 

ripening processes under applied potential, and increase the conductivity of the catalyst layer in 

working fuel cells.
40

 In addition, the high degree of dispersion that can be achieved with 

nanostructures supported on carbon has been previously shown to enhance the mass activity of 

catalysts.
41

 A critical element in the process of supporting nanostructures is the determination of 

an optimum solvent, i.e. chloroform, so as to maximize the dispersibility and uniformity of the 

catalyst onto the surface of the conductive carbon support. In fact, the as-prepared NWs 

remained dispersed in chloroform for up to several months, whereas in other solvents, such as 

water and ethanol for instance, precipitation and agglomeration occurred, essentially overnight. 

Adsorption onto commercial carbon was achieved by a brief period of sonication with both 

components mutually dispersed in chloroform followed by centrifugation. Subsequently, the 

precipitated composites were dispersed into hexanes overnight in order to remove excess 

surfactant and affix the NWs onto the carbon surface.  

Interestingly, the aforementioned hexane wash was critical in achieving sufficient 

adsorption of the NWs to the carbon. When the hexane washing step was excluded, the NWs 

desorbed from the surface of the carbon when immersed in solvents such as ethanol, thereby 

leading to the formation of large NW agglomerates. By contrast, the Pd NW/C composites 

isolated after immersion in hexanes for 24 h could be re-dispersed in a broad range of solvents 

with sonication without either any apparent desorption or aggregation of the NWs. We believe 

the hexane wash essentially “fixes” the Pd NWs onto the carbon substrate by dissolving excess 
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ODA and contributing to a strengthened interaction between the Pd NWs and the carbon support. 

The ability for hexane to fix the Pd NWs on the carbon support may arise from the fact that the 

ODA is soluble in hexane. However, the ODA-capped Pd NWs are not readily dispersible in 

hexane. Similar results have been achieved in Pd NPs capped with oleylamine, which is an 

analogous surfactant.
42

 Collectively, these results confirm that tuning the polarity of solvents 

used to purify carbon supported nanostructures is key to achieving homogeneous and uniform 

distributions of 1D nanostructures on carbon supports. 

 Once supported, the structure and crystallinity of the Pd NW/C composites were studied 

by XRD and electron microscopy. The XRD pattern shown in Figure 4.2A of the Pd NW/C 

revealed that the adsorption process had no effect upon the purity and crystallinity of the sample, 

since all of the peaks could again be readily indexed to the (111), (200), (220), and (311) 

reflections, respectively, of the FCC palladium phase. Overview TEM images (Figure 4.2C) of 

the composites revealed that the NWs largely maintained their wire-like morphology as well as 

their dimensionality, e.g. their ultrathin diameter of approximately 2 nm (2.2 ± 0.5 nm). 

However, a small percentage (~5 %) of NPs was apparent. The supported wires possessed 

measurably smaller lengths as compared with as-prepared NWs, with lengths estimated to be 

only up to 30 nm. Field emission SEM (FESEM, Figure 4.2B) images further confirmed the 

presence of Pd NWs adsorbed onto the carbon surface and also revealed that a uniform 

distribution of catalyst could be achieved. The presence of NPs and the observed decrease in NW 

length could be readily attributed to the effect of the agitation and mechanical strain associated 

with sonication of the NWs in the presence of the carbon support.  
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Figure 4.2 Characterization of Pd NW/C composites. Representative experimental powder XRD 

pattern (A) of as-prepared Pd NW/C composites. Overview FESEM (B) and TEM (C) of as-

prepared Pd NW/C composites. A high resolution TEM image of individual Pd NWs is shown as 

an inset within an image (D) of a representative collection of these NWs. Associated SAED (E) 

and EDAX (F) patterns of the Pd NW/C composites. (Reprinted with permission from Ref. 25. 

Copyright 2011 American Chemical Society). 
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 Based upon the HRTEM images shown in Figure 4.2D, the NWs are polycrystalline and 

are composed of multiple single crystalline segments with lengths of 6 ± 1 nm, that extend along 

the axis of the NW. The single crystalline segments making up the NWs possess lattice spacings 

of 0.226 nm and 0.195 nm, consistent with (111) and (200) lattice spacings, respectively. The 

selected area electron diffraction (SAED) pattern shown in Figure 4.2E highlights the presence 

of not only continuous rings that can be indexed to palladium‟s (111), (200), (220), (311), and 

(331) planes, respectively, but also discrete diffraction spots indicating that the high degree of 

crystalline substructure observed is representative of the whole ensemble of NWs that 

contributed to the observed diffraction pattern. The composition of individual NWs was 

investigated using EDAX (Figure 4.2F) in scanning TEM mode with an electron beam size of 

0.2 nm and highlights only the elemental presence of Pd and C, with the Cu peaks emanating 

from the TEM grid.  

 

4.3.2. Activation of Pd NW/C for Effective Electrocatalysis 

 The electrochemical performance and surface contamination of as-prepared Pd NW/C 

composites were initially studied by cyclic voltammetry in order to determine if organic residues 

were present on the surface of the NWs. Cyclic voltammograms obtained in 0.1 M HClO4 

solution (Figure 4.3A) revealed that the surface of the Pd NWs was entirely passivated by 

residual surfactant, in spite of the ethanol and hexane washes. By comparison with commercial 

Pd NP/C, the Pd NW/C composites showed an almost complete suppression of the Hads peaks in 

the region of 0 – 0.35 V, and a delay in the formation of the oxide region to almost 0.9 V, 

thereby confirming that the active surface sites were not readily accessible to the electrolyte.  
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Figure 4.3 Electrochemical properties of ultrathin Pd NW/C before and after selective CO 

adsorption. Cyclic voltammograms (A) and CO stripping voltammograms (B) obtained from the 

as-prepared Pd NW/C (black), ozone-treated Pd NW/C (red), and acid-treated Pd NW/C (blue), 

respectively, by comparison with commercial Pd NP/C catalysts (grey). (Adapted with 

permission from Ref. 25. Copyright 2011 American Chemical Society) 
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We utilized a novel two-step method to completely desorb coordinated organic 

molecules, in order to suitably expose the surface of the Pd NWs.
35

 In the first step, the surface 

of the NW is pretreated by either an acid-wash or by UV generated ozone oxidation to suitably 

weaken the interaction between the organic impurities and the surface of the nanostructure. In 

the second step, the organic residues are exchanged by immersing the pre-treated nanostructures 

into a solution saturated with gaseous CO. The strong interaction of the surface with CO 

promotes the desorption and exchange of the organic residues with a monolayer of strongly 

coordinated CO.
43,44

 Subsequently, the pristine surfaces of the catalyst can be readily exposed by 

oxidation of the CO monolayer in a process commonly referred to as CO stripping.  

Initially, the as-prepared Pd NW/C composites were supported onto a GCE and selective 

adsorption of CO was attempted in a CO saturated 0.1 M HClO4 solution under reducing 

potentials. However, the CO stripping voltammogram showed no peak associated with CO 

oxidation and the subsequent cyclic voltammogram remained unchanged despite more than 2 h 

of immersion in the CO saturated solution. The absence of any change in the CV was a clear 

indication that the residual ODA on the surface sufficiently blocked the adsorption of CO. In this 

case, the strong adsorption of the amine functional group to the surface of Pd and the inherent 

hydrophobicity of the alkyl chain present in ODA prevent effective adsorption of CO from the 

solution. Not surprisingly, a previous study has shown that Pd NPs, when capped with an 

analogous amine-terminated dendrimer chain, prevented effective heterogeneous catalysis of the 

Suzuki reaction.
45

 By contrast, the Suzuki reaction was not hindered by the presence of other 

surfactants, such as polyvinyl pyrrolidone (PVP) and certain block co-polymers. Therefore, it is 

believed that the strong interaction between the terminal amine functionality in ODA and the Pd 

surface in combination with the strongly hydrophobic end groups of the adsorbed surfactant (i) 
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blocks the active Pd surface sites and (ii) prevents effective transport of reactants onto the 

surface of Pd. 

On the basis of this initial result, it was evident that additional pre-treatments of the 

organic capped Pd NW/C composites were necessary in order to activate the selective CO 

adsorption process. To achieve this objective, we utilized two separate treatment protocols so as 

to weaken the interaction of the ODA with the surface of the Pd NWs and thereby enhance the 

selective adsorption of CO. The first treatment method involves the use of an acid wash protocol 

previously utilized for oleylamine-capped Pd NPs
38

 that has been suitably optimized in order to 

maintain the one-dimensional morphology of our as-prepared catalysts. In this report, the Pd 

NW/C composites are processed in glacial acetic acid for 1 h at elevated temperatures in order to 

suitably destabilize the interaction between the ODA and the Pd surface. Overview TEM and 

SEM images of the acid-treated Pd NW/C are shown in Figures 4.4A and 4.4B, respectively. 

Treated Pd NWs possess a largely one-dimensional morphology and the ultrathin diameter of 2.3 

± 0.5 nm was maintained. However, the rigorous nature of the acid treatment is apparent in both 

TEM and SEM images, which revealed that the acid contributes to significant aggregation of the 

NWs into net-like bundles. There is also a concurrent increase in the fraction of NPs present to 

approximately 10-15%.  
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Figure 4.4 Characterization of acid and ozone-treated Pd NW/C. Representative TEM (A and C) 

and SEM (B and D) images of supported Pd NW/C composites after treatment in acid (A and B) 

and UV-generated ozone (C and D), respectively. (Reprinted with permission from Ref. 25. 

Copyright 2011 American Chemical Society) 
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Cyclic voltammetry (Figure 4.3A) of the acid-treated Pd NW/C obtained after selective 

CO adsorption followed by CO stripping (Figure 4.3B) displayed both characteristic Hads peaks 

in the region of 0 to 0.2 V and the onset of oxide formation at ~0.7 V. The strong similarity 

between the voltammetric response of the acid-treated Pd NW/C composites and that of 

commercial Pd NP/C confirmed that the surfactant had been successfully removed from the 

surface. In previous reports, both organic and inorganic acids have been found to weaken the 

interaction of amine-based surfactants with Pd NPs at pH values of less than 2 by collectively 

contributing to the protonation of the amine functional group and an increase in the ionic 

strength of the solution.
38,45

 In addition, it is also feasible that heating the catalyst powder in the 

glacial acetic acid may further facilitate surfactant removal by thermal desorption. Thus, we 

believe that the suppression of the ODA~Pd interaction by the acid treatment contributes to an 

enhancement in the selective adsorption of CO and the inevitable displacement of the surfactant.  

The second treatment involves the time-controlled exposure of the Pd NW/C composites 

to UV-generated ozone. Recently, UV-ozone has been successfully utilized to remove amine 

terminated surfactants from both Pt
46

 and Au
47

 NP monolayers supported on solid substrates. 

However, there have been a number of mixed results with respect to the effectiveness of UV-

ozone for activating capped NPs for use as electrocatalysts.
48-50

 In one report, UV-ozone was 

successfully utilized to remove the residual organic residue present on a monolayer of 

unsupported FePt NPs deposited onto a gold electrode substrate for the purposes of formic acid 

oxidation.
51

 By contrast, a recent report from Nikles and co-workers suggested that the UV-

ozone treatment was not as effective in removing an amine-terminated surfactant, analogous to 

ODA, from Pt NPs supported onto commercial Vulcan carbon.
49,52
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Rather than utilizing the UV-ozone to entirely oxidize and remove the surfactant, we used 

a short 15 min UV-ozone treatment herein in order to suitably weaken the interaction between 

the residual ODA and the surface Pd. Representative overview TEM and SEM images of the Pd 

NW/C composites after UV-ozone treatment are shown in Figures 4.4C and 4.4D, respectively. 

By comparison with the electron microscopy data associated with untreated samples (Figure 

4.2B – 4.2C), the ozone treatment does not contribute to any significant change in either the 

morphology or distribution of as-prepared Pd NW/C. Based upon the TEM images, the ozone-

treated NWs largely retain the desirable 1D, wire-like morphology. However, there is some 

fragmentation of the NWs, resulting in the presence of short wire fragments as well as some NPs. 

Nevertheless, the SEM images of ozone-treated NWs, which show a broader perspective and 

larger area analyzed, confirm the presence of a majority of long NWs and NW fragments with 

some NPs present. There is no significant change in the reported ultrathin diameter of 2.2 ± 0.8 

nm. By contrast with the acid-treated samples, the ozone-treated samples maintain a high degree 

of dispersion on the carbon substrate, and there is little appreciable aggregation. Overview SEM 

images highlight the presence of longer NWs with lengths in excess of 100 nm that are apparent 

on larger carbon aggregates as well as short wire-like fragments with lengths of 26 ± 11 nm.  

After ozone treatment, the Pd NW/C composites were deposited onto a GCE and 

selective CO adsorption was performed in order to remove the residual surfactant. After CO 

stripping, cyclic voltammograms (Figure 4.3A) of the Pd NW/C composites showed Hads and 

oxide formation features that were in excellent agreement with the commercial Pd NPs, thereby 

confirming that the surfactant was removed. More importantly, the Hads profile of the ozone-

treated composites is in excellent agreement with that of the acid-treated composites, which 

clearly demonstrates that both methods are equally effective at removing the residual surfactant. 
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In this pre-treatment, the formation of gaseous ozone, i.e. a weak oxidizing agent, is thought to 

oxidize the organic molecules, coating the nanocrystals.
47,51

 However, the complete volatilization 

of long-chain amine-terminated compounds may require up to several hours of exposure and will 

result in an unwanted oxidation of the nanostructure itself.
46

 Thus, we utilized a short treatment 

time of 15 min to only partially oxidize the carbon chain and more importantly, the terminal 

amine functional group, so as to weaken the interaction of the ODA surfactant with the surface. 

Thus, by suitably oxidizing the terminal amine functional group, the interaction between the 

ODA and the Pd surface can be sufficiently reduced in order to allow for enhanced adsorption of 

CO to the surface. 

Recently, we have also successfully developed a third pre-treatment protocol wherein 

organic impurities on the surface are selectively exchanged simply by immersing the as-

synthesized powder in BA. On the basis of our initial electrochemical results, it is evident that 

the long-chain length of the ODA capping agent herein prevents effective removal of the organic 

molecules by selective CO adsorption.
25

 In this case, we performed a so-called “ligand 

exchange” process so as to selectively cap the surfaces of the noble metal nanostructures with 

BA, which is more readily exchanged by selective CO adsorption. The BA is particularly 

advantageous, since it is inexpensive and is a liquid at room temperature, thereby enabling the 

pre-treatment to take the form of a simple immersion step without the need for additional 

solvents or heating. Thus, the BA treatment is amenable to scale up, and is inherently less 

chemically rigorous, since neither strong oxidizing or acidic conditions are required. After a 

typical ligand exchange protocol on Pd NW/C, we have demonstrated that the selective CO 

adsorption (Figure 4.5) can successfully remove the residual BA and the CV data confirm that 

the Pd active sites are exposed.  
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Figure 4.5 Pre-treatment of Pd NW/C by n-butylamine. A representative CV (A) obtained from 

Pd NW/C after ligand exchange by BA and selective CO adsorption. A TEM image (B) of the Pd 

NW/C isolated after ligand exchange by BA. 
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The diversity of pre-treatment protocols demonstrated herein is a crucial step in 

developing a robust methodology for removing organic capping agents. A critical aspect of these 

treatment protocols is that the single crystalline segments are maintained despite some 

fragmentation and aggregation. These single crystalline segments represent the key structural 

unit of the NWs, since they are expected to possess the most catalytically active surface sites for 

ORR. The advantages of our completely novel approach to removing organic impurities is 

apparent when the results are compared with two methods commonly employed in the literature 

for removing surfactants from noble metal NPs.
53

 

For example, heat treatments have become ubiquitous in removing organic impurities and 

capping agents from spherical NPs by means of either thermal desorption or combustion. 

Although heat treatments are advantageous in the context of potentially crystallizing the sample, 

the exposure to high temperature often promotes particle ripening and aggregation, thereby 

leading to larger particle size and poor homogeneity.
34

 Herein, we undertook thermogravimetric 

analysis (TGA) to systematically design a heat treatment protocol so as to thermally desorb the 

ODA from the Pd surface. Based upon TGA isotherms, the Pd NW/C powder was heated to 

250C in air or in nitrogen for 1.5 h in order to completely remove the undesired organic residue. 

Alternatively, it is feasible to remove organic residues electrochemically by cycling the electrode 

to potentials above the oxidation potential for carbon-containing species. However, the oxidation 

process is not limited to the organic capping agent, and hence, considerable corrosion of the 

carbon support and the noble metal nanostructure itself has been observed.
54

 In this case, we 

utilized cyclic voltammetry, wherein the potential was cycled to ~1.65 V vs. RHE, so as to 

selectively oxidize the amine functional group of the ODA and thereby expose the active catalyst 

surface.  
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Figure 4.6 Traditional methods for removing organic impurities leads to a loss of the desirable 

morphology of Pd NW/C. Representative TEM images of the Pd NWs after treatment with high 

potential cycling (A) and high temperature annealing (B). (Adapted with permission from Ref. 

25. Copyright 2011 American Chemical Society) 
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Not surprisingly, representative TEM images of the products isolated after these two 

traditional treatment protocols (Figure 4.6) showed complete conversion of the NWs to NP 

aggregates. Hence, effective protocols conventionally utilized for the activation of 

nanoparticulate catalysts cannot be blindly applied to 1D catalysts with the expectation of a 

conservation of morphology. More importantly, this system of methodologies highlights the 

versatility of selective CO adsorption, wherein undesirable organic residues can be removed 

without the need for harsh reaction conditions and the potential for deleterious structural 

reconfiguration.  

 

4.3.3. Structure-Dependent ORR Activity in Pd NW/C Composites 

 Initially, the ESA of NW and commercial NP catalysts was determined by integration of 

the CO stripping peak shown in Figure 4.3B. We elected to utilize the CO stripping charge (cf. 

Chapter 2, Section 5 for additional discussion) in the case of the Pd nanostructures, because it is 

widely known that the Hads profile is less reliable as a result of measureable hydrogen 

absorption.
55

 Subsequently, the ORR activity for the treated Pd NW samples was measured 

electrochemically by obtaining polarization curves (Figure 4.7) in an oxygen-saturated 0.1 M 

HClO4 solution. The measured kinetic currents at 0.8 V were normalized to the ESA (inset to 

Figure 4.7) so as to probe the intrinsic activity of the catalysts. We have elected to measure the 

kinetic current at 0.8 V, since the Pd-based catalysts showed almost no activity at 0.9 V. On the 

basis of this protocol, the ozone-treated Pd NWs displayed a specific activity of 3.62 mA/cm
2

, 

which was approximately 1.4 fold higher as compared with that of acid-treated NWs (2.67 

mA/cm
2
).  
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Figure 4.7 Electrocatalytic performance of the treated Pd NW/C composites toward ORR. 

Polarization curves for treated Pd NW/C samples obtained in 0.1 M HClO4 at 1600 rpm and at 

20C. The specific ORR activities measured at 0.8 V for the treated Pd NW/C are shown as an 

inset by comparison with commercial Pd NP/C. (Reprinted with permission from Ref. 25. 

Copyright 2011 American Chemical Society) 
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The higher activity in the ozone-treated NWs is readily explained by the advantageous 

nature of the ozone treatment. From a structural perspective, the key structural unit of the Pd 

NW/C composites is the elongated single crystalline segment that composes the wires. Although 

both treatment protocols preserve these elongated single crystalline segments, the primary 

difference is that the ozone-treated NWs maintained (i) an improved dispersion of the wires on 

the carbon, (ii) less aggregation of the wires during processing, and (iii) the formation of fewer 

NPs as compared with the acid-treated NWs. As expected, the structure of the polarization curve 

in the mixed control region (0.65 – 0.85 V) indicates that the ozone-treated NWs maintain an 

improved dispersion on the carbon and correspondingly less aggregation.
56,57

 As we have 

previously shown, both minimizing aggregation and exfoliating individual ultrathin NWs are key 

to maximizing the performance of these nanostructures, particularly in the context of ORR.
3
 

Interestingly, this observed difference in the kinetic current at 0.8 V highlights the importance of 

treatment protocols, since there is a clear correlation between structure and the resulting activity 

of the as-generated catalysts. 

 In addition to observing a treatment-dependent ORR activity, the NWs also showed a 

structure-dependent enhancement, when the catalytic activity of the NWs was compared with 

that of commercial Pd NP/C. In fact, the ozone and acid-treated Pd NW/C samples showed a 

greater than 2 fold and 1.5 fold higher specific activities, respectively, as compared with the 

activity of commercial Pd NP/C composites alone (1.8 mA/cm
2
). The 1D nanostructures 

displayed significantly enhanced activities, which can be attributed in part to their anisotropic 

structure. The observed electrochemical enhancement in the Pd NW/C samples, especially when 

compared with the commercial Pd NP/C samples, is consistent with the results of our group (i.e. 

ultrathin Pt NWs) and others.
2,3,14,25
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Although there is some debate in the literature,
14

 analysis of ORR activity on Pd single 

crystals
58

 and well-defined Pd nanocubes
59

 has shown that the Pd (100) facet is significantly 

more active than the Pd (111) facet. Recently for example, Abruña and co-workers have 

provided further evidence through a combinatorial approach that the adsorption of oxygen on the 

Pd (100) facet is actually considerably weaker than on the corresponding Pd (111), which is 

expected to facilitate increased ORR kinetics.
14

 Consistent with this assertion, the Pd NW/C 

NWs are analogous to our platinum NWs in so far as they are selectively synthesized with 

ODA,
37

 a basic, amine-terminated surfactant.
25

 It has been previously observed that the use of 

basic amine-terminated surfactants results in the preferential growth along the <111> 

crystallographic direction as a result of selective adsorption to the (100) facets.
60

 Hence, the 

significantly enhanced activity of our ultrathin Pd NWs is understandable, since commercial Pd 

NPs predominantly display the less active Pd (111) facets.
59

 

In addition, the CV data observed from the treated Pd NW/C composites also highlight 

the potential for fewer defect sites and low coordination atoms (LCAs). Specifically, the Hads 

profile of the Pd NW/C composites in Figure 4.3A is unique especially when compared with that 

of the Pd NP/C catalyst. Specifically, the CV of the Pd NP/C displays two broad peaks centered 

at approximately 0.27 and 0.20 V in the anodic sweep segment, respectively, whereas the Pd 

NW/C CV shows only a single peak centered at 0.27 V with a corresponding shoulder at 0.20 V. 

The presence of fewer peaks in the Hads region may suggest a more uniform surface. However, it 

is very difficult to evaluate the Hads profile in nanostructured palladium, since hydrogen 

adsorption is overshadowed by hydrogen absorption on well-defined Pd single crystals. Despite 

this challenge, we believe that the Pd NW/C nanostructures possess more uniform defect-free 

surfaces, thereby resulting in a suppression of the cathodic overpotential and a corresponding 
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increase in the ORR activity, an assertion which is based on previous results from analogous 

ultrathin Pt NWs and the corresponding analysis of our Pd NW/C composites. Although it is 

beyond the scope of this study, further exploration of the origin of this enhancement is necessary 

to fully understand the activity of these composites. Nonetheless, the observed structure-

dependent enhancement confirms that the ultrathin Pd NWs should represent a superior substrate 

for PtML deposition. 

 

4.3.4. Structure-Dependent ORR Activity in PtML~Pd NW Shell Composites 

  The deposition of a PtML onto the surface of the treated Pd NW/C composites was 

achieved by Cu UPD followed by galvanic displacement of the Cu ad-atoms with Pt
2+

. Given the 

extensive prior characterization of PtML core-shell structures, we confirmed the quality of the 

PtML by electrochemical means. Specifically, cyclic voltammetry of the resulting PtML shell ~ Pd 

NW/C core (PtML~Pd NW/C) (Figure 4.8A) showed (i) a Hads region that was consistent with the 

deposition of Pt and (ii) a delay in the onset of the surface oxide feature to higher potentials, 

when compared with the Pd NW/C. These results are in excellent agreement with those from 

previous reports of PtML deposited onto Pd single crystals
18

 and more importantly, both 

elemental
20

 and alloyed
19,22

 palladium NPs. It is important to highlight that the Cu UPD charge is 

in excellent agreement with the Hads charge obtained after PtML deposition, thereby confirming 

the near monolayer deposition of Pt.  
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Figure 4.8 Electrocatalytic performance of the PtML~Pd NW/C composites toward ORR. Cyclic 

voltammograms (A) obtained from the ozone and acid-treated PtML~Pd NW/C core-shell NWs, 

after PtML deposition. The polarization curves (B) for the treated PtML~Pd NW/C composites are 

shown in comparison with the Pd NW/C. Also highlighted are E vs. JK plots of the treated 

PtML~Pd NW/C composites by comparison with commercial Pt NP/C as an inset. (Reprinted with 

permission from Ref. 25. Copyright 2011 American Chemical Society) 
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Figure 4.9 The ORR activities normalized to ESA (mA/cm
2
) and to Pt mass (A/mgPt) at 0.9 V 

for the PtML~Pd NW/C samples. Also shown are the activities for commercial Pt NP/C 

determined experimentally as well as analogous, optimized core-shell PtML~Pd NP/C from a 

prior report.
22

 (Reprinted with permission from Ref 25. Copyright 2011 American Chemical 

Society) 
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  The ORR activity of the PtML~Pd NW/C composites was measured electrochemically by 

obtaining polarization curves in oxygen-saturated 0.1 M HClO4 (Figure 4.8B) solution. The 

PtML~Pd NW/C composites displayed a positive shift of ~75 mV in the half wave potential and 

dramatically enhanced ORR activity as compared with the Pd NW/C catalyst before Cu UPD, 

which is shown in Figure 4.8B for clarity. This observation further confirms the successful 

deposition of a PtML atop the Pd NW substrate. In order to probe the intrinsic activity of the core-

shell NWs, the measured kinetic currents at 0.9 V were normalized to the measured ESA. 

Similarly, the platinum mass activity was deduced by normalizing the measured kinetic current 

to the mass of Pt deposited, which can be readily extracted from the integrated Cu UPD charge.  

The area and mass-specific activities of the treated core-shell NWs are summarized in 

Figure 4.9 by comparison with commercial Pt NP/C and optimized PtML~Pd core-shell NP/C
22

 

prepared analogously. The ozone-treated NWs maintained outstanding area specific and Pt mass 

specific activities of 0.77 mA/cm
2
 and 1.83 A/mgPt, respectively. By comparison, the acid-

treated NWs also evinced high area and mass specific activities of 0.70 mA/cm
2
 and 1.47 

A/mgPt, which were, however, noticeably lower in magnitude as compared with that of ozone-

treated NWs. The structure of the polarization curve in the mixed control region again indicates 

that the ozone-treated NWs maintain an improved dispersion on the carbon as well as the 

presence of less aggregation. This observation readily explains the significant difference in mass 

specific activity, which is dependent upon the dispersion of the catalyst and the degree of 

aggregation. Since there is little difference in the area-specific activity, it is evident that the UV-

ozone pre-treatment promotes enhanced performance by minimizing aggregation of the Pd NWs 

on the carbon surface.
10
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Nonetheless, both core-shell NW systems maintain dramatically enhanced activities when 

compared with 0D commercial Pt NP/C and optimized PtML~Pd NP/C. Although the as-obtained 

activities greatly exceed the mass activity target of 0.44 A/mgPt projected for 2015 by the DOE, 

further testing under MEA conditions (c.f. Chapter 7) is required in order to fully understand the 

potential of these catalysts.
17

 Specifically, care must be taken when comparing the values 

obtained herein and the reported targets, since RDE methods yield comparable but not 

necessarily identical activity results to those acquired under actual MEA conditions. To highlight 

the outstanding activity of the core-shell NWs, a plot of the kinetic current vs. the potential or so-

called E vs. JK plot (inset to Figure 4.8B) demonstrably reveals that the core-shell NWs maintain 

higher kinetic currents over the entire range of operating potentials as compared with 

commercial Pt NP/C. 

Surprisingly, the NWs display a distinctive structure-dependent enhancement as 

compared with analogous core-shell PtML~Pd NP/C.
22

 Specifically, the ozone and acid-treated 

core-shell NW systems display enhancements in area-specific activity of 1.54 and 1.40 fold, 

respectively, as well as enhancements in Pt mass-specific activity of 2.03 and 1.60 fold, 

respectively. Given that palladium is also considered to be a platinum group metal (PGM), the 

mass activity can also be reported with respect to the total PGM loading, as determined by TGA. 

The PGM mass activity for the ozone-treated and acid-treated PtML~Pd NW/C samples were 

determined to be 0.55 A/mgPGM and 0.32 A/mgPGM, respectively. Both of these represent a true 

enhancement especially when compared with the PGM mass activity values of 0.25 A/mgPGM 

and 0.19 A/mgPGM obtained for the analogous optimized core-shell PtML~Pd NP/C and 

commercial Pt NP/C, respectively. 
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On the basis of our results obtained with elemental Pt NWs, the enhanced performance in 

this case likely emerges from the structural interaction between the Pd NW core and the PtML 

shell. The contraction of the surfaces of noble metal NWs particularly consisting of Pt and Pd 

has been observed experimentally
31

 and is predicted theoretically.
28,62

 Therefore, ultrathin Pd 

NW/C represent an ideal core material by comparison with Pd NP/C since surface contractions 

of the NW should increase the strain induced upon the PtML shell, thereby leading to a further 

weakening of the interaction with oxygen adsorbates and improved ORR kinetics in this 1D 

system.
10,22,23

 This same effect has been achieved in Pd NPs alloyed with certain third-row 

transition metals and recently, in more elegant transition metal core – noble metal shell NPs, 

wherein the surface of the Pd is contracted by the presence of transition metals with smaller 

atomic radii.
19,61-64

 However, the incorporation of less noble transition metals can lead to an 

inevitable increase in corrosion processes under operating conditions, which can compromise the 

durability of these nanostructures for long-term use in fuel cells.
7
  

Thus, we believe that the properties of ultrathin NWs can allow for the enhancement of 

PtML activity by increased strain-induced effects without the need for additional third row 

transition metal dopants and without potentially compromising the durability of the resulting 

core-shell composite. It is also conceivable that the unique electronic properties of ultrathin 

noble metal NWs, such as the lower weighted d-band center measured in ultrathin Pt NWs by 

comparison with Pt NP/C, may play a key role in modifying the PtML‟s electronic properties for 

enhanced performance. Collectively, it is evident from the activity results that ultrathin Pd NWs 

provide for a better core material than corresponding Pd NP/C, which demonstrates that the 

universal morphology-dependent enhancement observed can be generalized to core-shell motifs, 

as well. 
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4.3.5. Accelerated Durability Testing of PtML~Pd NW/C Composites 

 The electrochemical durability of the ozone-treated PtML~Pd NW/C composites was 

studied under half-cell conditions. In this report, we have elected to apply an accelerated 

durability test outlined by the DOE for catalysts under MEA conditions.
17

 Specifically, the 

potential was cycled between 0.6 and 1.0 V so as to bracket the relevant potential region wherein 

ORR can feasibly occur in a working fuel cell. The electrode was immersed in naturally aerated 

0.1 M HClO4 solution. Although half-cell conditions provide a useful method for studying the 

durability of catalysts, we highlight that care must be taken when comparing these results to 

those obtained under actual MEA conditions. Hence, identical experiments were performed on 

high performance (HP) Pt NP/C catalysts supported on carbon, which are the most commonly 

utilized catalysts associated with commercial fuel cells, for the purposes of comparison. Based 

upon this protocol, the measured surface area and the activity normalized to the mass of Pt 

deposited on the electrode by Cu UPD could be independently probed by obtaining cyclic 

voltammograms (Figure 4.10A & 4.10B) and polarization curves (Figure 4.10C & 4.10D), 

respectively, over the course of an accelerated test (30,000 cycles). The trend in surface area and 

Pt mass activity is summarized over the course of the test (Figure 4.10E & 4.10F) as a function 

of the measured value measured after cycling with respect to the initial value before the 

durability test.  
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Figure 4.10 Accelerated durability test of the PtML~Pd NW/C composites in comparison with Pt 

NP/C. Cyclic voltammograms (A & B) and polarization curves (C & D) obtained at 5,000 and 

10,000 cycle intervals, respectively from PtML~Pd NW/C (A & C) and Pt NP/C (B & D) over the 

course of a 30,000 cycle durability test. The Pt mass activity and surface area are shown over the 

course of the test relative to the value obtained prior to durability testing (i.e. percent of original 

value) for the PtML~Pd NW/C (E) and HP Pt NP/C (F), respectively. (Adapted with permission 

from Ref 25. Copyright 2011 American Chemical Society) 
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In terms of the surface area, the ozone-treated PtML~Pd NW/C composites and the Pt 

NP/C maintained ~60% of their initial measured ESA. As expected, the ESA of the Pt NP/C 

catalysts rapidly decreases to ~60% over the first 15,000 cycles, inevitably reaching a steady 

state. The rapid decline in ESA observed with NP catalysts can be attributed to the 

agglomeration, dissolution, and ripening of the NPs under operating potentials.
54

 However, the 

core-shell NWs displayed a more linear decline in the ESA, and by 15,000 cycles, our NWs still 

retained more than 80% of their original ESA. The steady decline in ESA in PtML~Pd NW core-

shell catalysts has been attributed to the preferential dissolution of Pd from the catalyst core and 

represents supporting proof that the NW morphology does not undergo either significant 

aggregation or ripening.
65

 To demonstrate this point, TEM images of ozone-treated PtML~Pd NW 

samples were obtained after 30,000 cycles.
25

 As expected, the long NWs were shown to have 

been converted largely into wire fragments with lengths that are commensurate with the single 

crystalline segments present in the initial long NWs. Based upon the fragmentation pattern of the 

NWs, the loss of ESA can be attributed largely to the preferential dissolution of the NWs at the 

interconnects between the single crystalline segments and to the concomitant formation of some 

NPs.  

 In addition to monitoring the ESA, the Pt mass activity of the ozone-treated PtML~Pd 

NW/C composites and Pt NP/C was also studied over the course of a catalyst lifetime. 

Interestingly,  there is no substantial change either in the half wave potential (i.e. 3 mV loss after 

30,000 cycles) or in the diffusion controlled current of the polarization curve even after 30,000 

cycles, which suggests that there is no overall loss in activity from the electrode. Therefore, there 

is essentially no loss in the Pt mass activity (Figure 4.10E) over the course of the test, which is 

an exciting and promising result. By contrast, the Pt mass activity of the commercial HP Pt NP/C 
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(Figure 4.10F) declines by almost 40% over the course of the test, consistent with the significant 

decline in the half wave potential of 15 mV and an associated decrease in the diffusion controlled 

current. Hence, as-prepared core-shell NW catalysts maintain far superior durability in terms of 

both resistance to surface area loss and more importantly, activity loss when compared with 

commercial Pt NP/C catalysts. In essence, we have demonstrated that the PtML~Pd NP/C have 

the potential to be far more cost-effective over their lifetime as compared with analogous Pt 

NP/C  

 

4.4 Conclusions 

 In this report, we have synthesized crystalline Pd NWs with a diameter of 2.0 ± 0.5 nm 

and reliably supported them onto carbon with a highly uniform catalyst distribution. As-prepared 

NWs were treated with UV-generated ozone, glacial acetic acid, or butylamine, followed by 

selective CO adsorption in order to remove the residual, undesirable organic residue. Based upon 

electron microscopy and electrochemical measurements, it was determined from the ozone 

treatment results that the Pd NW/C system possesses higher activity and durability as compared 

with acid- treated NWs, an observation attributable to the retention of morphology and 

dispersion upon ozone treatment. After activation, the structure-dependent activity of the Pd 

NW/C composites was studied by comparison with commercial Pd NP/C; it was found that the 

ozone-treated NWs maintained an enhanced area-specific activity that was more than double that 

of the commercial NPs. Subsequently, the desired PtML shell ~ Pd NW/C core motif was 

achieved by Cu UPD followed by galvanic displacement of the Cu ad-atoms with Pt
2+

 and the 

resulting deposition process was confirmed by both cyclic voltammetry and ORR activity data.  
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 The surface area and mass activity of the acid and ozone-treated NWs were explored with 

respect to commercial Pt NP/C and optimized core-shell PtML~Pd NP/C. Ozone-treated NWs 

were found to maintain outstanding specific, Pt mass, and PGM mass activities of 0.77 mA/cm
2
,
 

1.83 A/mgPt and 0.55 A/mgPGM, respectively, which were significantly enhanced as compared 

with commercial Pt NP/C, PtML~Pd NP/C, and acid-treated Pd NW/C. Ozone-treated NWs also 

maintained excellent electrochemical durability under accelerated half-cell testing, and it was 

found that there was no decline in the activity with respect to the initial Pt mass over the course 

of a simulated catalyst lifetime. Collectively, these results point towards ultrathin Pd NWs as 

excellent support materials for PtML, particularly when the activity results are considered in 

relation to the proposed 2015 activity target outlays set by the U.S. DOE.  
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Chapter 5. Ambient Surfactantless Synthesis, Growth Mechanism and Size-Dependent 

Electrocatalytic Behavior of High-Quality, Single Crystalline Palladium Nanowires 

 

 

5.1 Introduction  

The ability to tailor size at the nanoscale represents a key and fundamental challenge in 

the progression towards the production of nanostructured materials with practical applications in 

PEMFC devices.
1-4

 For example, in Chapters 3 and 4, we have demonstrated that ultrathin NWs 

consisting of Pt and Pd maintain outstanding electrocatalytic performance in relation to 

analogous Pt NP/C.
5,6

 In fact, we also noted in Chapter 4 that ultrathin Pd NWs can serve as high 

performance core materials for the deposition of a uniform PtML, which evinced an outstanding 

Pt-mass normalized ORR activity of 1.83 A/mgPt.
5
 In all of these cases, the enhanced 

performance has been achieved by systematically examining the size-dependent trends in ORR 

performance in 1D nanostructures.
2
 Therefore, it is evident that robust synthesis techniques are 

required in order to successfully probe the size-dependent phenomena in 1D noble metal 

nanostructures. 

However, a continuing challenge in the exploration of size-dependent trends with 1D 

nanostructures, particularly those composed of Pd, has been the development of environmentally 

friendly methods for the generation of crystalline, high quality nanostructures with high aspect 

ratios and predictable dimensions.
7
 For example, several ambient solution-based techniques have 

been employed for the preparation of ultrathin Pd NWs with diameters ranging from 2 nm to 6 

nm, utilizing organic surfactants as shape-directing agents, and sodium borohydride as a strong 

reducing agent.
8-11

 We demonstrated in Chapter 4 that high-quality ultrathin Pd NWs can be 

generated with homogeneous diameters of ~2 nm and can be reliably supported onto carbon with 

an excellent three-dimensional distribution of the Pd NWs on the carbon surface.
5
 Similarly, 
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templating of bimetallic PtRh and PtPd NWs can also be accomplished by utilizing either Rh or 

Pd nanocubes as precursor seeds for the subsequent generation of Pt-forming NW networks.
12,13

  

Metallic NWs composed of Te
14

 and Ag
15

, for example, have been used as sacrificial templates 

for the production of Pd NWs through galvanic displacement reactions, under ambient 

conditions. In addition, the colloidal growth of noble metal NWs has also been achieved at 

elevated temperatures, so as to broaden the range of reducing agents, that can be employed, to 

include alcohols and amines, for instance.
16

 For example, Xia and co-workers have developed 

effective solvothermal-based methods for the preparation of anisotropic structures of Pd, such as 

rods, plates, cubes, and twinned particles, wherein the control of the reaction kinetics in the 

presence of certain additives results in predictable morphologies.
17

 The generation of high-

quality NWs and nanorods of Pd with diameters of 9.0 nm has been achieved hydrothermally by 

employing PVP as both a surfactant and an in situ reducing agent.
18

  

Although all of these methods can generate high-quality 1D Pd nanostructures, a key 

limitation of these synthetic protocols is that the organic surfactant molecules that serve as 

capping agents are typically strongly adsorbed onto the surfaces of the resulting nanostructures.
2
 

This experimental reality can be particularly challenging when these as-prepared materials are 

employed as ORR electrocatalysts, because exposure of the bare surface is critical for high 

activity.
5,19

 To overcome this challenge, we have developed a highly effective methodology to 

remove residual organic impurities from the surfaces of as-synthesized noble metal 

nanostructures, utilizing selective CO adsorption.
5,6,20

 However, the removal of organic 

impurities from electrocatalysts by post-processing techniques represents a significant 

technological challenge in the context of effectively scaling up colloidal reactions to produce 

gram-scale quantities. More importantly, colloidal techniques are significantly limited in their 
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ability to tailor the dimensions of the resulting 1D nanostructures, including both their diameter 

and aspect ratio. This intrinsic disadvantage of colloidal-based techniques arises from the fact 

that particle dimensions are controlled by a complex set of variables, including reaction 

temperature, relative adsorption strength of the shape directing agent, concentration, and 

reduction rate, to name only a few. Therefore, in many cases, colloidal techniques are limited in 

the production of 1D nanostructures with a finite diameter
8,21

 or in some cases, with the ability to 

tailor the diameter over a small range of a few nanometers,
22

 for instance. A thorough discussion 

of the challenges associated with controlling the dimensions of 1D nanostructures, utilizing 

colloidal techniques, can be found in a recent review by our group.
7
 

In light of these real and practical limitations, a conceivably simple approach to the 

challenge of size-dependent synthesis has been to employ a template or “mold” so as to confine 

the nucleation and growth of the nanostructure and to produce 1D structures with predictable 

dimensions.
7,23

 Specifically, the size and morphology of the resulting nanostructures can be 

controlled by the physical geometry and dimensions of the originating template pore channels 

themselves.
7,23-28

 In this context, a broad range of template materials has been employed in the 

production of metallic NWs, including porous filter membranes,
25,29

 the channels of mesoporous 

silica,
30

 liquid crystals,
31,32

 surfactant micelles,
33,34

 and even the central cavities of viruses.
35

 

Although a broad range of templates exist, the use of porous filter membranes, such as track-

etched polycarbonate (PC) and anodized aluminum oxide (AAO) membranes, has become 

ubiquitous in the production of noble metal nanostructures, owing to their many advantages.
25

 

For example, commercially available PC and AAO membranes maintain a high density of 

oriented anisotropic pores with homogeneous nanoscale diameters. More importantly, 

membranes can be purchased with homogeneous pore sizes that span a broad range of diameters 
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from as small as 10 nm to larger than 10 μm. Thus, the dimensions of the resulting 1D structures 

can be directly and predictably controlled by tailoring the pore sizes of either the PC or AAO 

template employed in the synthesis. 

In the case of nanostructured noble metals, the reduction and nucleation of the metal is 

often achieved through electrochemical deposition, commonly referred to as “electrodeposition” 

of precursors within the spatial confines of the pores of either a PC or AAO template.
7,25

 The 

electrodeposition process involves (i) an oriented diffusion of charged growth species (i.e. 

precursor cations) through an electrolyte solution when an electrical field is applied, followed by 

(ii) reduction of the precursor ions at the growth surface, which acts as both the deposition 

surface and the cathodic electrochemical interface. Since the AAO and PC templates themselves 

maintain poor conductivity, the templates are suitably modified with a thin metallic backing film 

typically consisting of either Au or Ag, by means of physical vapor deposition (PVD). In this 

architecture, application of an electric field between the anode and the cathode results in the 

reduction of precursor cations at the surface of the metallic thin film and the nucleation and 

growth of the NW is subsequently defined by the rigid 1D pore space of the template. 

Subsequently, the growing metallic NW itself serves as the cathode and reduction occurs at the 

interface between the NW and the electrolyte, until the template pores are entirely filled. 

Utilizing this technique, arrays of Pd NWs with highly uniform diameters of 80 nm have been 

prepared by electrodeposition within the confines of an AAO template, possessing pore sizes of 

~ 80 nm, for example.
36

  

Despite its popularity in the literature, electrodeposition protocols have several draw- 

backs inherent to their reliance upon applied external electrical fields to achieve appropriate 

reduction. First, the electrodeposition process necessarily requires caustic reaction media in order 
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to solubilize the metal precursor ions, facilitate the reduction process, and sufficiently increase 

the conductivity between the anode and cathode. In addition, it requires additional 

electrochemical (i.e. potentiostat) and PVD equipment in order to electrochemically deposit 

NWs within the pores of insulating filter membranes. Therefore, the need for expensive and 

potentially complex instrumentation renders template-mediated electrodeposition as less 

amenable to scale up and more costly than simple solution-based techniques.
25

 With the growing 

concern over the potentially harmful environmental impacts of synthesizing nanostructures, a 

key consideration in the broader development of nanostructured electrocatalysts is that synthetic 

protocols should be reasonably efficient, ambient, and inexpensive, as well as minimize the use 

of harmful precursors and processes.
37

  

In pursuing these generalized strategies, we have employed the U-tube double diffusion 

device (Figure 5.1) as an ambient, surfactantless method for the reliable preparation of high-

quality, diameter-controlled Pd NWs.
38-40

 Our U-tube device consists of two half-cells mutually 

separated by a commercial membranous template, which serves as the scaffold for the 

subsequent growth of NWs. Past successful examples in our group have included metal 

tungstates, binary oxides, phosphates, sulfides, fluorides, and elemental metals.
29,41-47

 Recently, 

the U-tube device has been highlighted for its versatility as both an effective and green method 

for the production of high-quality 1D metallic nanostructures under ambient conditions.
37

 For 

example, we have employed this technique to produce the 200 nm Pt NTs and 45 nm Pt NWs 

highlighted in Chapter 3. Herein, for the first time, we have employed the U-tube double 

diffusion device to prepare high-quality, single crystalline, submicron (270 nm) and nanosized 

(45 nm) Pd NWs.
38,48

 The U-tube methodology is advantageous, since high-quality Pd NWs are 

grown under ambient conditions without requiring either electrochemical equipment or PVD, 
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which are typically necessary for electrodeposition. In addition, we can substitute the caustic 

electrolytes (0.1 – 1 M H2SO4) with a dilute reducing agent solution, consisting of 5 mM sodium 

borohydride. Based upon careful analysis of partially formed NWs, we have gained important 

insight into the growth mechanism of the Pd NWs within the confines of PC templates. As a 

proof of concept, we have demonstrated that it is feasible to produce segmented NWs wherein 

control over the chemical composition has been achieved along the long axis of the NW itself.
40

 

In fact, we have been able to predictably synthesize segmented Pd/Au and Pd/Pt NWs with direct 

and predictable control over segment length, by systematically controlling the reaction time. 

 In the current report, we also exploit the ability to readily and predictably control the 

diameter of single crystalline Pd NWs to explore size-dependent electrocatalytic relationships in 

both elemental Pd NWs and PtML~Pd NWs possessing diameters that range from submicron to 

ultrathin < 5 nm dimensions with the goal of further generalizing the size-dependent 

performance trend already observed in 1D Pt nanostructures. To this end, we have systematically 

explored the size-dependent electrochemical performance of both submicron and nanosized Pd 

NWs by comparison with ultrathin Pd NW/C composites obtained, utilizing a surfactant-based 

technique that has been previously reported.
5
 Ultimately, the desired PtML~Pd NW catalysts have 

been prepared by PtML deposition and the size-dependent ORR activity has been studied in these 

well-defined, diameter-controlled core-shell electrocatalysts. In both cases, we have observed 

consistently reproducible enhancements of 2-fold in terms of electrocatalytic activity as the 

diameter is decreased from the submicron to ultrathin levels. Interestingly, this observation 

further demonstrates that the general size-dependent trend observed in elemental Pt NWs can be 

broadened to include elemental Pd NWs and more importantly, core-shell type PtML~Pd NWs, 

which is an important finding in the progression toward practical 1D electrocatalysts.  
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Figure 5.1 The production of Pd NWs with predictable diameters from the U-tube double 

diffusion device. In Step 1, the U-tube device (top) is assembled with the PC template separating 

the precursor and reducing agent half-cells. After NW formation, the as-prepared templates filled 

with NWs are removed from the U-tube device. The thin films of excess metallic material on the 

surface of the template is shown (middle) for the 200 nm (film on surface exposed to reducing 

agent half-cell) and 15 nm (film on surface exposed to the precursor half-cell). In Step 2, the NW 

filled template is washed to remove the residual precursor and reducing agent. Finally, isolated 

individual NWs or free-standing NW arrays are obtained in Step 3 either by dissolving the 

membrane or by oxidative etching of the membrane, respectively. (Adapted with permission 

from Ref. 38. Copyright 2011 American Chemical Society) 
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5.2 Synthesis of Pd NWs, Segmented Pd/Au and Pd/Pt NWs and a Novel Method for 

Investigating the Growth of Pd NWs under Double-Diffusion Conditions 

5.2.1. Size-Dependent Synthesis of Pd NWs Utilizing the U-tube Double Diffusion Device 

The synthesis and isolation of submicron (270 nm) and nanosized (45 nm) palladium 

NWs (Pd NWs) was accomplished by utilizing a U-tube double diffusion device, and the process 

is shown schematically in Figure 5.1. Specifically, sodium hexachloropalladate hydrate (87.5 mg 

Na2PdCl6 · x H2O, Alfa Aesar 99.9%) was dissolved in 5 mL of absolute ethanol in order to 

create a saturated precursor solution. Separately, a 5 mM sodium borohydride (NaBH4, Alfa 

Aesar 98%) solution was prepared by dissolving the solid powder into 5 mL of ethanol with a 

brief period of sonication in order to create a reducing agent solution. Immediately prior to 

performing the reaction, commercially available PC membranes (Whatman, Nucleopore track 

etched) with pore sizes of either 200 nm or 15 nm were sonicated in ethanol to pre-saturate the 

pores with the ethanol solvent.  

In Step 1, an ethanol-saturated membranous template was clamped between the two half-

cells of the U-tube device, and the half-cells were separately filled with precursor and reducing 

agent solutions, respectively. After 16 min of reaction time, the reaction completion was signaled 

by the visible formation of metallic material on the exterior surfaces of the template; the filled 

template membrane was then removed from the U-tube and gently rinsed with ethanol, in Step 2. 

In Step 3, the as-prepared Pd NWs are isolated from the PC template to give either individual 

isolated NWs or vertically oriented, free standing NW arrays:  

Individual Isolated NWs: Residual metal present on the external surfaces of the template was 

physically removed by polishing the template on a commercially available, soft Arkansas Wet-

Stone (Tools for Working Wood Company, Brooklyn, NY) with mineral oil serving as a 
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lubricant. The PC template itself was dissolved away by immersing the membrane in 

dichloromethane (DCM) for a minimum of 15 min and the NWs suspended in the DCM/PC 

solution were isolated by centrifugation. The wires were then washed of residual organic 

impurities by dispersing the grey powder into fresh aliquots of DCM and isolating by 

centrifugation for a minimum of five washing cycles. Subsequently, purified isolated NWs could 

be obtained by washing the grey-black powder in ethanol.  

Vertically Oriented Arrays: Free-standing arrays of the NWs could be obtained by affixing the 

template onto a Si wafer with double-sided Cu tape and exposing the wafer to an oxygen plasma 

for a total of 20 min in a reactive ion etcher (March Plasma). 

 

5.2.2. Synthesis of Segmented Pd/Pt and Pd/Au NWs with Control over the Relative Lengths of 

the Axial Segments 

The individual segments of the Pd/Pt or Pd/Au NWs were synthesized in a two-step 

process involving (i) the deposition of an initial metallic Pd NW segment followed by (ii) the 

subsequent deposition of a second Pt or Au segment.
40

 Specifically, a Pd NW segment was first 

grown utilizing the procedure, as described in Section 5.2.1. The length of the Pd NW segment 

was controlled by the reaction time, which was varied between 10 – 60 min, yielding 

corresponding NWs with lengths ranging from 1 – 6 μm, respectively. Once the desired Pd NW 

segment length was achieved, a second metallic segment was grown from the existing Pd NW 

segment, utilizing a second electroless deposition process. To accomplish this, the Pd precursor 

and reducing agent solutions were removed from the respective half cells, thereby effectively 

quenching the growth of the Pd NW segment. Subsequently, aliquots of ethanol were added into 

the half-cells, so as to remove residual traces of precursors and reducing agent from the template 
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pores for a duration of 5 minutes. After removal of the ethanol wash, the precursor half-cell was 

loaded with either a 50 mM tetrachloroauric acid (HAuCl4  xH2O, 99.999%, Alfa Aesar) 

solution in the case of Pd/Au NWs or a 100 mM hexachloroplatinic acid (H2PtCl6, 99.9%, Alfa 

Aesar) solution in the case of Pd/Pt NWs. The reducing agent half-cell was simultaneously filled 

to capacity with a 200 mM NaBH4 reducing agent solution. The completion of the reaction was 

signaled by the formation of a thin layer of metallic material on the outer surface of the template, 

adjacent to and exposed to the precursor half-cell. The isolation of the as-synthesized segmented 

NWs was achieved, utilizing the same techniques for elemental NWs described in Section 5.2.1.  

 

5.2.3. A Novel Method for Addressing the Structure of 1D Nanostructures Directly within the 

Template Pores of Polycarbonate Filter Membranes 

We employ microtome cross-sectioning to directly probe the structure, crystallinity, and 

chemical composition of as-synthesized Pd NWs directly within the 1D pore spaces of the PC 

filter membrane, which served as a template for their growth. Microtome cross-sectioning is a 

sample preparation technique traditionally normally employed for examining biological samples 

with TEM. In a typical preparation, the desired tissue sample is embedded in a polymeric resin 

and is cut into sections with thicknesses ranging from 50 – 250 nm for investigation by TEM. 

Herein, we have employed the 1D pore channels of PC filter membranes as nanostructured 

reaction chambers for the growth of high-quality palladium-based NWs.
38,39,49

 To investigate the 

growth mechanism of the NWs within the template pores, we have embedded portions of the 

template containing as-synthesized Pd NWs in Epon resin and utilized a Reichert-Jung UltracutE 

Ultramicrotome to prepare 80 nm sections of the template for subsequent examination by TEM 

and HRTEM. 
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 The cross-sections were supported onto a Formvar coated, copper slot grid and examined 

by an FEI Titan 80-300 TEM instrument, equipped with a Cs-corrector, operated at 300 kV.
38

 

This instrument is particularly advantageous for probing the structure of the NWs in the 

polymeric matrix of the membrane template, because the voltage, current, and size of the beam 

can be tailored to avoid damage to the polymer. The crystallinity of the as-synthesized Pd NWs 

was examined by studying SAED and HRTEM images along the axis of the NW. Similarly, the 

composition of the NW can be studied by obtaining EDAX measurements at points along the 

long axis of the nanowire, and this study has had relevant applicability to understanding the 

formation of bimetallic NWs (c.f. Chapter 6) within these porous templates. Collectively, the 

ability to address the crystallinity and chemical composition as well as to image the NWs 

directly within the confines of the pore spaces has enabled us to develop a detailed growth 

mechanism as a function of template pore size. This has proven useful in the development of 

segmented Pd/Pt and Pd/Au NWs, which exploits the unique growth mechanism with 200 nm 

template in order to achieve control of composition along the axis of individual NWs.  

 

5.3 Results & Discussion 

5.3.1. Synthesis and Characterization of Pd NWs 

 The synthesis of submicron and nanosized Pd NWs with highly monodisperse 

dimensions has been readily achieved by utilizing an ambient, surfactantless template-based 

method.
38,48

  The crystallinity and purity of the as-prepared NWs were characterized by powder 

XRD data, shown in Figure 5.2A and 5.3A for the Pd NWs prepared from 15 nm (referred to as 

nanosized NWs) and 200 nm (referred to as submicron NWs)  PC templates, respectively. 

Crystallographic analysis confirms that all of the peaks for the nanosized and submicron NWs 
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could be readily assigned to the (111), (200), (220), and (311) reflections of face-centered cubic 

Pd (Fm3m, JCPDS #46-1043), respectively. The measured d-spacing is determined to be 2.243 Å 

for both the submicron and nanosized wires and is in excellent agreement with the standard value 

of 2.245 Å. In addition, there were no detectable crystalline impurities in the XRD pattern for 

either the submicron or the nanosized Pd NW samples. 

The morphology of as-prepared NW samples was initially characterized by SEM. 

Overview SEM images (Figure 5.2B and 5.3B) reveal that the NWs maintain diameters of 45 ± 9 

nm and 270 ± 45 nm with high aspect ratios of 73 ± 22 and 13 ± 4, for samples derived from the 

15 and 200 nm template pores, respectively. The apparent size discrepancy between the 

commercially reported pore diameter and the experimentally measured diameter is expected and 

has been previously reported by our group, as well as by other groups.
29,50

 This divergence has 

been widely attributed to an expansion and inhomogeneity of the pore diameter within the 

interior of the membrane in combination with swelling of the pores during the growth of the 

NWs. In addition to obtaining individual isolated NWs, free-standing NW arrays, shown in 

Figures 5.2C and 5.3C, have also been readily obtained by affixing the filled templates onto a Si 

substrate and exposing the array to an oxygen plasma etch in order to suitably remove the PC 

template. The highly uniform nature of the resulting arrays and the ability to affix them onto a 

wide variety of substrates have rendered these systems as excellent candidates for diverse 

applications in gas sensing
51,52

 and alcohol electroxidation.
53

 The methods for obtaining both 

isolated NWs and free standing NW arrays are shown schematically in Figure 5.1. 
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Figure 5.2 Characterization of 45 nm Pd NWs. Representative XRD patterns (A), SEM images 

of the individual, isolated NWs (B) and free-standing NW arrays (C). An overview TEM image 

of an individual NW (D) is shown with a TEM image highlighting a section of the NW is shown 

as an inset, and the red box denotes the area where the high resolution TEM image (E) was 

obtained. A selected area denoted by the black box highlighting the well-defined lattice planes is 

shown as an inset to panel E. The SAED pattern (F) corresponding to the high resolution TEM 

image is also highlighted. (Reprinted with permission from Ref. 38. Copyright 2011 American 

Chemical Society)  
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Figure 5.3 Characterization of 270 nm Pd NWs. Representative XRD patterns (A), SEM images 

of the individual, isolated NWs (B) and free-standing NW arrays (C). An overview TEM image 

of an individual NW (D) is shown with a TEM image highlighting a section of the NW is shown 

as an inset, and the red box denotes the area where the high resolution TEM image (E) was 

obtained. A selected area denoted by the black box highlighting the well-defined lattice planes is 

shown as an inset to panel E. The SAED pattern (F) corresponding to the high resolution TEM 

image is also highlighted. (Reprinted with permission from Ref. 38. Copyright 2011 American 

Chemical Society)  

 

 



144 
 

Representative TEM images shown in Figure 5.2D and 5.3D not only confirm the quality 

and high aspect ratio of the NWs but also reveal that the NWs maintain uneven, roughened 

surfaces, likely originating from the textured, imperfect structure of the originating pore walls of 

the PC template itself.
47

 The high-resolution TEM images (HRTEM) (Figures 5.2E and 5.3E) 

show that the NWs are single-crystalline, with the exception of a short polycrystalline segment at 

the end of the NW. The presence of this short polycrystalline segment can likely be attributed to 

the formation process of these NWs, which is discussed in greater detail in Section 5.3.2. The 

high-resolution TEM images in Figures 5.2E and 5.3E indicate the presence of well resolved 

lattice planes that are straight and equidistant with a lattice spacing of 2.25  0.03 Å, in perfect 

agreement with the bulk Pd (111) lattice spacing.  

To assess the crystal structure over the entire length of the NW, we have employed 

electron diffraction in TEM. The diffraction patterns (DPs) taken along the length of the NWs 

demonstrate that these NWs are highly textured and essentially single crystalline over the greater 

part of their length. Figures 5.2F and 5.3F show diffraction patterns obtained with the electron 

beam incident along the 



112  axis of Pd. Diffraction data in combination with HRTEM images 

suggest that the long axis of the NWs formed in both the 200 nm and 15 nm pores is oriented 

along the 



110  crystallographic direction. This unique growth direction of the Pd NWs has been 

observed previously when metallic NWs have been electrodeposited within highly anisotropic 

nanostructured pores. However, it is unclear in the existing literature as to which primary 

experimental influence ultimately determines the observed growth direction.
54

 Given the lack of 

dependence on the pore size, we believe that the growth direction of these NWs arises from the 

relatively slow reduction kinetics observed in this synthetic scheme. This hypothesis is discussed 

in more detail in Section 5.3.2.  
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Although there are many advantages of the U-tube methodology, the use of 

nanostructured templates may inherently prevent high product yields or even the acquisition of 

ultralow diameters, as the smallest commercially available PC template consists of ~15 nm 

diameter pores. In light of these limitations, in parallel, we have prepared ultrathin Pd NWs 

utilizing a scalable wet-chemical technique wherein the reduction of a Pd precursor and growth 

is directed by a surfactant.
5,8

 The as-prepared NWs in this case can be reliably supported onto 

high surface area carbon, which prevents aggregation of the NWs during treatment and imparts 

significantly improved durability. Extensive characterization the purity, crystallinity and quality 

of these NWs can be found in Chapter 4, both before and after support on Vulcan XC-7R.     

 

5.3.2. Insights into the Growth Mechanism of Noble Metal NWs under Double Diffusion 

Conditions 

In addition to preparing optimized nanostructures for use as size-dependent core-shell 

electrocatalysts, we have also gained insight into the formation process of metallic NWs within 

the spatial boundaries and constraints associated with PC templates, under double diffusion 

conditions. Previously, our group has achieved the reliable synthesis of metallic Au, Ag, and Pt 

NWs within the structural confines of 200 nm PC templates by utilizing relatively high 

concentrations of 0.1 M and 0.5 M for the metal precursor and the sodium borohydride, 

respectively.
29

 The Pt NWs prepared with the analogous H2PtCl6 precursor in this previous report 

were found to be polycrystalline and the growth was determined to have followed a 

heterogeneous nucleation mechanism. Similarly, another group has prepared Ag NWs by 

utilizing a double diffusion device, wherein a so-called “self-propulsion mechanism” was 

proposed to explain their growth.
55
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Figure 5.4 A schematic representation of the proposed NW formation process under double 

diffusion conditions in the 200 nm (left) and 15 nm (right) diameter template pores. The left side 

of the graphic represents the precursor half-cell and the right side of the graphic denotes the 

reducing agent half-cell. In the double diffusion step (Step 1), we highlight the difference in the 

point of nucleation that is observed in the case of the 200 nm and 15 nm template pores. In both 

cases, the growth is initiated by rapid nucleation of metallic Pd (Step 2) as the diffusion fronts of 

the precursor and reducing agent intersect within the template pores. Once the formation of the 

polycrystalline segments blocks the diffusion of the reducing agent into the pore, the growth of 

the primary single crystalline segments proceeds by an electroless deposition process (Step 3) 

where electrons are transported through the growing wire (black arrow). Observed metallic 

backing layers present on the external surfaces of the 200 nm and 15 nm templates are found on 

the reducing agent and precursor half-cell sides, respectively, and are highlighted in red. 

(Reprinted with permission from Ref. 38. Copyright 2011 American Chemical Society)   
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 By contrast, the synthesis of Pd NWs in this report was accomplished with significantly 

lower concentrations of 37 mM Na2PdCl6 and 5 mM NaBH4 as a result of the inherently low 

solubility of the Pd precursor in ethanol. Interestingly, we find that the synthesis of Pd NWs is 

distinctive from that of other template-based syntheses conducted under similar double-diffusion 

conditions. In this section, we explored the growth mechanism in the 200 nm and 15 nm template 

pores utilizing complementary techniques that provide insight into the structure and location of 

the NW within the template pore, as the reaction progresses. To achieve this objective, we have 

developed a new characterization technique that couples microtome cross-sectioning with 

HRTEM to directly address the crystallinity, chemical composition, and morphology of the Pd 

NWs within the template pores themselves.  

Growth of Pd NWs within 200 nm Pores: Based upon the analysis of our data, we believe 

that the growth of the NWs within the PC templates follows a two-step process, which is shown 

schematically in Figure 5.4. In the first step, the precursor and reducing agent diffuse into the 

pore space and inevitably, the diffusion fronts intersect, resulting in the reduction of the Pd 

precursor and nucleation of the Pd metal. In the case of the 200 nm template pores, the 

nucleation of the Pd metal is initiated near the interface of the template pore and reducing agent 

half-cell. This initial rapid reduction followed by a nucleation process yields both a short 

polycrystalline NW segment within the template pore and a thin layer of metallic material on the 

outer surfaces of template within the reducing agent half-cell. In fact, the formation of the 

metallic layer on the surface of the template facing towards and thereby exposed to the reducing 

agent half-cell can be observed visually within the first minute of the reaction.  
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Figure 5.5 Representative cross-section of as-prepared templates containing ~270 nm NWs (A)  

after 16 minutes of reaction time. The presence of wire-like fragments results from the non-

uniformity and irregular distribution of the template pores, which results in portions of wires 

being excised during the microtoming process. Cross-sectional SEM images of free-standing 

NWs prepared in the 200 nm (B) diameter pores of PC templates shown within a schematic of 

the U-tube double-diffusion apparatus. The metallic layer present on the surface of the 200 nm 

templates is exposed to the reducing agent half-cell, in this case. Immediately below are 

individual NWs within the template pore with corresponding HRTEM and SAED patterns 

obtained from a representative isolated NW in selected locations where either nucleation or 

crystalline growth predominate. (Reprinted with permission from Ref. 38, Copyright 2011 

American Chemical Society) 
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As complementary evidence, TEM analysis of a representative cross-section of the 

template shown in Figure 5.5A confirms the presence of a thin metallic layer localized on the 

external surface of template that is exposed to the reducing agent half-cell with NWs that are 

directly affixed onto the metallic layer. Higher magnification images reveal that the first 500 nm 

of the NW affixed to the metallic layer is composed of highly interconnected crystalline grains.   

To explore the crystallinity of the NW near the interface of the template pore, HRTEM 

images and SAED patterns (Figure 5.5B) were obtained on a representative isolated Pd NW at 

positions near the pore interface where it is thought that nucleation first occurs. The 

corresponding HRTEM images reveal that the polycrystalline segment is composed of multiple 

crystalline domains that give rise to the distinct diffraction rings in the SAED pattern. Based 

upon the low-resolution and high-resolution TEM images, the polycrystalline component 

represents the first 200 – 500 nm of the NW, which is directly affixed onto the metallic material, 

coating the exterior of the template. The observation of the initial polycrystalline segment is 

consistent with prior results since we have previously demonstrated that the direct reduction of 

metallic precursors, including H2PtCl6 for example, results in polycrystalline nanostructures.
29

 

The polycrystallinity arises from the rapid reaction kinetics when NaBH4 directly interacts with 

and reduces the metal precursor, a process which favors the formation of many discrete nuclei as 

opposed to simple crystalline growth.
29

 Hence, we propose that the polycrystalline segment 

arises in the first growth step from the rapid nucleation of Pd metal, when there is direct 

chemical interaction between the diffusing Pd precursor and the NaBH4 solution.  

 Surprisingly, careful analysis of the cross-sectional images reveals that the 

polycrystalline segment transforms into a uniform homogeneous segment towards the interior of 

the template pore. HRTEM images and SAED patterns (Figure 5.5B) obtained on a 
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representative NW toward the interior of the pore confirm that this segment of the wire is  

essentially single crystalline with highly resolved lattice planes that run uniformly across the 

entire structure. This gives rise to the well-defined diffraction spots present on the corresponding 

SAED. Hence, the short polycrystalline segment segues into a second single crystalline segment 

that comprises the remaining 3 – 4 µm portion of the NW. However, the extended single-

crystalline segment that is observed extending towards the precursor half-cell is not necessarily 

consistent with the idea of the direct reduction of PdCl6
2-

 by NaBH4. By contrast, these findings 

imply that a different growth process likely predominates in creating this single crystalline 

segment. 

Hence, we believe that the single-crystalline growth observed in the template pore arises 

from a second, in situ “electroless deposition” process wherein the rate of reduction is 

significantly slowed. We believe this allows for crystalline growth to predominate as opposed to 

a series of rapid nucleation steps. Invariably, the formation of the aforementioned polycrystalline 

material and the metallic layer prevents the direct diffusion of precursor and borohydride ions 

into the template pores, thereby preventing the direct reduction of Pd. Subsequently, we believe 

that both the thin metallic layer and polycrystalline segment serve as a conductive layer through 

which electrons are transported from the reducing agent half-cell towards the interior portion of 

the pore, thereby reducing the Pd precursor. This process in turn results in the lengthening of a 

distinct single crystalline segment towards the precursor half-cell.  

 As a matter of note, we believe that electrochemical neutrality is maintained during the 

electroless deposition process by the corresponding diffusion of positive Na
+
 ions from the 

reducing agent half-cell into the precursor half-cell. Previously, it has been proposed by 

Sharabani et al. in their study of the electroless deposition of Ag NWs under double diffusion 
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conditions that the diffusion of Na
+
  ions occurs through the physical spaces and cavities present 

between the growing NW and the surrounding pore walls.
55

 Moreover, it has been demonstrated 

that the pore spaces of the PC templates are non-uniform and that pore branches exist throughout 

the template. These dispersed spaces may represent possible channels and physical pathways for 

the diffusion of counter ions.
50

 Although all of these scenarios exist as plausible routes for Na
+
 

ion diffusion, it is critical to highlight that the determination of the precise mode of counter ion 

diffusion is beyond the scope of our analysis, and will be addressed in the future.  

Recently, single-crystalline Pd NWs have been grown within nanostructured templates 

using a potentiostatic electrodeposition process involving careful control over the pore size and 

the reduction overpotential.
54

 It was found in that experiment that reducing the pore size from 65 

nm to 35 nm as well as utilizing a low reduction overpotential (0.3 V vs. Ag/AgCl) favored the 

growth of single crystalline NWs as opposed to polycrystalline NWs. The smaller pore sizes in 

combination with a slower reaction rate were thought to limit the diffusion in the system, thereby 

lowering the reaction rate and promoting single crystalline growth. Based upon these prior 

results as well as the HRTEM and SAED data, we believe that the growth of the single-

crystalline NW segment herein arises from an ambient, electroless deposition process that is 

primarily diffusion-limited. This assertion is consistent with the proposed mechanism due to the 

inherent coupling between the reaction rate and the diffusion rate of both the precursors into the 

pores and the Na
+
 ions into the precursor half-cell. Essentially, the limitation of the reaction 

kinetics to the rate of diffusion may suitably slow the reduction rate and promote the growth of 

the observed single crystalline segment. 
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Figure 5.6 Cross-section SEM images of free-standing NW arrays prepared in 200 nm templates 

isolated after reaction times of 4 mins (A), 8 mins (B) and 12 mins (C). A graph depicting the 

measured length (D) obtained from individual, isolated NWs as a function of reaction time in 

200 nm pore-sized templates is also shown. (Adapted with permission from Ref. 38. Copyright 

2011 American Chemical Society) 
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Based upon the proposed growth mechanism, the proposed electroless deposition process 

should result in longer single crystalline segments and longer overall NWs with increasing 

reaction in an analogous fashion to potentiostatic electrodeposition. To test this hypothesis, we 

isolated free-standing NW arrays after various reaction times ranging from 4 – 16 min and 

measured the lengths of these NWs as a function of the reaction time (Figure 5.6A – 5.6C). The 

lengths of the NWs were found to increase consistent with our hypothesis from approximately 2 

μm to over 3 μm as the reaction time is increased from 4 – 16 min. To gain a more quantitative 

insight, these as-prepared 1D nanostructures were isolated as individual NWs (Figure 5.6D) from 

reactions conducted in 2 min increments and the length was found to increase from 0.92 ± 0.35 

µm to 4.0 ± 1.8 µm, as the reaction time was correspondingly increased from 2 min to 12 min, 

thereby representing almost the entire thickness of the template (~6 µm). Hence, it is clear that 

the growth of the NWs continues even after the initial polycrystalline segment effectively 

prevents direct interaction and contact between reducing agent and precursor molecules. These 

observations are collectively suggestive of a second, continuous electroless deposition step 

within the template pore itself. 
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Figure 5.7 Representative cross-section of as-prepared templates containing ~45 nm NWs (A) 

after 16 min of reaction time. The presence of wire-like fragments arises from the non-

uniformity and irregular distribution of the template pores, which results in portions of wires 

being excised during the microtoming process. Cross-sectional SEM images of free-standing 

NWs prepared in the 15 nm (B) diameter pores of PC templates shown within a schematic of the 

U-tube double-diffusion apparatus. The metallic layer present on the surface of the 15 nm 

templates is exposed to the precursor half-cell, in this case. Immediately below are individual 

NWs within the template pore with corresponding HRTEM and SAED patterns obtained from a 

representative isolated NW in selected locations where either the nucleation or crystalline growth 

process predominates. (Reprinted with permission from Ref. 38. Copyright 2011 American 

Chemical Society) 
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Growth of Pd NWs within 15 nm Pores: The growth of the NWs in the 15 nm template 

pores follows a similar two-step process that is observed within the 200 nm template. However, a 

key distinction in the formation of the NWs in the 15 nm pores is that the initial nucleation of the 

Pd likely occurs within the interior of the pore (near the center of the pore channel), as opposed 

to at the interface of the pore with the reducing agent half-cell. TEM images of cross-sections of 

the template (Figure 5.7A) in addition to HRTEM analysis (Figure 5.7B) of a representative 

isolated NW confirm the presence of a polycrystalline segment located towards the center of the 

template pore. The shift in the location of the nucleation process likely arises from the smaller 

pore size, which is expected to significantly limit the diffusion of the precursor into the pore 

space.
56,57

 Based upon the cylindrical pore geometry, the point of contact between advancing 

diffusion fronts of the precursor and reducing agent is thereby expected to shift towards the 

interior of the pore and give rise to a primary nucleation process occurring closer towards the 

precursor half-cell. To explore this issue in more detail, we performed a series of reactions, 

wherein the precursor and reducing agent concentrations were altered systematically to explore 

the influence of diffusion rate upon the corresponding length of the wire.
38

 In effect, the results 

of this analysis confirm that the shift in the point of nucleation in the case of the 15 nm PC 

template to the center of the pore arises from a slower diffusion rate of the precursor.  

 In an analogous fashion to the 200 nm NWs, HRTEM analysis of the NWs at points 

closer towards the precursor half-cell confirms that the polycrystalline segment transitions into 

an extended single-crystalline segment. We believe that the single-crystalline segment arises 

from a second electroless deposition step, which consistent with growth of the NWs in 200 nm 

pores. However, an interesting distinction in this case is that the crystalline growth of the NW 

proceeds beyond the pore, forming a metallic layer that coats the surface of the template in the 
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precursor half-cell. The aforementioned metallic layer on the surface of the template exposed to 

the precursor half-cell is apparent in Figure 5.7A. The morphology of this film is apparent in 

Figure 5.2C, and it is evident that the film is composed of interconnected Pd material that 

extends beyond the template pores. In fact, visual observation of the template during the course 

of the reaction reveals that the template darkens from a transparent coloration to a black 

coloration over the first 2 - 4 min of the reaction and then, a metallic layer becomes apparent on 

the surface of the template in the precursor half-cell after 4 – 6 min of reaction.  

As further support for the proposed growth mechanism, we have isolated free-standing 

NW arrays after various reaction times (4 – 16 min) to confirm that the NW growth direction 

proceeds from the point of nucleation towards the precursor half-cell. On the basis of the growth 

mechanism in this case, we demonstrate that the length of the wire is defined by the relative 

precursor and reducing agent concentrations, since nucleation occurs within the interior of the 

template pore. Accordingly, SEM images of arrays obtained after 4 min, 8 min, and 12 min of 

reaction time, respectively, reveals that the length of the NWs does not change significantly from 

4 min (2.9 ± 0.6 µm) to 16 min (2.8 ± 0.6 µm).  

In this case, the growth of the NWs from the point of nucleation to the pore opening 

appears to have been completed within the first 4 min of the reaction, which is consistent with 

the empirical observation of the formation of the metallic material within a 4 to 6 min interval on 

the surface of the template in the precursor half-cell. Interestingly, the filling of the pore 

proceeds at a much faster rate in the 15 nm pores as compared with the 200 nm pores, which is 

can be explained by the fact that less Pd is obviously required to fill in the smaller pores. Hence, 

all of these observations complement the analysis of the template cross-section and confirm that 

the growth is likely initiated within the interior of the pore space and then proceeds towards the 
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precursor half-cell, inevitably producing a metallic layer on the surface of the template exposed 

to the precursor half-cell. 

 

5.3.3. Proof of Concept: Successful Synthesis of Segmented “A/B” Type Pd/Pt and Pd/Au NWs 

under Ambient Electroless Conditions in 200 nm PC Templates 

Recently, segmented nanostructures have been highlighted as an exciting structural 

architectural motif for achieving multifunctional nanomaterials.
24,25,58

 Typically, segmented NWs 

consist of two or more discrete 1D sub-units oriented along the long axis of crystalline NWs and 

can therefore combine the distinctive characteristics of each sub-unit into a single nanostructure. 

Quantitative manipulation of the relative lengths of the various segments composing the overall 

nanostructure can hence afford a powerful method for tailoring the properties of these 

nanomaterials.
24

 Thus, coupling the flexibility of this structural architecture with the highly 

favorable optical, electronic, and catalytic properties of noble metals has rendered this class of 

segmented materials as excellent candidates for a broad range of applications including but not 

limited to sensors,
58,59

 bio-analysis,
60,61

 nanomotors,
25,62-70

 colloidal transport,
71,72

 catalysis,
73-75

 

and nano-electronics.
76

 In the previous section, we demonstrated that essentially the same growth 

mechanism associated with electrochemical deposition can be achieved without requiring 

electrochemical equipment, PVD equipment or caustic reaction media. Inspired by this highly 

advantageous and optimized growth mechanism, we have developed for the first time herein a 

simple two-step protocol to produce segmented NWs under ambient electroless conditions in 200 

nm template pores.
40
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Figure 5.8 A schematic representation of the growth of segmented Pd/M (M = Pt or Au) NWs 

under double diffusion conditions within a representative array of 200 nm PC template pores. 

(Reprinted with permission from Ref. 40. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim) 
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A detailed synthetic scheme of this two-step protocol in a series of representative 

template pore cross-sections is shown in Figure 5.8. In the first step, a high-quality single-

crystalline Pd NW „base‟ segment is grown into the template pore. The initiation of the reaction 

is signaled by visual corroboration of the formation of metallic material on the surface of the 

template directly exposed to the reducing agent half-cell. Subsequently, the single crystalline Pd 

NW segment elongates toward the precursor half-cell, as the reaction is allowed to continue. 

Once the desired length of the Pd NW is achieved, the electroless deposition process is suitably 

quenched by removing the palladium precursor and reducing agent solutions from the pores. The 

second segment consisting of either Au or Pt is then grown directly from the existing Pd NW 

segment by a second electroless deposition process, utilizing the appropriate precursor solution 

(e.g. either HAuCl4 or H2PtCl6 depending on the desired result). The growth of this secondary 

segment is initiated at the surface of the existing metallic Pd NW, which serves as a conduit for 

the relatively efficient transport of electrons from the reducing agent half-cell to the interior of 

the pore space. The secondary segment, i.e. either Au or Pt, then elongates during this electroless 

deposition step, until crystalline growth extends beyond the template pore length, thereby 

resulting in the formation of metallic material on the template surface exposed to the precursor 

half-cell. Thus, the formation of a black or gold colored film in the case of the Pd/Pt and Pd/Au 

NWs, respectively on the surface of the template exposed to the precursor half-cell is an 

important visual cue provides key confirmation that the reaction has completed.  

The relative lengths of the NW segments can be reliably and easily tuned by 

manipulating the reaction time for the growth of the Pd NW segment in the first electroless 

deposition step. Specifically, longer reaction times allow for increased crystalline growth and 

correspondingly longer Pd NW lengths within the template pore. Examination of the Pd segment 
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length in Pd/Au NWs by scanning electron microscopy (SEM) confirms that the length of the Pd 

segment grown in the first step systematically increases from 0.9 ± 0.1 μm to 6.7 ± 0.7 μm, as the 

reaction time is increased from 0 to 48 min. Not only is this trend in excellent agreement with 

that observed from the analogous Pd/Pt NWs but also these results are collectively consistent 

with prior data
38

 obtained from elemental Pd NWs (c.f. Section 5.3.2 & Figure 5.6D). Since the 

pore channels of the commercially available PC templates that we use in our experiments 

maintain a nominal length of 6 – 8 μm, the ability to reproducibly and systematically tune the Pd 

NW length allows for direct control over the respective lengths of the individual segments, since 

the secondary segment consisting of either Pt or Au will necessarily occupy the remaining length 

of the template pore left unreacted by the Pd.  

In essence, longer initial reaction times led to increased Pd NW lengths, leaving a 

proportionally smaller fraction of the full pore channel in which either the Au or Pt segment 

could grow. SEM images (Figure 5.9) obtained from as-prepared Pd/M („M‟ = Pt or Au) NWs 

confirm that the trend in the relative length of the Pd and M segment is highly dependent upon 

the reaction time employed in the first electroless reduction step. The relative length of the Pd 

segment increased from 22.1% to 74.6% of the total NW length, as the initial reaction time was 

correspondingly raised from 10 to 45 min, for example. Thus, these results collectively 

substantiate our premise that high-quality, crystalline bimetallic NWs can be prepared with a 

broad range of segment lengths under completely ambient conditions without the need for either 

electrodeposition or PVD. Thus, the ability to achieve direct spatial control over chemical 

composition in noble metal NWs under ambient, solution-based conditions represents a critical 

and large advance towards the production of multifunctional nanostructures with a host of 

tunable and complementary functionalities. 
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Figure 5.9 Characterization of segment length in A/B nanowires. SEM images of Pd/Pt (A  C) 

and Pd/Au (D  F) NWs with palladium representing 75 (A, D), 50 (B, E) and 25% (C, F) of the 

relative NW length. (Reprinted with permission from Ref. 40. Copyright © 2012 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim) 
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The quality and purity of the as-synthesized A/B nanostructures was probed by means of 

electron microscopy. First, SEM was employed to examine the morphology of as-prepared Pd/Pt 

and Pd/Au NWs as a function of the different segment lengths. Specifically, SEM images (Figure 

5.9) obtained from collections of Pd/Pt and Pd/Au NWs with relative lengths of 1/3, 1/1, and 3/1 

confirm that the as-prepared NWs maintain homogeneous anisotropic 1D structures. The NWs 

collectively possess diameters of 260 ± 30 nm, confirming that the NW dimensions are highly 

uniform over a broad range of segment lengths. In addition, the stark and sharp contrast between 

the Pd segment (low contrast) and either the Pt or Au segments (high contrast) in the SEM 

images highlights not only the segmented nature of the NWs but also confirms that our synthetic 

approach can lead to a well-defined, differentiable transition between the sub-units without a 

significant degree of alloying, noticeable at the interface. It is also apparent from the images that 

the relative segment lengths have been predictably controlled by systematically manipulating the 

reaction time. 

A critical parameter in evaluating the quality of our NWs has been to investigate the 

compositional interface between the Pd and either the Pt or Au sub-units in individual NWs. In 

particular, we have taken specific steps in our reaction scheme so as to ensure the generation of 

segmented NWs with a sharp, well-defined interface between the two distinctive sub-units and to 

maximize the corresponding elemental purity of the respective sub-units. First, we employed a 

washing step between the growth of the Pd NW segment and the subsequent Pt or Au segment in 

order to remove residual Pd precursor from the template. Second, we purposefully and 

dramatically increased the concentration of reducing agent during the growth of the Pt and Au 

segments in order to suppress the galvanic displacement of the Pd NW by the Pt and Au 

precursors, and to thereby prevent alloy formation at the interface. 
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To examine the quality of the interface and purity of the elemental sub-units, we 

employed energy dispersive X-ray spectroscopy (EDAX) in scanning TEM mode. A 

representative EDAX map (Figure 5.10A) obtained at the interface of the Pd and Pt sub-units in 

a 1/1 Pd/Pt NW reveals a dramatic and precipitous boundary between Pd and Pt. The individual 

Pt-L edge (Figure 5.10B) and Pd-L edge (Figure 5.10C) confirm that there is a minimal degree of 

alloying present beyond the interfacial region. A high angle annular dark field image (HAADF) 

image shown as an inset to Figure 5.10A also reveals a sharp, abrupt, well-defined compositional 

interface between the Pd and Pt segments, thereby further reinforcing the notion of the 

intrinsically high quality of our as-prepared NWs. To complement the EDAX maps and HAADF 

images, an EDAX line scan centered about the interface (Figure 5.10D) was obtained to provide 

more detailed spatial information into the transitional region between the Pd and Pt sub-units. It 

is apparent from the line scan that the interface region of the NW with Pd and Pt coexisting at 

appreciable levels spans a length of 75 – 100 nm, representing only ~2% of the entire NW‟s 

length. More importantly, nearly undetectable Pt and Pd signals exist beyond the interfacial 

region associated with the Pd and Pt sub-units, implying that the degree of alloying is minimal. 

Similar data have been obtained in the characterization of the Pd/Au interface present on a 

representative 1/1 Pd/Au NW, a finding which further highlights the versatility of our 

synthesis.
40
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Figure 5.10 Characterization of the interfacial region in a representative segmented Pd/Pt NW. 

EDAX map of the combined Pd-L edge (red) and Pt-L edge (green) signals (A) and HAADF 

(inset) are shown, corresponding to the interfacial region between the Pd and Pt segments of a 

representative Pd/Pt segmented NW. EDAX maps separately highlighting the Pt signal (B) and 

Pd (C) are also shown. The intensity of the Pd (red line) and Pt (green line) EDAX signals is 

plotted (D) as a function of spatial position across the interfacial region. (Reprinted with 

permission from Ref. 40. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim)  
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In the context of preparing segmented NWs as multifunctional nanostructures, we have 

investigated the performance of our as-prepared NWs as both electrocatalysts and as 

nanomotors.
40

 In terms of electrocatalytic performance, cyclic voltammetry and CO stripping 

experiments indicate that the Pd/Pt and Pd/Au NWs maintain catalytically active Pd, Au, and Pt 

surface sites, reflective of the high purity of the elemental sub-units. In addition, we also 

examined the electrocatalytic oxygen reduction performance of the segmented NW systems and 

noted that the NWs possess ORR activities that are commensurate with their elemental 

analogues. Specifically, we observed that the Pd/Au NWs and Pd/Pt NWs maintain area-

normalized ORR activities of 0.27 mA/cm
2
 and 0.49 mA/cm

2
, consistent with the mutual 

presence of elemental Pd and either Au or Pt, respectively. These results collectively suggest that 

the individual elemental sub-units preserve their distinctive inherent electrocatalytic properties, 

even when combined into a single segmented nanostructure. Therefore, these structures have the 

capacity to potentially serve as multifunctional catalysts, wherein different constituent 

components of a single NW might feasibly catalyze dissimilar types of reaction, such as ORR 

and MOR, for example.  

To complement our examination of the catalytic properties, we also examined the 

potential of our as-prepared NWs as so-called nanomotors by characterizing the spontaneous 

locomotion of the Pd/Au and Pd/Pt NWs in a hydrogen peroxide (H2O2) solution, utilizing 

confocal microscopy.
40

 These results established that the Pd/Au and Pd/Pt NWs maintain 

velocities of 3.15 μm/s and 4.15 μm/s in 9 M H2O2, respectively, which are three and four-fold 

higher than the corresponding velocities measured in distilled H2O (i.e., 1.36 μm/s and 1.07 

μm/s, respectively). The measured velocity of the NWs can be reliably tuned by manipulating the 

concentration of H2O2 present in solution. Hence, these results collectively suggest that our 
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template-based approach (i) generates high-quality, high-purity, crystalline, segmented NWs 

with reliable control over the relative segment length and (ii) serves as a reasonably efficient, 

simple, scalable, and environmentally benign protocol for producing operationally effective 

multifunctional nanostructures on a sustainable basis.  

 

5.3.4. Size-Dependent ORR Activity of Pd NWs 

In addition to developing segmented NWs, the synthesis protocol was also employed to 

study the size-dependent electrocatalytic performance toward ORR in Pd NWs with diameters 

ranging from 270 nm to 2 nm. Initially, the electrochemical performance of the NWs was 

explored by cyclic voltammetry and CO stripping measurements. Specifically, cyclic 

voltammograms (CVs) obtained in a 0.1 M HClO4 solution (Figure 5.11A) evinced the hydrogen 

adsorption/desorption (Hads) peaks in the region of 0 – 0.2 V and the onset of surface oxide 

formation at approximately 0.7 V, which are consistent with that of nanostructured Pd catalysts 

and commercial Pd NP/C. The ESA of the various NW catalysts was determined in this case by 

integration of the CO stripping peak (Figure 5.11B). The CO stripping charge is used (cf. 

Chapter 2, Section 5) to estimate surface area, because in the case of Pd, the absorption of 

hydrogen into the lattice of Pd can contribute significantly to the measured Hads charge, thereby 

making it unreliable for the accurate determination of surface area.  
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Figure 5.11 Size-dependent electrochemical properties and catalytic ORR performance in high-

quality Pd NWs. Cyclic voltammograms (A) and CO stripping voltammograms (B) of the 

submicron and nanosized Pd NWs by comparison with the ultrathin Pd NW/C. Polarization 

curves (C) obtained from the submicron and nanosized Pd NWs immobilized on a Vulcan XC-

72R modified GCE. The specific activities of the submicron and nanosized Pd NWs at 0.8 V are 

shown as an inset by comparison with the ultrathin Pd NW/C catalysts and commercial Pd NP/C 

catalysts. (Reprinted with permission from Ref. 38. Copyright 2011 American Chemical Society) 
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To explore the ORR activity of the submicron and nanosized Pd NWs, polarization 

curves shown in Figure 5.11C for the submicron and nanosized wires were obtained in oxygen-

saturated 0.1 M HClO4 solutions. The kinetic currents were extracted at 0.8 V and normalized to 

the ESA in order to probe the specific activity (shown in the inset of Figure 5.11C) of the 

catalysts. In this case, we have elected to utilize the kinetic currents at 0.8 V, since the catalysts 

show insignificant activity above 0.85 V. On the basis of this protocol, we have found that the 

measured specific activity doubles from 1.84 mA/cm
2
 to 3.62 mA/cm

2
, as the catalyst size is 

decreased from 270 nm to 2 nm. In this case, it is apparent that the submicron and nanosized Pd 

NWs maintain essentially the same performance as commercial Pd NP/C (i.e. 1.80 mA/cm
2
), 

which is an important finding in demonstrating the significantly enhanced performance in 

ultrathin Pd NWs.  

 Although the structure-dependent enhancement in ORR activity has been previously 

explored in ultrathin Pd NWs and commercial Pd NP/C (c.f. Chapter 4, Section 3), the distinctive 

size-dependent enhancement specifically observed in this report is of critical interest, since 

activity tends to be enhanced with decreasing NW diameter. This trend starkly contrasts with 

analogous behavior observed in 0D NP catalysts, wherein decreases in size tend to result in 

lower activity as a result of an increased defect density as well as changes to the electronic 

structure of the catalysts.
77

 In Chapter 3, we report a similar size-dependent enhancement in 

analogous Pt NW catalysts, wherein the specific activity increased from 0.38 mA/cm
2
 to 1.45 

mA/cm
2
 in progressing from 200 nm Pt NTs to ultrathin ~1 nm Pt NWs.

6
 Hence, the size-

dependent performance enhancement appears to be quite generalized in the case of elemental, 

noble metal 1D ORR catalysts.  
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On the basis of prior theoretical
78-80

 and experimental
81,82

 results, the remarkable 

enhancement in activity of noble metal NWs as the diameter of the NW is decreased into the 

ultrathin regime (e.g. d < 5 nm) can be attributed to an advantageous structural reconfiguration, 

and a corresponding shift in the weighted center of the d-band.
2,3

 On the basis of our discussion 

in Chapter 3, X-ray photoelectron spectra (XPS) data collected on ultrathin 2 nm Pt NW 

provided the first tangible spectroscopic evidence for a down-shift in the d-band owing to the 

anisotropic, ultrathin NW structure.
83

 In support of this spectroscopic data, we have obtained CO 

stripping voltammograms (Figure 5.11B) for the various Pd NW catalysts tested. In effect, the 

down-shift of the d-band center due to surface-contracting strain is expected to weaken the CO 

binding strength and to improve its surface diffusion rate, which may lead to an improvement in 

CO monolayer oxidation kinetics.
84,85

 In accordance with this supposition, the CO stripping peak 

did shift negatively from 0.925 V to 0.906 V, as the size of the NWs was decreased from 270 nm 

to 2 nm, which suggests that there is improved CO oxidation kinetics as the size of the NWs 

decreases. Hence, we believe that the trend in the CO stripping peak potential coupled with the 

recent XPS analysis of ultrathin Pt NWs provides for strong and complimentary evidence for a 

surface reconstruction process and a corresponding down-shift in the d-band energy, as the size 

of the NWs is decreased.  

We should emphasize that variations in the crystalline facets likely do not play a 

significant role in the size-dependent electrocatalytic enhancement of the as-prepared NWs 

observed in this report. It has been previously shown with Pd single crystals that the (111), (100) 

and (110) facets maintain characteristic CO stripping and Cu UPD profiles owing to the unique 

surface structure of each facet.
86,87

 Thus, CO stripping and Cu UPD represent useful tools for 

determining the surface structure of Pd NWs selectively and preferentially possessing different 
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low energy facets.
86

 Herein, the structure of the Cu UPD and CO stripping profiles of our as-

prepared NWs of various diameters remain largely identical as a function of size, with the 

obvious exception of the shift in peak potential, suggesting that these NWs possess similar 

surface facets. Hence, the shift in the CO stripping peak potential in combination with the recent 

XPS data point towards surface contraction as the main origin of the observed electrocatalytic 

enhancement in NW activity herein.  

 

5.3.4. Size-Dependent ORR Activity of Core-Shell PtML~Pd NWs 

 Although the size-dependent ORR activity of elemental catalysts has been previously 

studied in the case of Pt, there have been no reports, to the best of our knowledge, exploring the 

size-dependent activity in 1D nanostructured core-shell catalysts. However, determination of the 

size and structure-dependent properties of these highly active, hierarchical structures represents a 

critical step towards optimizing their performance for applications in working fuel cells. In this 

case, we utilized the well-defined Pd NWs from the previous section as substrates for PtML 

deposition in order to develop size-controlled 1D PtM shell ~ Pd NW core (PtML~Pd NW) 

catalysts for the purpose of studying the size-dependent electrocatalytic activity in these 

structures.  
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Figure 5.12 Size-dependent electrocatalytic properties in PtML~Pd NWs. Cyclic voltammograms 

(A) obtained after PtML deposition of the submicron and nanosized PtML~Pd NWs by comparison 

with ultrathin PtML~Pd NW/C composites. Polarization curves (B) of the submicron and 

nanosized PtML~Pd NWs obtained on the NWs immobilized on a Vulcan XC-72 modified GCE. 

A potential vs. specific activity plot (JK) is shown as an inset, corresponding to ultrathin        

PtML ~ Pd NW/C, noted as a comparison. The specific activity (mA/cm
2
) and the mass activity 

(A/mgPt) at 0.9 V for the PtML~Pd NW samples are shown (C) by comparison with the ultrathin 

PtML ~ Pd NW/C composites and commercial Pt NP/C. (Reprinted with permission from Ref. 38. 

Copyright 2011 American Chemical Society)   
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 In this Chapter, the deposition of a PtML onto the surface of the various Pd NWs was 

achieved by Cu UPD followed by galvanic displacement, in an analogous fashion to Chapter 4. 

Cyclic voltammograms obtained after the PtML deposition process (Figure 5.12A) confirmed that 

a nearly complete PtML was deposited onto the surface. More importantly, we also observed that 

the potential of the surface oxide reduction peak shifts from 0.788 V to 0.803 V, as the diameter 

of the NWs is decreased from 270 nm to 2 nm. A shift in the surface oxide feature to higher 

potentials is consistent with a weakening of the interaction between the metal surface and the 

oxygen adsorbate. Based upon the density functional theory (DFT) results of Nørskov and co-

workers,
88,89

 the observed weakening of the interaction with the oxygen adsorbate is consistent 

with a down-shift in the Pd d-band towards lower energies, a scenario which is likely expected to 

improve oxygen reduction kinetics and is consistent with the CO stripping results.  

 As expected, the core-shell NWs maintain significantly enhanced activity as compared 

with the Pd NWs (Figure 5.12B) before PtML deposition, which further confirms the near 

monolayer deposition of Pt. In this case, the specific activity of the PtML~Pd NW was determined 

by normalizing the measured kinetic currents obtained at 0.9 V to the measured ESA of the core-

shell NWs, which can be directly deduced from the integration of the Hads peaks of the composite 

structure. Similarly, the Pt mass activity can be readily obtained by normalizing the measured 

kinetic current at 0.9 V to the mass of Pt deposited, which can itself be determined from the Cu 

UPD profiles. We have summarized the average specific activity and platinum mass activity of 

the submicron, nanosized, and ultrathin PtML~Pd NWs obtained from three separately prepared 

electrodes in Figure 5.12C, with commercial Pt NPs/C serving as a comparison. The measured 

area-specific and mass-specific activities were found to increase from 0.40 mA/cm
2
 and 1.01 

A/mgPt to 0.74 mA/cm
2
 and 1.74 A/mgPt, respectively, as the measured NW diameter was 
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decreased from 270 nm to 2 nm. A potential vs. kinetic current plot presented as an inset to 

Figure 5.12B reveals that the size-dependent enhancement in activity is observed over the entire 

range of plausible operating potentials for a fuel cell cathode.  

 In a recent report by Adzic and co-workers, the ORR activity was studied as a function of 

particle size in 0D PtML~Pd NP/C core-shell catalysts, and it was found that the measured 

activity decreases as the particle size is decreased below 10 nm, a finding consistent with those 

of elemental metal NPs.
90

 However, the activity data in the case of 1D core-shell nanostructures 

are again in direct contrast with the trend observed for 0D catalysts. Specifically, the size-

dependent phenomenon observed for 1D catalysts is extremely advantageous, since greatly 

enhanced activities can be achieved by decreasing the diameter of the catalyst. Hence, coupling 

the increased activity of ultrathin NW catalysts with their high surface area-to-volume ratio 

maximizes the precious metal loading and decreases the amount of inactive precious metal 

present in the core of the nanostructure. In fact, the ultrathin 2 nm PtML~Pd NW composites have 

been shown to maintain a high total PGM mass activity of 0.55 A/mgPGM.   

  In addition, we have demonstrated that the size-dependent electrocatalytic enhancement 

observed in elemental Pt and Pd can be generalized further to that of core-shell 1D 

nanostructures. As with Pd NWs, we believe that the performance enhancement in the case of the 

PtML~Pd NWs arises from a diameter-dependent contraction of the Pd NW surface. Moreover, 

the enhancement in the ORR activity of the PtML supported on both Pd NP and single crystal 

surfaces is believed to arise from a strain-induced compression of the PtML in combination with a 

so-called electronic “ligand effect”.
91

  Based upon the results presented in Section 5.3.3, the use 

of 1D catalysts, possessing a diameter-dependent surface contraction as substrates for PtML 

deposition, is expected to increase the strain-induced effect upon the PtML and yield a 
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corresponding increase in the ORR activity. This effect is also apparent in the CV results 

presented in Figure 5.12A, wherein the potential of the surface oxide reduction peak shifts to 

higher potentials as the size is decreased. That is, an increase in the strain-induced contraction of 

the PtML is expected to result in a shift of the Pt d-band to lower energies, and thereby weaken 

the interaction with surface adsorbates, such as oxygen. 

 

5.3.5. Durability Testing of Submicron and Nanosized PtML~Pd NWs 

 The electrochemical durability of the submicron and nanosized PtML~Pd NWs was 

explored under half-cell conditions designed to simulate a catalyst lifetime.
38

 The primary 

motive for studying the stability of these model catalysts is to verify that they maintain their 

structural integrity and function during electrochemical testing. In this Chapter, we utilize the 

same an electrochemical protocol described in Chapter 4 for testing ultrathin PtML~Pd NW/C 

catalysts.
92

 In this section, results are shown for the submicron (Figure 5.13A) and the nanosized 

(Figure 5.13B) PtML~Pd NW samples, respectively, as a function of the percentage of ESA and 

specific activity over the course of these 20,000 cycles of operation.  
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Figure 5.13 Durability results for the PtML~Pd NW samples with submicron (A) and nanosized 

(B) diameters, shown as the percentage of remaining ESA (black) and specific activity (red) over 

the course of 20,000 cycles. Also shown as insets are representative TEM images of the 

nanostructures collected after 20,000 cycles of processing. (Reprinted with permission from Ref. 

38. Copyright 2011 American Chemical Society) 
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The durability testing results show a decline in both the ESA and specific activity of the 

nanostructures over the course of the simulated lifetime. In the case of the surface area, the 

submicron and nanosized PtML~Pd NWs retained 60.2% and 89.7% of their ESA, respectively, 

after 20,000 cycles. The observed trends in ESA decline can be attributed to a restructuring of 

the catalysts during the durability test. Based upon representative TEM images of the structures 

collected after 20,000 cycles, the submicron and nanosized structures largely maintain their 1D 

morphology. However, it is apparent that the nanosized wires evolve a textured and roughened, 

high surface area, porous structure, wherein the overall wire is composed of interconnected 

crystallites with microporous voids. The evolution of porosity in the submicron nanostructures is 

also apparent but analysis of many examples of these wires reveals that the effect is less 

substantial. Presumably, the formation of porous structures results from the preferential 

dissolution of the less noble Pd from the core of the nanostructures, which has been 

demonstrated to be the primary mechanism for ESA loss in analogous PtML~Pd NPs.
93

 At the 

conclusion of the test, the nanosized wires retain a higher percentage of their measured ESA by 

comparison with the submicron wires. It is evident from the TEM images that the corrosion of 

the nanosized wires promotes a greater degree of porosity, by comparison with the larger more 

robust submicron wires, which is consistent with the trend in ESA. However, additional insights 

are necessary to understand the difference in the corrosion process of these NWs.  

In the case of the specific activity, the submicron and nanosized PtML~Pd NWs retained 

~80.5% and 60.3% of their specific activity, respectively, after 20,000 cycles. The proportionally 

higher loss of specific activity associated with nanosized wires is not surprising, given the 

significant morphological restructuring of the catalyst, during the cycling process. Specifically, 

the evolution of a porous particulate structure in combination with the formation of NPs is 
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expected to increase the number of defect sites significantly, thereby decreasing the catalyst‟s 

activity towards the ORR process.  

 

5.4 Conclusions 

 In this report, we have prepared submicron (270 nm) and nanosized (45 nm) Pd NWs, 

utilizing a template-based approach that is not only sustainable but also allows for the 

preparation of high-quality nanostructures with predictable dimensions. The NWs in this case are 

largely single-crystalline and have been found to grow uniformly along the 
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crystallographic direction. We observe that the growth of the NWs proceeds by two steps, 

wherein initially a polycrystalline segment is formed by rapid reduction and nucleation. 

Subsequently, we believe that the growth of the single crystalline segment continues through a 

secondary electroless deposition step, wherein electrons are transported through the growing 

wire itself. As a proof of concept, we have employed our U-tube technique to produce segmented 

Pd/Au and Pd/Pt NWs by performing two sequential electroless depositions. The as-prepared 

segmented NWs possess highly uniform elementally pure segments with well-defined interfaces 

between the segments and control over the relative length is readily achieved by varying the 

reaction time in the first deposition step. 

The ORR activity of optimized submicron and nanosized Pd NWs was determined 

electrochemically and compared with the activity of ultrathin 2 nm Pd NW/C samples, which 

revealed a size-dependent electrocatalytic enhancement of nearly two-fold, as the wire diameter 

was decreased. After the deposition of a PtML onto the Pd NW substrates, the core-shell PtML~Pd 

NWs displayed a similar size-dependent enhancement of nearly two-fold in both specific activity 

and platinum mass activity. Thus, this current report demonstrates that the diameter-dependent 
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enhancement in ORR activity can be generalized from not only Pt but also, for the first time, to 

Pd and PtML~Pd core-shell NW structures. We believe that the observed size-dependent trend 

results from a diameter-dependent contraction of the Pd NW surface, as the diameter is 

decreased, an observation which is expected to increase the inherent ORR activity.  

 The observed size-dependent trend reported herein is of great interest, since it starkly 

contrasts with the trend observed in analogous 0D NP catalysts. The activity in 1D structures can 

be optimized by decreasing the diameter, which has the added benefit of maximizing the 

precious metal loading of these catalysts. More importantly, we expect that this size-dependent 

property can be further generalized to include alloyed, segmented, and hierarchical metallic 

NWs, which will allow for further optimization of activity. 
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Chapter 6. Highly Enhanced Electrocatalytic Oxygen Reduction and Methanol Oxidation 

Performance in Bimetallic Palladium-Based Nanowires Prepared Under Ambient, 

Surfactantless, Conditions 

 

6.1 Introduction  

Throughout Chapters 3 – 5, the primary focus has been on developing a robust 

understanding of structure-property correlations in novel 1D noble metal nanostructures. 

Specifically, we have elucidated important morphology- and size-dependent behavior in noble 

metal NWs, which has elevated consideration of ultrathin Pt and Pd NWs as a promising new 

structural paradigm in the role of PEMFC catalysts.
1-3

 However, a key objective in further 

advancing the performance of elemental platinum group metals as ORR electrocatalysts has been 

to control their chemical composition, so as to manipulate their corresponding electronic and 

structural properties for enhanced activity.
4,5

 In this context, it is conceivable that electrocatalytic 

performance will depend heavily upon the spatial distribution of elements (Figure 6.1) present 

within the discrete nanostructures themselves, in addition to the nature of the chemical 

composition, itself.  

For example, the PtML~Pd NW structures presented in Chapters 4 & 5 combine two 

elements into core-shell type configurations, wherein enhanced Pt-mass normalized ORR 

performance is achieved by isolating the entire Pt content at the catalytic interface.
1,2

 

Alternatively, we have also developed a reliable synthetic approach for the production of 

segmented, bimetallic NWs, wherein individual bimetallic NWs consist of two, pure, elemental  

noble metal segments with direct and predictable control over composition (i.e. relative segment 

length).
6
 The ability to tailor composition in segmented nanostructures is an important step in 

generating multifunctional nanostructures, wherein each individual segment is capable of 

performing a distinctive function within a single discrete nanostructure. 
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Figure 6.1 A schematic representation of different 1D structures, wherein composition is 

controlled spatially. Elemental NWs (center) can be combined with a second element in a 

homogeneous fashion to give a bimetallic alloy (top right) or in an inhomogeneous fashion to 

yield either segmented (top left) or core-shell structures (bottom left). Coupling two or more of 

these design principles can lead to interesting hierarchical structures (bottom right), for example.  
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In chapters 6 & 7, we consider the role of composition in bimetallic alloy-type systems, 

wherein the elemental composition is uniform throughout the entire catalyst.
7,8

 Recently, there 

have been several examples in the literature, where 1D electrocatalysts are synthesized with 

bimetallic and ternary alloy-type compositions. Salient examples, which have evinced detectable 

enhancements in performance, include but are not limited to PdPt,
9-11

 PdCu,
12

 PdAu,
9,13

 PtFe,
14-16

 

PtAu(Ni),
17,18

 PtPdBi
19

 and PtCo.
16

 For example, Li and co-workers have prepared Pt1-xFex NWs 

with ultrathin diameters of ~3 nm, which possess noticeable enhancements in mass activity as 

compared with commercial Pt NP/C, even after a mild durability test.
15

 However, a lingering 

challenge that remains in the further development of these multi-metallic 1D catalysts has been 

to systematically examine the role of chemical composition in the context of complementing and 

strengthening the already distinctive properties of 1D architectures. This issue is important, 

because despite their improved specific activity, many of these bimetallic 1D systems continue to 

maintain mass activities that fall within the range, typically measured for commercial 0D Pt 

NP/C (0.1 – 0.2 A/mgPt).  

To address this deficiency, we have optimized our template-based U-tube double 

diffusion technique described in Chapter 5 to enable the production of bimetallic Pd1-xPtx and 

Pd1-xAux NWs, wherein the chemical composition is directly and predictably controlled over the 

entire plausible composition regime (e.g. x = 0 – 1).
9,20

 In the terms of examining composition-

dependent electrocatalytic trends, this technique is particularly valuable since high quality NWs 

can be prepared with minimal variations in the dimensions, purity, crystallinity, homogeneity, or 

texture. Thus, the composition of the as-prepared NW is highlighted as the key parameter in 

determining electrocatalytic performance. Given the advantages of this synthetic technique, we 

examine the role of composition in the context of three technical challenges, which have 
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hindered the development of electrocatalysts for practical direct alcohol fuel cells (DAFCs), 

outlined in Chapter 1.
5,21,22

  

First, we consider the role of composition in Pd1-xPtx and Pd1-xAux NWs toward the 

oxygen reduction reaction. Bimetallic Pd-based alloys have garnered particular interest in the 

recent literature owing to their potential for high electrocatalytic activity toward ORR. In 

particular, the incorporation of Au into Pd-Au alloys has been widely demonstrated to modify 

the structural and electronic properties of Pd contributing to greatly enhanced ORR activity, in 

some cases beyond that of commercial Pt NP/C.
23-28

 Therefore, the Pd1-xAux alloys may 

represent a feasible “Pt-free” alternative to traditional Pt NP/C. On the basis of these preliminary 

results, we examine the composition-dependent ORR performance in high-quality Pd1-xPtx and 

Pd1-xAux NWs so as to examine the complex interplay between structure, composition and 

catalytic activity.  

Second, the problem of methanol crossover from the anode to the cathode in DMFCs is 

significant, and can result in considerable loss of ORR performance, due to parasitic oxidation 

and catalyst poisoning effects.
29,30

 Thus, we have systematically examined the influence of 

methanol (MeOH) on the ORR behavior of Pd1-xPtx and Pd1-xAux NWs as a function of chemical 

composition. The incorporation of palladium is advantageous, since it evinces a relatively high 

activity toward ORR amongst the noble metals but is largely inert to the oxidation of MeOH at 

potentials relevant for ORR.
31-35

 More importantly, the distinctive properties of 1D noble metal 

nanostructures, including their size-dependent CO oxidation performance (c.f. Chapter 5), may 

render them intrinsically more tolerant to the presence of the ubiquitous small organic molecule 

(SOM) impurities, which are normally prevalent in actual fuel cell systems. 
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Third, the catalytic oxidation of SOMs, such as methanol and ethanol on noble metals, 

maintains slow kinetics, and often requires high overpotentials, due to the poisoning effects of 

carbon monoxide.
36,37

 This issue has necessitated the need for high precious metal loadings 

within the anode of DMFCs, for example, thereby limiting their practical commercialization. In 

this context, considerable work has been expended towards creating 1D nanostructured materials 

with high activity towards SOM oxidation.
5
 Specifically, consistent and reproducible 

enhancements have been achieved in a broad range of 1D elemental, bimetallic, and even ternary 

nanostructures with respect to the oxidation of methanol, ethanol, and formic acid, 

respectively.
27,28,38-43

 However, despite the breadth of systems investigated, only a few reports 

have systematically investigated the correlation between chemical composition and the 

corresponding electrocatalytic performance.
27,28,42

 Herein, we have synthesized a systematic 

series of alloyed Pd1-xPtx NWs with chemical compositions ranging from 1 > x > 0, and the 

corresponding peak MOR current density has been found  to measurably increase as the Pd 

content is systematically increased towards 50%. On the basis of CO stripping voltammetry and 

formic acid oxidation performance in these NWs, the enhanced activity in the bimetallic NWs 

can be ascribed to the addition of Pd, which may facilitate the direct oxidation of methanol 

through a non-CO pathway. 

Collectively, the ability to generate high-quality bimetallic Pd-based NWs with excellent 

uniformity has enabled us to rationally examine the catalytic performance of Pd1-xPtx and       

Pd1-xAux NWs in the context of three “grand challenges” associated with DMFC development. In 

all cases, it is evident that significant enhancements in electrocatalytic performance can be 

garnered by simultaneously optimizing chemical composition and structure to achieve practical 
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1D electrocatalyst systems, which may have broad applications in both the anode and cathode of 

functional DMFCs. 

 

6.2 Controlling Composition in Nanoscale Wires: An Ambient Synthesis of High-Quality 

Pd1-xPtx and Pd1-xAux NWs  

6.2.1. Synthesis of Pd1-xAux and Pd1-xPtx NWs 

The synthesis of the Pd1-xAux and Pd1-xPtx NWs was accomplished by utilizing a U-tube 

double diffusion device with a mixed precursor feed solution, which is shown schematically in 

Figure 6.2.
9
 Initially, precursor stock solutions of sodium hexachloropalladate (87.5 mg 

Na2PdCl6 · xH2O, 99.9%), hexachloroplatinic acid hydrate (102.5 mg H2PtCl6 · xH2O, 99.9%), 

and tetrachloroauric acid hydrate (64.0 mg HAuCl4 · xH2O, 99.999%) were prepared by 

dissolving the powders obtained from Alfa Aesar into 5 mL of absolute ethanol. The 

concentrations of these solutions have been optimized to achieve a high correlation between the 

precursor solution composition and the composition of the NWs. To achieve the desired NW 

composition (Pd1-xMx), a mixed precursor solution of identical chemical composition was 

produced by combining aliquots of the palladium stock solution and the metal stock solution, in 

the appropriate stoichiometric volume fraction so as to generate the total 5 mL volume. For 

example, a combined 5 mL precursor solution containing 3.75 mL of palladium stock solution 

and 1.25 mL of the gold stock solution was employed in the synthesis of the Pd3Au NWs. 

Separately, a 5 mM sodium borohydride solution (NaBH4, Alfa Aesar 98%) serving as the 

reducing agent solution was prepared by dissolving the solid powder into 5 mL absolute ethanol 

with the assistance of a brief period of sonication.  
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Figure 6.2 A schematic representation of the U-tube device employed in the synthesis of 

bimetallic NWs (top) with the left half-cell loaded with the mixed precursor solution and the 

right half-cell loaded with the reducing agent solution. The precursor solution is composed of a 

stoichiometric mixture of two metallic precursors in the ratio that is desired for as-prepared 

NWs. Separating the half-cells is a PC membrane, wherein the pores serve as spatially confining 

anisotropic reaction chambers for the subsequent formation of bimetallic NWs. Also shown is a 

schematic of an individual template pore (bottom) during the course of the reaction. (Adapted 

with permission from Ref. 9. Copyright 2012 American Chemical Society). 
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 Immediately prior to performing the reaction, commercially available polycarbonate (PC) 

membranes (Whatman, Nucleopore track etched) with nominal pore sizes of 15 nm were 

sonicated in ethanol to pre-saturate the pores with solvent. In a typical reaction, the PC 

membrane is clamped between the two half cells of the U-tube device, and the half cells are 

separately loaded with the mixed precursor solution and the reducing agent solution, 

respectively. During the reaction, the precursor and reducing agent diffuse into the template pore 

space, which serves as a 1D reaction chamber, spatially confining the nucleation and growth of 

the NW. The nucleation is initiated at the point where the diffusion fronts interact, resulting in 

the formation of a short polycrystalline segment. Subsequently, the NW is believed to elongate 

through the pore by an electroless deposition process, resulting in the formation of a metal NW 

with excess material on the surface of the membrane.
2
 After 30 minutes of reaction time, the 

filled template is removed from the device and briefly rinsed with ethanol to remove residual 

traces of precursor and reducing agent. The filled templates can then be processed to generate 

either individual isolated NWs or oriented free-standing arrays, utilizing the methods described 

in Chapter 5, Section 2. 

The reaction yield is highly dependent upon the pore diameter and pore density of the 

membrane that is employed, and estimates of yield are typically between 0.05 and 0.1 

mg/cm
2

template for this method. Higher yields can be achieved by employing templates with 

higher pore densities such as anodic alumina. However, the use of PC templates provides NWs 

with optimum uniformity and quality. 
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6.2.2. Examining The Role of Surface Structure and Chemical Composition: Surface 

Modification of Elemental Pd NWs with Au Atoms 

 To explore the origin of enhancement in the Pd9Au NWs, two additional samples were 

prepared wherein gold atoms were deposited at the surface to generate Pd-Au pair sites on 

elemental Pd NWs. First, we employed the Cu UPD method described in Chapter 2, Section 6 to 

deposit gold clusters onto the surface of Pd NWs, generating an AuUPD~Pd NW.
44

 Specifically, a 

1/10 Cu submonolayer was deposited by sweeping the potential until 1/10 of the total Cu UPD 

charge was obtained. While being held at the proscribed potential, the Cu-modified electrode 

was transferred under an Ar atmosphere to a solution of 0.1 mM HAuCl4 dissolved in 5 mM 

H2SO4 and immersed for 15 s. Thereafter, the electrode is rapidly placed in ultrapure water to 

quench the reaction and minimize the displacement of surface Pd atoms. The coverage of gold 

deposited by this method was determined to be 17% by the decrease in ESA after the deposition 

step. The higher than expected coverage (e.g. >10% coverage) suggests that the gold precursor 

reacted with both the Cu ad-atoms and surface Pd sites, despite the rapid quenching. 

In a separate process, the surface of Pd NWs was modified by a controlled galvanic 

displacement of the surface Pd atoms with Au to create a mixture of Au clusters and porous Pd-

Au at the surface (AuGD~Pd NWs). Specifically, the Pd NWs supported on a GC-RDE were 

immersed in a solution of 0.l mM HAuCl4 dissolved in 5 mM H2SO4 under a Ar–filled 

atmosphere for 15 s followed by immediate immersion in ultrapure water to quench the 

displacement process. The degree of coverage was monitored by the change in ESA after each 

exposure to the gold precursor solution and after two exposures, the total coverage was found to 

be 12%.  
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Figure 6.3 Graphs depicting the trend in NW composition as a function of the chemical 

composition of the precursor solution employed during the synthesis for the Pd1-xAux (A & B) 

and Pd1-xPtx (C & D) NW series, as determined from XRD (A & C) and EDAX (B & D) 

measurements. The dashed lines represent the ideal 1:1 correlation between the chemical 

composition of the precursor solution and the resulting NWs over the entire composition regime. 

(Adapted with permission from Ref. 9. Copyright 2012 American Chemical Society) 
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6.3 Results & Discussion 

6.3.1. Synthesis & Structural Characterization of Bimetallic Pd1-xAux & Pd1-xPtx NWs 

Initially, the composition of the NWs was examined by X-ray powder diffraction (XRD) 

and energy dispersive X-ray spectroscopy (EDAX), so as to confirm that the as-prepared NWs 

maintained compositions that were consistent with the contents of the precursor solution 

employed in the synthesis. XRD obtained on the Pd1-xAux and Pd1-xPtx NWs confirms that the 

NWs are homogeneous alloys with the desired face-centered cubic crystal structure. Vegard‟s 

law was employed (c.f. Chapter 2, Section 2) to estimate the chemical composition of the NWs 

on the basis of the calculated lattice parameters (Figure 6.3A & 6.3C). In addition, composition 

measurements were also obtained on NW collections by scanning electron microscopy and 

energy dispersive X-ray analysis (SEM-EDAX), and the results are shown in Figure 6.3B and 

Figure 6.3D. The resulting composition of the isolated Pd1-xAux nanostructures (Figure 6.3A & 

6.3B) correlates with that of the corresponding precursor solution employed during each 

synthesis, which is in excellent agreement with prior results.
45,46

 In the case of Pd1-xPtx (Figures 

6.3C & 6.3D), the incorporation of Pd is favored slightly in as-prepared NWs, which may 

potentially arise from faster diffusion of the Pd precursor into the pore space.
47,48

  

The corresponding SEM images obtained on the various Pd1-xAux and Pd1-xPtx NWs 

highlight the uniformity and homogeneity of the samples. It is also apparent that there is no 

significant difference in diameter, aspect ratio, or surface texture as a function of NW 

composition. Overall, as-prepared Pd1-xAux and Pd1-xPtx NWs maintain collective diameters of 

50 ± 9 and 49 ± 8 nm, respectively, with lengths of up to 6 µm, consistent with the dimensions of 

the PC template pores. XRD and SEM characterization of the Pd1-xAux NWs is shown in Figure 

6.4 as a representative example. 
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Figure 6.4 SEM and XRD characterization of Pd9Au NWs. Representative SEM images of    

Pd1-xAux NWs with compositions of x = 0.75 (A), x = 0.5 (B) and x = 0.25 (C). XRD patterns 

obtained from the various Pd1-xAux NW samples with x values, ranging from 0.1 – 0.75. 

(Adapted with permission from Ref. 9. Copyright 2012 American Chemical Society) 
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Figure 6.5 Electron microscopy characterization of 45 nm Pd9Au NWs. Representative SEM 

images of the isolated Pd9Au NWs (A) and of a free-standing NW array (B). TEM image of a 

single Pd9Au NW (C) with a high-magnification image (D) highlighting the central region of the 

wire. The red box denotes where a high-resolution image (E) was obtained. Inset to panel E 

shows a selected area denoted by the black box, highlighting well resolved 111 lattice planes. 

Selected area electron diffraction pattern (F) corresponding to the images in (D) and (E) is 

shown. (Reprinted with permission from Ref. 9. Copyright 2012 American Chemical Society) 
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With the Pd9Au NWs serving as a representative example, as-prepared NWs can be 

isolated as either individual NWs (Figure 6.5A) or as oriented free-standing NW arrays (Figure 

6.5B), rendering these NWs as excellent candidates for sensing and electronics. Representative 

transmission electron microscopy (TEM) images (Figures 6.5C and 6.5D) of a single Pd9Au NW 

show that the NWs are dense and uniform with a distinctive texture and orientation. The surfaces 

are uniformly faceted, and it is apparent that the facet sizes are inherently limited by the 

roughened uneven texture of the template‟s pore wall.
2
 Selected area electron diffraction (SAED) 

patterns obtained revealed that after processing, the Pd9Au NWs are highly textured and largely 

single crystalline, with short polycrystalline segments restricted to the ends of the NW. This is 

consistent with the two-step growth mechanism presented in Chapter 5 and further demonstrates 

the importance of studying the growth process under double diffusion conditions.
2
 

Although not necessary to achieve a product suitable for electrocatalysis, the crystallinity 

of the NWs could be further improved by a brief heat treatment
‡
 performed directly within the 

HRTEM instrument.
9
 The HRTEM image (Figure 6.5E) obtained along the central single 

crystalline segment indicates the presence of well-resolved equidistant lattice planes with a 

spacing of 0.230 nm. The diffraction data (Figure 6.5F) in combination with the HRTEM images 

suggest that the long axis of the NWs is oriented along the [111] crystallographic direction. 

Similar results are observed in the case of the Pd1-xPtx NWs and structural characterization of the 

Pd3Pt7 NWs is described in detail in a previous report.
9
 However, the diffraction data and 

associated HRTEM image reveal that these NWs are not actually single crystalline but rather are 

composed essentially of an aggregated ensemble of oriented crystallites. 

                                                           
‡
 The in situ heat treatment was performed with Pd9Au NWs supported directly on a lacey carbon TEM grid. The 

temperature was increased incrementally up to 400C and the crystallinity was probed by HRTEM and SAED at 

various points along individual NWs at each temperature. The results of this study including HRTEM images and 

SAED patterns are summarized in detail in Ref. 9. 
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Figure 6.6 Characterization of chemical composition in Pd9Au NWs. A representative HAADF 

image of the Pd9Au NWs (A). Immediately below the HAADF image are the EDAX maps 

obtained from the area denoted by the red box. The Pd and Au maps derived from the respective 

L-edge signals are shown on the left and right, respectively, with the combined map shown in the 

center. A TEM image (B) of a representative cross-section of an as-prepared template membrane 

containing Pd9Au NWs. EDAX spectra (C) obtained on an individual isolated NW at various 

points (A - F) along the wire are shown, corresponding approximately to those areas spatially 

highlighted in the TEM image. (Reprinted with permission from Ref. 9. Copyright 2012 

American Chemical Society) 
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In addition to characterizing the crystallinity as a function of position along the NW, we 

also employed EDAX in scanning TEM mode to gain insight with respect to the uniformity of 

the NW‟s composition. Figure 6.6A shows a high-angle annular dark field (HAADF) image of a 

portion of the Pd9Au NW. The contrast (sensitive to „Z‟) is largely homogeneous, suggesting that 

the NWs maintain relatively uniform and consistent composition throughout their entirety. The 

few areas of lighter contrast result from the uneven texture of the NW surface as well as porosity 

within the NW itself. Representative EDAX maps of the Pd9Au NW also shown in Figure 6.6A 

reveal that the distributions of the elements are uniform throughout the NW and that no 

segregation of the metals into discrete phases is apparent. These results are consistent with the 

XRD and HRTEM results. EDAX spectra shown in Figure 6.6C were obtained at various points 

along the length of an individual, isolated Pd9Au NW, corresponding to the locations shown in 

Figure 6.6B. The average Pd content was determined to be 90 ± 1% at all points A – F along the 

wire itself, confirming the notion that the distribution of Pd and Au is uniform along the length 

of the entire NW.  

By contrast, an analogous examination of the Pd3Pt7 NWs summarized in a previous 

report
9
 reveals that the NWs may become slightly enriched with Pt as it elongates in the template 

pore. Although several experimental factors may contribute to this enrichment process, a 

plausible and likely explanation is that the Pt precursor may diffuse into the template pore faster 

due to stronger interactions between the Pt precursor and the template walls themselves.
49

 In one 

representative example, the Pt content was found to increase in a discrete NW from 66% at the 

location where growth initiated to 72% at the location where the NW growth completed. Despite 

the variation in composition, the average Pt content was 70 ± 3% along the entire NW, which is 

relatively homogenous in the context of achievable results with other synthetic methods.
50
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Figure 6.7 Composition-dependent electrocatalytic performance of Pd9Au and PtML~Pd9Au 

NWs towards ORR. Cyclic voltammograms (A) obtained from as-prepared Pd NWs, AuUPD~Pd 

NWs, and as-prepared Pd9Au NWs, respectively.  Polarization curves obtained from as-prepared 

Pd and Pd9Au NWs before (B) and after (D) PtML deposition. Potential vs. specific activity (Jk) 

plots of Pd9Au NWs and PtML~Pd9Au NWs are shown as insets to (B) and (D) with Pt NP/C and 

PtML~Pd NWs serving as a comparison, respectively. Experimentally calculated kinetic currents 

normalized to catalyst surface area and platinum mass obtained at 0.9 V are shown before (C) 

and after (E) PtML deposition. (Reprinted with permission from Ref. 9. Copyright 2012 American 

Chemical Society) 
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6.3.2. Electrocatalytic Performance of Pd1-xAux NWs toward Oxygen Reduction 

In previous reports by Adzic and co-workers, the electrocatalytic ORR performance of Pt 

monolayers (PtML) deposited on Pd1-xAux NP/C was explored as a function of the NP 

composition and it was determined that an optimal performance could be achieved with a 

composition of Pd9Au.
26,51

 Hence, by analogy, in this work, we employed high quality, 

anisotropic Pd9Au NWs to explore the role of morphology in the performance of bimetallic Pd-

Au nanostructures towards ORR. The cyclic voltammograms collected from Pd9Au and Pd NWs 

(Figure 6.7A) displayed the characteristic surface oxide formation (0.6 – 1.0 V) and Hads (0.1  

0.4 V) regions. The oxide reduction peak of the Pd9Au NWs (0.7963 V) is significantly shifted 

by ~20 mV to higher potentials as compared with the Pd NWs (0.7729 V). This result suggests 

that the Pd9Au NWs should maintain improved ORR performance as a result of the weaker 

interaction with the adsorbed oxygen species.
52,53

 Additionally, it is apparent that the smooth 

shape and improved reversibility of the Hads process associated with the Hads region of the Pd9Au 

NWs resemble that of the highly active Pt electrocatalysts, by comparison with elemental Pd 

NWs.
54

  

On the basis of the polarization curves obtained in oxygen saturated 0.1 M HClO4 (Figure 

6.7B), the Pd9Au NWs maintain significantly enhanced activity as compared with the Pd NWs 

alone. The measured kinetic currents at 0.9 V were normalized to the ESA (Figure 6.7C) to gain 

insight into the intrinsic activity of the Pd surface sites. The Pd9Au NWs display an outstanding 

specific activity (JK) of 0.49 ± 0.04 mA/cm
2
, which is more than double that of the Pd NWs 

alone (0.21 ± 0.02 mA/cm
2
). The activity of the Pd9Au NWs also represents a two-fold 

improvement over the corresponding value measured for Pt NPs (0.21 mA/cm
2
). In fact, it is also 

apparent from the potential versus kinetic current (E vs. JK) plot shown as an inset to Figure 6.7B 
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that the activity of the Pd active sites associated with Pd9Au NWs exceeds that of commercial Pt 

NP/C over the entire range of plausible operating potentials. This is a surprising and encouraging 

result, since we achieved activities greater than that of commercial Pt NPs alone with essentially 

no discernible Pt loading. The enhanced performance of our Pd9Au NWs is in excellent 

agreement with a previous report demonstrating enhanced activity of PdAu bimetallic nanotubes 

towards ethanol electroxidation.
27

 

 In the existing literature regarding mixed Pd/Au electrocatalysts, the origin of enhanced 

ORR and alcohol electro-oxidation performance has been attributed to the presence of bimetallic 

Pd-Au pair sites at the surface in some cases and in others, to the properties of the PdAu alloy 

phase.
24,26,27,51,55

 To explore the origin of enhancement in our alloyed NWs, we utilized (i) Cu 

UPD followed by galvanic displacement (AuUPD~Pd NWs) and (ii) simple galvanic displacement 

(AuGD~Pd NWs) reactions to deposit Au atoms at the surfaces of elemental Pd NWs.
44

 These 

methods were selected, because they provide for two types of Pd-Au pair sites at the NW surface 

(e.g. gold clusters in the case of Cu UPD
44

 and a mixture of gold clusters and porous PdAu in the 

case of galvanic displacement). Since the Pd NWs and Pd9Au NWs maintain similar dimensions, 

crystallinity, and surface texture, the role of the Au additive is highlighted. Analysis of these 

samples by CV (Figure 6.7A) reveals that the gold modified Pd NWs with Pd-Au pair sites at the 

surface maintain Hads and oxide formation features that are similar to that of the Pd NWs. It is 

therefore not surprising that there are only reasonably negligible enhancements in the specific 

ORR activity of the Pd active sites in these samples (Figure 6.7C).  

These results suggest that the origin of enhancement in the Pd9Au NWs is due to their 

homogeneous alloyed structure, as opposed to merely the presence of bimetallic sites localized 

on the NW surface. We believe that the combination of the advantageous 1D structural motif 
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with the beneficial structural and electronic properties of PdAu alloys
24,26,56

 accounts for the 

enhanced performance in the case of ORR. Specifically, it is believed that the addition of Au into 

the face-centered cubic Pd framework (i) results in a slight expansion of the Pd lattice (3.89 Å) 

thereby rendering the lattice parameter of Pd9Au (3.91 Å) closer to that of Pt (3.92 Å), and (ii) 

increases the relative number of electrons in the Pd d-band.
25,56

 These mutually advantageous 

effects are expected to render the Pd9Au more active, since the structural and electronic 

properties are closer to those of more active Pt nanostructures.   

 

6.3.3. Towards a Pt-free Methanol Tolerant Electrocatalyst: Stability of ORR Performance in 

Highly-Active Pd9Au NWs in the Presence of Methanol  

  On the basis of the previous section, the Pd9Au NW system is advantageous, since the 

addition of 10% gold forming a bimetallic alloy results in a specific activity of 0.45 mA/cm
2
 that 

is nearly two-fold higher than that of commercial Pt NP/C and of elemental Pd NW analogues. In 

the context of methanol-tolerant ORR behavior, the ability to achieve high ORR activities 

without requiring any Pt content whatsoever represents a unique opportunity to develop a highly 

active catalyst, that is also particularly stable in the presence of methanol.
20

 In practical DMFC 

designs, the rate of methanol crossover is dependent upon a variety of operating conditions, such 

as the concentration of the methanol in the anode, the fuel feed pressure, the relative humidity, 

and the chemistry of the PEM.
29

 Thus, it is difficult to characterize the concentration of methanol 

within the cathode half-cell during operation in practical DMFC devices. Herein, we simulated 

the methanol cross-over effect by obtaining ORR polarization curves in 0.1 M HClO4 electrolyte 

with methanol purposefully added as  a representative SOM impurity to the electrolyte in 

concentrations of 1 – 4 mM. This concentration regime is advantageous, since it is potentially 
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higher than the actual methanol concentration within a practical DMFC, thereby representing a 

possible, realistic worst-case scenario, while at the same time, also enabling the accurate 

determination of specific ORR activity.  

As a simple screening test, the effects of methanol on the electrocatalytic properties of 

Pd9Au NWs was studied by obtaining a cyclic voltammogram in 100 mM methanol supported in 

0.1 M HClO4. The measured CV confirmed that there was minimal anodic deflection in the area 

of the CV above 0.5 V, suggesting that the Pd9Au NWs maintained minimal MOR activity. The 

peak associated with methanol oxidation in anodic sweep of the CV of the Pd9Au NWs was 

determined to be 0.08 mA/cm
2
, which was several orders of magnitude lower than that of 

analogous Pt NWs (1.16 mA/cm
2
). Also, the addition of methanol had minimal effects on the 

integrated Hads charge suggesting a weak interaction between the active sites and methanol. 

These encouraging result suggests that the Pt-free, Pd9Au NWs maintained a high degree of 

electrochemical stability even in the presence of up to 100 mM methanol.  

To quantitatively probe the ORR stability in the presence of methanol, polarization 

curves were obtained from the Pd9Au NWs in 0 – 4 mM methanol. Interestingly, the presence of 

methanol yields minimal effect on the measured polarization curves shown in Figure 6.8A, 

which starkly contrasts with the results obtained with the bimetallic Pd1-xPtx NWs and elemental 

Pt NWs (c.f. Section 6.3.6). Given the high methanol tolerance of the Pd9Au NWs, the stability 

of ORR performance in methanol (Figure 6.8B) has been compared with that of commercial Pt 

NP/C, Pt NWs, and Pd NWs, respectively. Of special interest, the Pd9Au NWs retained 88% of 

their initial activity in the presence of 4 mM methanol, a result demonstrating considerable 

enhancement with respect to both conventional Pt NP/C (79%) and elemental Pt NWs (43%). 
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Figure 6.8 The stability of ORR performance in highly-active, Pt-free, Pd9Au NWs. Polarization 

curves obtained from Pd9Au NWs are shown with the methanol concentration, ranging from 0 – 

4 mM. A plot of the ratio of the specific activity measured in the presence of methanol (JK 

[MeOH]) with respect to the specific activity measured in pure electrolyte (JK) as a function of 

methanol concentration (B) for the Pd9Au NWs, Pt NWs, Pd NWs, and commercial Pt NP/C, 

respectively. A bar graph is shown in (C), depicting the measured specific activity of the various 

catalysts in pure 0.1 M HClO4 as well as in 4 mM methanol supported in 0.1 M HClO4. 

(Reprinted with permission from Ref. 20. Copyright 2013 American Chemical Society) 
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 From a practical perspective, the measured specific activity of the Pd9Au NWs, Pt NWs, 

commercial Pt NP/C, and Pd NWs is shown before and after the addition of 4 mM methanol in 

Figure 6.8C. In pure 0.1 M HClO4, the Pt NWs maintained a demonstrably higher specific 

activity (0.76 mA/cm
2
) as compared with Pd9Au NWs (0.48 mA/cm

2
), Pd NWs (0.32 mA/cm

2
), 

and commercial Pt NP/C (0.30 mA/cm
2
). In the presence of 4 mM methanol, the high methanol 

tolerance of the Pd9Au NWs was highlighted and these NWs yielded a specific activity of 0.42 

mA/cm
2
, a value which is considerably enhanced beyond that of the elemental Pt NWs (0.32 

mA/cm
2
). Collectively, these results have demonstrated the intrinsic advantages of as-

synthesized Pd9Au and Pd NWs, since they are both highly active and also tolerant to methanol 

as ORR electrocatalysts. 

At methanol concentrations below 4 mM, we find that Pd and Pd9Au NWs maintain 

essentially similar trends in ORR stability and mutually outperform Pt analog (Figure 6.8B). 

However, an interesting trend immerges in Pd and Pd9Au NWs when the performance is studied 

in methanol concentrations of up to 100 mM. Polarization curves obtained from Pd9Au and Pd 

NWs in 25 – 100 mM methanol in 0.1 M HClO4 reveal that the measured half-wave potential 

decreased by approximately 35 mV and 15 mV, respectively. In the context of the specific 

activity, the Pd NWs retained 87% of their initial activity, which was a noteworthy improvement 

over that of Pd9Au NWs (57%). The lower methanol tolerance of the Pd9Au NWs, by 

comparison with the elemental Pd NWs may be attributed to the effects of the gold dopant in the 

homogeneous Pd1-xAux alloy. According to the relevant literature regarding Pd1-xAux alloys, the 

addition of 10% Au into the face-centered cubic Pd framework leads to the Pd9Au alloy 

maintaining electrocatalytic performance that is analogous to Pt due to the expanded lattice and 

the increased density of electrons in the d-band.
25,56

 However, on the basis of Nørskov and 
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Hammer theory,
52,57,58

 the increased number of electrons in the d-band is also expected to 

strengthen the d-band to π
* 
overlap of the Pd1-xAux NWs with adsorbed CO, by comparison with 

an elemental analog. This increase in the surface adsorption strength of the CO is expected to 

render the Pd9Au NW more susceptible to CO-poisoning, by comparison with elemental Pd NWs 

when operating as an ORR catalyst in the presence of methanol. Collectively, we believe that 

this supports the trend in the activity loss in the Pd9Au and Pd NWs above 25 mM. 

 

6.3.4. Highly Enhanced Electrocatalytic Performance in PtML~Pd1-xAux NWs Core-Shell 

Heterostructures toward ORR 

In addition, we also employed our Pd9Au NWs as a substrate for the deposition of a PtML 

shell (PtML~Pd9Au NWs), prepared by Cu UPD/galvanic displacement. It is apparent from the 

CVs (shown in a previous report)
9
 that a PtML shell has been deposited and that the PtML~Pd9Au 

NWs maintain a favorable shift in the oxide reduction peak (0.8093 V) when compared with the 

PtML~Pd NWs (0.7975 V). The corresponding polarization curves (Figure 6.7D) as well as E vs. 

JK curves (inset to Figure 6.7D) confirm the high ORR activity of the PtML~Pd9Au NWs 

especially when compared with the PtML~Pd NWs. As tangible evidence, specific and platinum 

mass activities at 0.9 V of the PtML~Pd9Au NWs were determined to be 0.95 ± 0.03 mA/cm
2
 and 

2.08 ± 0.05 A/mgPt, respectively. Figure 6.7E compares the measured specific and mass activity 

of the PtML~Pd9Au NWs with the corresponding activities obtained from PtML~Pd NWs, PtML~Pd 

NP/C, and commercial Pt NP/C, respectively. It is apparent that a two-fold enhancement is 

achieved over the activity of PtML~Pd NWs, thereby highlighting the role of chemical 

composition in the measured activity. The specific activity of the PtML~Pd9Au NWs is also 

higher in comparison with the activity measured under membrane electrode assembly (MEA) 
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conditions from analogous PtML~Pd9Au NP/C (i.e. 0.5 mA/cm
2
),

51
 thereby highlighting the 

improvement in activity as a result of use of the 1D NW motif. In addition, we find that the 

PtML~Pd9Au NWs maintained a platinum group metal (PGM) activity of 0.16 A/mgPGM, which is 

essentially equivalent to the value typically obtained from commercial Pt NP/C with the same 

total loading. Regardless, this result is encouraging since Pt, which is less abundant than Pd and 

Au, represents only 7.2% of the total mass of the PtML~Pd9Au NW sample.  

The enhanced activity was accompanied by greatly improved stability and after 30,000 

cycles of a durability test, the half wave potential of the polarization curve shown in Figure 6.9A 

decreased by only 6 mV. Accordingly, the Pt mass activity (inset to 6.9A) declines by only 18% 

in the case of the PtML~Pd9Au NWs over the course of 30,000 cycles. To highlight the stability 

of the PtML~Pd9Au NWs, TEM images obtained after 30,000 cycles (Figure 6.9C) reveal that 

there is essentially no perceptible change in the structural integrity and texture of the 

PtML~Pd9Au NWs. On the other hand, the elemental Pd NWs undergo a loss of over 45% over 

the course of the 20,000 cycles of durability testing presented in Chapter 5. The analogous 

PtML~Pd NWs (Figure 6.9B) showed an apparent evolution of a porous structure as a result of 

significant corrosion and dissolution of the Pd core after only 20,000 cycles, which is consistent 

with the considerable declines in Pt mass normalized performance. Hence, the addition of 10% 

Au forming a stabilizing uniform alloy results in significant and clearly measurable 

enhancements in both ORR performance and durability.  
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Figure 6.9 Accelerated ORR durability test of PtML~Pd9Au NWs. Polarization curves (A) 

obtained from the PtML~Pd9Au NWs over the course of the durability test. The results of the 

durability test (inset) are summarized as the percentage of the remaining Pt mass activity over 

the course of the 30,000 cycles. Representative TEM images of the PtML~Pd NWs (after 20,000 

cycles) and PtML~Pd9Au NWs (after 30,000 cycles) are also shown in (B) & (C), respectively. 

(Reprinted with permission from Ref. 9. Copyright 2012 American Chemical Society) 
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Figure 6.10 Composition-dependent ORR performance in Pd1-xPtx NWs. Cyclic voltammograms 

(A) obtained from as-prepared Pd1-xPtx NWs.  Polarization curves (B) obtained from as-prepared 

Pd, PdPt4, and Pt NWs. The E vs. Jk plot of various Pd1-xPtx NWs is shown as an inset with Pt 

NP/C serving as a comparison. The specific ORR activities (C) at 0.9 V of the series of Pd1-xPtx 

NWs are shown by comparison with both as-prepared, phase-pure Pt and Pd NWs synthesized in 

an analogous manner as well as with previously reported Pt NTs. (Reprinted with permission 

from Ref. 9. Copyright 2012 American Chemical Society) 
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6.3.5. Correlating Composition with Performance: Composition-Dependent Electrocatalytic 

ORR Behavior in Pd1-xPtx NWs   

We also explored the cathodic ORR performance as a function of composition in the as-

prepared Pd1-xPtx NWs and the results are summarized in Figure 6.10.
9
 The CVs (Figure 6.10A) 

highlight a transition in the structure of the Hads and oxide region to that of the elemental Pt 

NWs, as the proportion of Pt is increased in the as-prepared alloy NW samples. In fact, the 

specific activity measured at 0.9 V (Figure 6.10C) of the NWs increases from 0.64 ± 0.01 

mA/cm
2
 to 0.79 ± 0.01 mA/cm

2
, as the Pt content correspondingly rises from 50 to 80%. This 

trend is further highlighted by the E vs. JK curves shown as an inset to Figure 6.10B. Based on 

prior studies,
1,2,10,42

 it is not entirely surprising that the activity of these bimetallic catalysts 

greatly surpasses the corresponding activity of both commercial Pt NPs (0.21 mA/cm
2
) and 

elemental Pd NWs (0.20 mA/cm
2
). However, an unexpected finding is that the activity of our 

PdPt NWs (0.64 mA/cm
2
) also exceeds that of elemental Pt nanotubes with an outer diameter of 

200 nm previously prepared and studied by our team under identical conditions,
49

 while only 

maintaining 50% of the Pt content.  

In addition, we find that the activity of the PdPt4 NWs (0.79 mA/cm
2
) is essentially 

equivalent to the activity measured for analogous Pt NWs with approximately the same diameter 

(0.82 ± 0.04 mA/cm
2
). This fact is highlighted by the polarization curves (Figure 6.10B), which 

indicate that the Pd4Pt NWs maintain almost identical performance to that of the Pt NWs when 

the same quantity of metal is present on the electrode. By contrast, previous reports regarding 

alloyed PdPt NPs have demonstrated that the activity of Pd1-xPtx (x = 0.7  0.9) alloys exceeds 

that of pure Pt NPs as a result of a structural contraction induced by the incorporation of Pd 

atoms.
59

 In the case of NWs, however, the enhanced activity of these systems has been generally 
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attributed to a size-induced contraction of the NW surface, thereby resulting in an advantageous 

change in the electronic properties of the NW.
1-3,5,60,61

 Hence, the observed activity trend for  

Pd1-xPtx NWs in this report is more complicated, and suggests that the size-induced contraction 

phenomenon may be dependent upon and influenced by not only their diameter but also their 

inherent chemical composition. Although it is beyond the scope of this report, additional 

investigation of the electronic and structural properties of these 1D bimetallic catalysts will be 

required to more precisely evaluate the origin of the activity trend. 

 

6.3.6. Stability of ORR Performance in Pd1-xPtx NWs in the Presence of Methanol  

 We also examined the stability of ORR performance in the presence of methanol so as to 

gain fundamental insights into the potential application of Pd-based NWs as effective methanol-

tolerant cathode electrocatalysts.
20

 The polarization curves obtained in 0, 1, 2, 3, and 4 mM 

methanol are shown in Figure 6.11A – 6.11D for the Pt, PdPt4, Pd3Pt7, and PdPt NWs, 

respectively. In all cases, the addition of methanol into the electrolyte medium results in a 

measurable positive deflection of the current in the polarization curves between 0.6 – 0.9 V, 

especially when compared with the polarization curves obtained in pure 0.1 M HClO4. This 

deflection in the polarization curve increases with increasing methanol concentration, and is 

consistent with the overlapping oxygen reduction and methanol oxidation processes, occurring in 

this potential window. Careful inspection of the onset region for each set of polarization curves 

(insets to Figure 6.11A – 6.11D) also highlights a measurable decline in the current density in the 

region of the curve that follows the onset of ORR kinetics.  
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Figure 6.11 Stability of ORR activity toward the presence of methanol in Pd1-xPtx NWs. The 

polarization curves obtained from Pt (A), PdPt4 (B), Pd3Pt7 (C), and PdPt (D) NWs are shown 

with methanol concentrations ranging from 0 – 4 mM. The onset regions of the polarization 

curves for each Pd1-xPtx NW are also shown as the corresponding insets. A plot (E) of the ratio of 

the specific activity, measured in the presence of methanol (JK [MeOH]), with respect to the 

specific activity, measured in pure electrolyte (JK), as a function of methanol concentration for 

the Pd1-xPtx NWs. (Adapted with permission from Ref 20. Copyright 2013 American Chemical 

Society) 
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The ratio of the calculated specific ORR activity in the presence of methanol (e.g. JK 

[MeOH]) was normalized to the specific ORR activity measured in pure electrolyte (JK), so as to 

provide for a quantitative insight into the relative decline in specific activity as a function of 

methanol concentration. The resulting methanol tolerance curves are shown in Figure 6.11E for 

the Pd1-xPtx NWs. The elemental Pd NWs maintained the highest stability in the presence of 

methanol with a loss of only ~6% of the activity in 4 mM methanol. This result is consistent with 

the observation that the Pd NWs maintained essentially no activity toward methanol oxidation 

(c.f. Section 6.3.8) by comparison with the Pt NWs. In terms of the Pd1-xPtx NWs, the increased 

Pt content in the alloy NWs led to a lower overall methanol tolerance as compared with the 

elemental Pd NWs. The elemental Pt NWs maintained the lowest stability and retained only 43% 

of their initial activity in the presence of 4 mM methanol.  

Interestingly, the performance of the Pd1-xPtx NWs did not trend linearly with respect to 

increasing Pt content, and in fact, a volcano-type dependence was observed with the Pd3Pt7 NWs 

found to maintain the best ORR stability in the presence of methanol. Specifically, the Pd3Pt7 

NWs preserved 80% of their initial activity, which was noticeably and measurably enhanced 

with respect to PdPt (74%) and especially PdPt4 (49%). Recently, analogous studies of 

nanoparticulate Pd1-xPtx catalysts have demonstrated a strong inverse correlation between MOR 

activity and the stability of ORR performance in the presence of methanol.
31-35

 This observed 

trend in NP analogues is not surprising, since highly active MOR catalysts are expected to be 

more sensitive to the presence of methanol, when operating as ORR catalysts. However, we have 

demonstrated herein and in Section 6.3.8 that simultaneously and carefully tailoring both 

morphology and chemical composition in Pd1-xPtx NWs can lead to an optimal chemical 
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composition (e.g. Pd3Pt7), which is not only stable as an ORR catalyst in the presence of 

methanol but also highly active towards MOR.   

 

6.3.7. Morphology-Dependent Enhancement of MOR Activity in Anisotropic Pt NWs 

 In order to demonstrate the inherent advantages of our as-prepared NWs, we 

systematically examined the morphology-dependent electrocatalytic performance towards MOR 

in elemental Pt NWs. The development of effective, efficient, and active MOR electrocatalysts 

has been a crucial technological challenge in the practical development of DMFC devices. In 

light of this, we examine in the following section the morphology-dependent performance in 

elemental 1D Pt NWs, by comparison with commercial Pt NP/C. The potential to simultaneously 

optimize both structure and chemical composition may represent a key step in moving toward 

practical MOR catalysts.  

In this section, the MOR performance was examined in high-quality 1D Pt NWs and in 

the corresponding commercial, state-of-the-art, 0D Pt NP/C by obtaining LSVs in the presence 

of 0.1 M methanol. The measured MOR currents were normalized to the ESA of the respective 

catalysts so as to provide for area-normalized LSVs, shown in Figure 6.12C. The Pt NWs 

displayed a nearly three-fold higher MOR peak current density, as compared with the Pt NP/C. 

In addition, a careful inspection of the MOR onset region, shown as an inset to Figure 6.12C, 

reveals that the Pt NWs and Pt NP/C maintain comparable onset potentials of ~675 mV. 

However, the Pt NWs possess higher overall MOR kinetics after onset, by comparison with the 

Pt NP/C. Collectively, all of these results demonstrate a significant and measurable morphology-

dependent enhancement behavior in MOR performance, which likely can be attributed to the 

anisotropic 1D Pt NWs themselves. 
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Figure 6.12 The morphology-dependent MOR performance of Pt NWs is characterized by LSVs 

obtained in 0.1 M methanol (C) with the onset region of the LSV, highlighted in the inset. 

Representative CO stripping voltammograms obtained from Pt NWs (A) and commercial Pt 

NP/C (B). The dashed line highlights the potential of the CO stripping peak in the Pt NWs. 

(Adapted with permission from Ref. 20. Copyright 2013 American Chemical Society) 
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 The mechanism of MOR on Pt, although it is highly complex, is believed to occur in two 

primary steps, with CO representing a key intermediate.
62

 First, adsorbed methanol on the 

surface of Pt is thought to undergo a rapid dehydrogenation process, thereby generating the 

adsorbed CO intermediate. The subsequent oxidation of CO proceeds relatively slowly at 

potentials close to the thermodynamic potential, due to a lack of adsorbed oxygen species, such 

as Pt-OHads, which are believed to facilitate the oxidation process.
58

 In essence, the high 

coverage of CO at low potentials results in a poisoning effect and blocks effective MOR 

catalysis at the Pt active sites. The issue of CO poisoning on Pt nanostructures has been 

addressed by introducing small quantities of more oxophilic metal species, such as Ru and Sn, 

which would facilitate a bifunctional mechanism.
36

   

In this case, however, we have demonstrated that it is feasible to increase the MOR 

kinetics by simply tailoring the morphology of the Pt catalyst itself. Specifically, CO stripping 

voltammograms obtained from the Pt NWs and Pt NP/C highlight a significant shift in the CO 

stripping peak potential of nearly 80 mV to lower potentials in the Pt NWs (Figure 6.12A), as 

compared with analogous Pt NP/C (Figure 6.12B). The improvement in CO stripping kinetics in 

the one-dimensional nanostructures suggests that the 1D morphology of Pt NWs facilitates CO 

oxidation at lower potentials. This phenomenon has been observed previously in ultrathin Pt 

NWs, and is believed to arise from the electronic properties associated with the 1D 

morphology.
60,61

 Specifically, Guo and co-workers
61

 have demonstrated that the significantly 

improved CO kinetics may arise from a shift in the weighted center of the d-band as a result of 

the observed 1D anisotropic structure, which may lead to weaker interactions between the Pt 

surface sites and the CO adsorbate. 
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 Collectively, all of these results further highlight the intrinsic advantages of 1D 

nanostructures in terms of their desirable structural and electronic properties. More importantly, 

this is the first report of enhanced MOR performance in a 1D Pt nanostructure, prepared under 

completely ambient conditions, without the need for additional reagents such as either 

surfactants or other shape-directing agents. In addition, this morphology-dependent enhancement 

observed in 1D nanostructures, prepared by our template-directed method, further demonstrates 

the importance of exploring the role of chemical composition in this structural paradigm, since 

the electrocatalytic performance of these modified NWs can be tailored so as to achieve 

increased, enhanced performance beyond that of their elemental analogues. 

 

6.3.8. Composition-Dependent Performance in Pd1-xPtx NWs with Homogeneous Alloy-Type 

Structures towards the Methanol Oxidation Reaction and the Formic Acid Oxidation Reaction 

 Given the inherent electrocatalytic advantages associated with our 1D Pt NWs toward 

MOR, we have undertaken a systematic investigation of the composition-dependent performance 

in Pd1-xPtx NWs. Recently, several reports have focused on the homogeneous Pd1-xPtx alloy as a 

promising bimetallic system with direct and practical application, as both highly active MOR 

electrocatalysts and as methanol-tolerant ORR electrocatalysts.
63

 LSVs were obtained in 0.1 M 

methanol, supported in 0.1 M HClO4 from Pt, PdPt4, Pd3Pt7, and PdPt NWs, and these curves are 

shown in Figure 6.13A. The Pt and PdPt4 NWs maintained an onset potential that is ~25 mV 

lower than that of the corresponding Pd3Pt7 and PdPt NWs. The lower onset potential in the Pt-

rich NWs is likely a result of the larger number of Pt sites at the catalytic interface, which are 

expected to initiate methanol adsorption and oxidation at lower potentials as compared with Pd 

active sites alone.
5,28

 Although the Pt and PdPt4 NWs gave rise to comparable performance near 
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the onset potential of ~0.63 V, a careful inspection of the onset region of the LSV (inset to 

Figure 6.13A) showed that the activity of the PdPt4 NWs exceeded that of the Pt NWs beyond 

~0.72 V. To quantitatively explore their behavior in the onset region, the specific MOR activity 

of the various Pd1-xPtx NWs at 0.73 V was plotted with respect to NW composition in Figure 

6.13B. On this basis, a volcano-type dependence in the specific MOR activity was noted in the 

onset region as a function of chemical composition with PdPt4, yielding an optimum activity of 

0.42 mA/cm
2
.   

Interestingly, the Pd-rich PdPt NWs and Pd3Pt7 NWs displayed enhanced behavior in the 

peak region of the LSV and maintained peak potentials of 833 mV and 836 mV, respectively. 

These values are considerably lower than the corresponding peak potentials for the PdPt4 NWs 

and the Pt NWs, which were measured at 850 mV and 871 mV, respectively. In addition, the 

PdPt and Pd3Pt7 NWs possessed specific activities at the peak of LSV (Figure 6.13C) of 1.24 and 

1.25 mA/cm
2
, which maintain a small but measurable enhancement with respect to those of the 

corresponding PdPt4 (1.19 mA/cm
2
) and Pt NWs (1.15 mA/cm

2
), respectively. Collectively, the 

performance metrics of the composition-controlled Pd1-xPtx NW samples are all significantly 

enhanced beyond the activity measured for commercial Pt NP/C, thereby further highlighting the 

intrinsic advantages of the 1D structural motif. We also note that the elemental Pd NWs evinced 

minimal MOR activity, which demonstrates that the enhanced performance emerges only with 

the bimetallic NW compositions. Thus, the observed composition-dependent behavior 

demonstrates that the addition of Pd content in Pd1-xPtx NWs within a finite composition regime 

can significantly and measurably improve the catalytic performance in both the onset region and 

the peak region of the LSV.  
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Figure 6.13 Composition-dependent electrocatalytic performance in Pd1-xPtx NWs toward MOR. 

Representative LSVs obtained from various Pd1-xPtx NWs, including elemental Pt and Pd NWs, 

in 0.1 M methanol (A) with the onset region of the LSVs highlight in the inset. The MOR kinetic 

current densities measured in the onset region at 0.7 V (B) and at the peak of the LSV (C) as a 

function of NW composition. The composition-dependent electrocatalytic behavior toward CO 

stripping (D) and formic acid oxidation (E) associated with Pd1-xPtx NWs. (Adapted with 

permission from Ref. 20. Copyright 2013 American Chemical Society) 
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In the recent literature, the origin of the enhanced performance in nanostructured Pt1-xMx 

(„M‟ = Pd or Au) alloys has been attributed to the incorporation of either Pd or Au into the 

bimetallic alloy. However there has been a considerable debate regarding the origin of 

enhancement.
27,64-71

 Specifically, it has been suggested by some in the community that the 

promoting effect of the Pd is a result of a surface-mediated bifunctional effect in an analogous 

manner to what has been found with Pt1-xRux alloys. In the case of a bifunctional effect, the 

oxophilic Pd sites are expected to increase the coverage of adsorbed oxygen species at low 

potentials, thereby contributing to increased CO tolerance.
67

  

To examine this reasonable possibility, we have systematically probed the relative 

interaction of the NW surface with adsorbed oxygen and CO species as a function of NW 

composition, utilizing both CV and CO stripping experiments. In Section 6.3.5, the oxide 

reduction peak of the Pd1-xPtx NWs (Figure 6.10A) is found to shift from ~820 toward ~800 mV, 

as the Pd content is increased from 0% to 50%. Although a shift in the onset of that oxide feature 

has been noted with increased Pd content, the onset of oxide formation in the PdPt NWs remains 

above 0.6 V.
9
 The high onset of surface oxidation in these bimetallic NWs, despite the 

incorporation of Pd, provides for strong evidence that oxygen adsorbed to the Pd active sites 

does not contribute significantly to CO oxidation at potentials relevant to the onset of the MOR 

process, namely 0.5 – 0.6 V.  

Using Pt1-xRux alloys as a ubiquitous example of a catalyst that follows a bifunctional 

process, the addition of Ru to the Pt1-xRux alloy promotes better CO oxidation kinetics and there 

is an observed shift in the CO stripping peak to lower potentials as Ru content is increased to 

~30%. In this case however, the CO stripping voltammograms obtained from our Pd1-xPtx NWs 

(Figure 6.13D) highlight a contrasting trend, wherein the stripping peak potential increased from 
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744 mV in Pt NWs to 819 mV as the Pd content is increased to 50% in the Pd1-xPtx NWs. In fact, 

a plot of the CO stripping peak potential with respect to NW composition clearly shows that the 

CO stripping peak potential increases with increasing Pd content. Thus, the collective CV and 

CO stripping results yield strong evidence that the origin of enhancement does not arise from a 

bifunctional effect, since the addition of the Pd metal does not necessarily appear to contribute to 

either increased coverage of adsorbed oxygen species or to lower CO stripping peak potentials.  

By contrast with the proposed bifunctional mechanism, other experimental
69,72

 and first-

principles
70,71

 results have suggested that the enhancement in bimetallic surface alloys can be 

attributed to a change in the mechanism of MOR. Specifically, it is believed that in elemental Pt, 

the formation of the CO intermediate occurs readily via a so-called “indirect pathway”, because 

of the presence of an abundance of Pt-Pt pair sites that catalyze the formation of CO. However, 

both bimetallic PdPt and PtAu alloys are believed to favor a direct oxidation or “CO-free 

pathway,” since there are fewer Pt atoms and fewer Pt-Pt pair sites present at the catalytic 

interface.
69

 Moreover, an examination of the electronic properties associated with the bimetallic 

alloys of PtAu and PdPt by means of first-principles calculations has shown that the 

incorporation of Pd and Au in these structures can promote the selective formation of a formate 

(HCOO) intermediate, as opposed to CO.
70,71

  

To purposely investigate this possibility, we have probed the formic acid oxidation 

performance so as to analyze the composition-dependent reactivity toward this intermediate. The 

study of formic acid oxidation is advantageous, since it represents a key intermediate in the 

MOR pathway and more importantly, the oxidation of formic acid can serve as a useful probe for 

determining if either an indirect or direct CO-free oxidation pathway is favored.
72

 Examination 

of the formic acid oxidation LSV (Figure 6.13E) for the elemental Pt NWs has led to an onset at 
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~300 mV with a characteristic peak at ~900 mV, and is consistent with prior reports for 

elemental Pt.
72,73

 The peak at ~900 mV is believed to be associated with the indirect oxidation of 

formic acid, thereby leading to a CO intermediate.
72

 Interestingly, as the Pd content is increased 

in the Pd1-xPtx NWs to 50%, the onset for formic acid oxidation is shifted to ~100 mV, and this 

process is accompanied by a rise in the oxidation current in the 0.1 – 0.6 V range. On the basis of 

prior reports,
72,74

 the increased formic acid oxidation at potentials below 0.6 V is consistent with 

the oxidation of formic acid via a direct CO-free pathway. Thus, it is apparent that the 

enhancement in the bimetallic Pd1-xPtx NWs may come about as a result of a modification of the 

traditionally expected oxidation pathway, due to the presence of fewer Pt-Pt pair sites at the 

catalytic interface, particularly when the Pd composition has been increased to 50%. 

Notwithstanding, the significant and clearly measurable improvements in both the methanol and 

formic acid oxidation performance have conclusively demonstrated the importance of tailoring 

chemical composition to provide for enhanced electrocatalytic activity in 1D nanostructures.  

 

6.4 Conclusions 

 Recently, work associated with developing electrocatalysts for DAFCs have focused on 

resolving three technical challenges: (i) increasing the activity and durability of ORR catalysts in 

the cathode, (ii) developing cathode catalysts with high ORR activity in the presence of 

measurable concentrations of SOMs, and (iii) improving the electrocatalytic performance of 

anode catalysts towards the oxidation of SOMs. In this report, we have explored and attempted 

to address these three important concerns in the context of a new class of 1D palladium-based 

NWs, wherein the physicochemical properties of the NWs, such as morphology and chemical 

composition, have been optimized for enhanced performance.  
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 In the context of addressing the first and second challenges, we have rigorously examined 

the composition-dependent ORR performance in Pd1-xAux and Pd1-xPtx NWs in relation to 

elemental Pt and Pd NWs and with respect to a variety of state-of-the-art NP catalysts. Our 

results demonstrate that Pd9Au NWs maintain an outstanding ORR performance, which is two-

fold higher than that of commercial Pt NP/C and more importantly, the composition promotes 

greatly enhanced stability toward ORR in the presence of methanol. Utilizing this bimetallic NW 

system, we have developed a hierarchical PtML~Pd9Au core-shell system, which maintains 

outstanding enhancements in activity and durability in relation to elemental PtML~Pd NW 

analogs. In terms of the final challenge, we have examined the morphology and composition-

dependent performance of Pd1-xPtx NWs towards MOR. Elemental Pt NWs were found to 

possess a significant morphology-dependent enhancement of nearly three-fold in terms of peak 

MOR specific activity over commercial Pt NP/C. Drawing upon the intrinsic advantages 

associated with 1D NWs, we also examined the kinetics of methanol oxidation as a function of 

NW composition in high-quality Pd1-xPtx NWs, possessing homogeneous alloy-type structures.  

Collectively, our results highlight three important findings regarding the development of 

1D electrocatalysts. First, tailoring chemical-composition at the nanoscale presents a critical 

methodology for tuning the physicochemical properties of 1D nanostructures for enhanced 

performance toward a variety of reactions relevant to DMFC. Second, the observed activity 

trends in terms of both ORR and MOR are complex and must be rationalized in the context of 

the structural and electronic properties associated with 1D electrocatalysts. Third, the ability to 

optimize and couple several structural motifs into one discrete structure, in essence forming 

complex hierarchical structures, represents a key bottom-up pathway for designing and tailoring 

electrocatalysts for outstanding performance. Essentially, the optimization of structure and 
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composition can enable dramatic and remarkable improvements in performance, which can result 

in tangible improvements in terms of reducing both precious metal content and cost. 
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Chapter 7. Size- and Composition-Dependent Enhancement of Electrocatalytic Oxygen 

Reduction Performance in Ultrathin Palladium – Gold (Pd1-xAux) Nanowires 

 

 

7.1 Introduction  

As a culmination of our efforts throughout Chapters 3 – 6, we have drawn upon our 

portfolio of structure-property correlations in 1D electrocatalysts and developed a fully 

optimized ORR electrocatalyst, in terms of morphology, size, composition, and structure. On the 

basis of our results in Chapter 6,
1,2

 the focus of our efforts in this chapter are centered upon the 

Pd1-xAux alloy NW system, which evinced noteworthy enhancements in performance over 

commercial Pt analogues. Nevertheless, despite the significant improvements in activity, stability 

and durability over commercial analogues, the PtML~Pd9Au NWs prepared by our group‟s 

template-based approach maintained a PGM normalized ORR activity of 0.16 A/mg, which is 

not significantly enhanced as compared with the 0.1 – 0.2 A/mg, representing activities typically 

achieved with commercial Pt NP/C.
3,4

 Although Pt only comprises a total of 7.2% of the entire 

PGM content, it is evident that the PGM activity must be increased by several-fold in order to 

exceed the recommended 2015 U.S. DOE target
5
 of 0.44 A/mg, and approach a viable catalyst 

system. 

Drawing upon the noteworthy size-dependent enhancement in performance, associated 

with ultrathin noble metal NWs,
6-9

 our goal in this report is to successfully synthesize a high- 

quality carbon-supported Pd1-xAux NWs with ultrathin 2 nm diameters to greatly improve upon 

the PGM activity.
8
 The synthesis of the target alloy-type NW system is achieved by an ambient 

solution-based technique that is reasonably energy efficient, sufficiently scalable, and noticeably 

straightforward. Going beyond mere synthesis, our synthetic method is capable of precisely 

tuning the chemical composition of the as-prepared NWs (e.g. Pd9Au, Pd8Au2, and Pd7Au3 NWs) 
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by simply tuning the contents of the precursor solution. Thus, we demonstrate for the first time 

herein a systematic and simultaneous optimization of NW diameter and composition with the 

overarching goal of maximizing mass activity beyond that of the DOE target. 

In terms of composition, the as-prepared PtML~Pd1-xAux NWs/C maintain a “volcano-

type” dependence with respect to chemical composition, and in fact, the PtML~Pd9Au NW/C 

composites represent the peak activity with outstanding specific and Pt-mass activities of 0.98 

mA/cm
2

 and 2.54 A/mgPt, respectively. With the composition of ultrathin PtML~Pd1-xAux NWs 

optimized, we have examined the size-dependent performance of the ultrathin 2 nm PtML~Pd9Au 

NW/C composite, as compared with analogous 45 nm PtML~Pd9Au NWs. The ultrathin 2 nm 

PtML~Pd9Au NWs maintained a PGM activity of 0.64 A/mg, which is more than four-fold higher 

than that associated with the larger 45 nm wires and also commercial Pt NP/C. Given the 

excellent results we have obtained at small scales, we have also successfully scaled up our 

synthesis in order to efficiently produce electrocatalysts in a quantity sufficient to prepare 

functional membrane electrode assemblies (MEAs). Preliminary MEA testing has demonstrated 

that this optimized catalyst system is capable of evincing high performance under practical fuel 

cell conditions. This exciting result provides for excellent validation that trends in performance 

observed under well-defined RDE conditions are relevant to those observed under realistic MEA 

conditions, in the case of 1D electrocatalyst architectures. 

 

7.2 Composition-Controlled Synthesis of Ultrathin Pd1-xAux NWs Supported on Vulcan 

XC-72R Carbon  

The synthesis of ultrathin Pd1-xAux NWs was accomplished by suitably adapting a 

method previously utilized in Chapter 4 for the preparation of elemental Pd NW/C 
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composites.
6,10,11

 Initially, unsupported Pd1-xAux NWs were prepared by dissolving a total of 

0.056 mmol of palladium nitrate (Alfa Aesar, 99.9%) and tetrachloroauric acid hydrate (HAuCl4 

 xH2O, Alfa Aesar, 99.999%) into 7 mL of toluene. To achieve the desired NW composition, a 

stoichiometric ratio of the metal precursors needed to achieve the intended NW composition was 

added to the toluene, so as to provide for a total of 0.056 mmol of metal precursor. For example, 

the Pd7Au3 NWs were prepared from a mixture of 0.0392 mmol Pd(NO3)2 and 0.0168 mmol 

HAuCl4  xH2O, representing 70% and 30%, respectively, of the combined 0.056 mmol of metal 

precursor added to the toluene solution. Subsequently, octadecylamine (400 mg, ODA, Acros 

Organics, 90%) and dodecyltrimethylammonium bromide (60 mg, DTAB, TCI, >99%) were also 

added to the toluene solvent, serving as a shape-directing agent and a phase transfer catalyst, 

respectively.  

Once the precursor solution was prepared, the mixture was kept under an inert Ar 

atmosphere utilizing standard Schlenk conditions and homogenized by sonication for 20 min. In 

a separate vial, a reducing agent solution of sodium borohydride (13 mg, NaBH4, Alfa Aesar, 

98%) was prepared in 2 mL of deoxygenated distilled water. The reduction of the metal 

precursors was accomplished by injecting the reducing agent solution into the precursor solution 

dropwise, whilst stirring, thereby resulting in the evolution of a reddish-brown colored solution. 

Completion of the reaction was signaled by the formation of a black solution after ~1 h. In all 

cases, the isolation and support onto Vulcan XC-72R carbon powder were achieved in an 

identical manner to the elemental Pd NW analogs described in Chapter 4, Section 2. Scaled up 

versions of these reactions were performed identically. However, all reagents and solvents were 

scaled up proportionally. To verify the batch-to-batch homogeneity, seven replicates of a 

reaction scaled up by four-fold was performed and the combined products were characterized.  
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Thermogravimetric analysis profiles were obtained with a TGA Q500 (TA Instruments) 

on dried aliquots of the catalyst ink in order to estimate the total precious metal content.
6
 

Isotherms were obtained by raising the temperature from 25 to 900C at a rate of 10C/min 

under a flow of extra-dry air provided at a rate of 60 mL/min. The mass profiles confirmed that 

the carbonaceous material (e.g. Vulcan XC-72R and residual organic surfactants) was entirely 

removed once ~600C was reached. The mass of residual Pd and Au could then be obtained 

between 600 and 800C. TGA measurements established that the combined palladium and gold 

loading is 19.3 ± 0.9% on the basis of two separate experiments. Upon scaling the procedure up, 

the procedure was optimized to enable PGM loadings of up to 43.5%. 

 

7.3 Results & Discussion 

7.3.1. Synthesis & Structural Characterization of Pd1-xAux NWs  

In this Chapter, we have employed an ambient, surfactant-based technique to prepare  

Pd1-xAux NWs with control over chemical composition.
8
 Specifically, a mixed precursor solution 

containing both Pd
2+

 and Au
3+

 precursors is reacted with sodium borohydride serving as a 

reducing agent, and the nucleation and growth of NWs is directed by the presence of the 

surfactant ODA. The composition of the NWs can be readily and predictably controlled by 

manipulating the contents of the precursor solution. In fact, the stoichiometry of the NW can be 

directly controlled by appropriately modifying the stoichiometric ratio of the metal precursors 

within the precursor solution. In this case, Pd1-xAux NW samples are prepared with chemical 

compositions ranging between x = 0 to x = 0.75. Hence, this method is advantageous, because it 

allows for the efficient production of high-quality, homogeneous NWs possessing tunable 
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chemical composition and a monodisperse distribution of diameters over the relevant 

composition regime.  

 X-ray powder diffraction (XRD) obtained on the as-prepared Pd1-xAux NW/C composites 

(Figure 7.1A) reveals that the NWs are homogeneous alloys with the desired face-centered cubic 

(FCC) crystal structure. It is evident that the patterns are devoid of peaks that can be attributed to 

either the elemental palladium or gold phases (JCPDS card #46-1043 and #04-0784, 

respectively), further confirming that the reaction produces uniform alloys. As expected, a 

characteristic shift to lower 2 in the FCC peaks is observed, as the gold content is increased 

from x = 0 to x = 0.75 within the NWs. This trend suggests that the lattice parameter of the alloy 

uniformly transitions from that of palladium toward that of gold as the gold content is 

systematically increased in the as-prepared NWs. This result is in excellent agreement with the 

XRD data obtained on the larger single crystalline 50 nm Pd1-xAux NWs.
1
 However, in this case, 

the significant broadening of the diffraction peaks, as a result of the small crystallite size and the 

presence of carbon, prevents quantitative estimation of composition utilizing Vegard‟s law.  

Regardless, the composition of the various as-prepared Pd1-xAux NW/C composites was 

examined by scanning electron microscopy and energy dispersive X-ray analysis (SEM-EDAX). 

For each sample, a thin film of the Pd1-xAux NW/C composites was deposited onto a Si wafer 

and EDAX spectra were taken at a minimum of four representative locations. The measured 

trend (Figure 7.2B) reveals that there is a high degree of correlation between the composition of 

the as-prepared NWs and the initial precursor solution.  
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Figure 7.1 Correlating the chemical-composition of as-prepared, ultrathin Pd1-xAux NW/C to 

that of the precursor solution. Representative XRD patterns (A) of isolated, ultrathin Pd1-xAux 

NWs with x values ranging from 0 – 0.75. A graph (B) depicting the correlation between the 

chemical composition of precursor solution employed in the synthesis (bottom axis) and the 

composition of the corresponding NWs measured by SEM-EDAX (left axis). The dashed line is 

a representation of the ideal 1:1 relationship between NW composition and the contents of the 

precursor solution and serves to highlight the high degree of correlation in this synthesis. 

(Adapted with permission from Ref. 8. Copyright 2012 American Chemical Society) 
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Figure 7.2 Overview TEM images of the Pd9Au NW/C (A) and Pd (B) NWs highlighting the 

relatively uniform and ubiquitous net-like distribution of NWs on the surface of the carbon NPs. 

(Adapted with permission from Ref. 8. Copyright 2012 American Chemical Society) 
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Subsequently, transmission electron microscopy (TEM) was employed to examine the 

morphology, crystallinity, and uniformity of the as-prepared Pd1-xAux NW/C composites. In 

particular, we have focused our analysis on the Pd9Au, Pd8Au2, and Pd7Au3 NWs, as these are 

expected to be the most active towards ORR.
12

 Utilizing Pd9Au NWs as a representative 

example, the overview TEM images (Figure 7.2A) highlight the highly uniform anisotropic 1D 

structure of the NWs and confirm that only a minimal number of NPs (~5%) are present. It is 

also apparent that the as-prepared NWs are reasonably well-dispersed, and hence, maintain a 

uniform spatial distribution on the carbon substrate. The Pd9Au NWs possess an ultrathin 

diameter of 2.1 ± 0.5 nm with lengths of up to ~30 nm extending over the carbon substrate. A 

similar analysis of the Pd (Figure 7.2B), Pd8Au2, and Pd7Au3 NW/C composites reveals that 

there is no significant difference in either the NW dimensions, dispersibility of the NWs on the 

carbon surface, or the crystalline texture of the individual NWs. In fact, the diameters of the 

various Pd9Au, Pd8Au2, and Pd7Au3 NWs are collectively 2.0 ± 0.5 nm, which highlights the 

uniformity of the samples over a broad range of compositions. The homogeneity of the samples 

over the entire composition regime emphasizes the importance of chemical composition as the 

key factor in determining electrocatalytic performance.  
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Figure 7.3 Structural characterization of ultrathin Pd1-xAux NW/C. Representative TEM image 

(A) of Pd9Au NWs supported on Vulcan XC-72R carbon support. The inset to panel A shows a 

typical high resolution TEM image, highlighting the segmented nature of the individual NWs. 

The SAED pattern (B) obtained from a collection of NWs is highlighted. The concentric rings of 

a simulated diffraction pattern for FCC Pd9Au are shown as an overlay to the experimentally 

determined SAED pattern. An HAADF image (C) taken from a representative collection of 

Pd8Au2 NWs is also shown. Characteristic EDAX spectra (D) in STEM mode collected from 

various Pd1-xAux NW/C composites. (Reprinted with permission from Ref. 8. Copyright 2012 

American Chemical Society) 
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 A high resolution TEM (HRTEM) image of a single Pd9Au NW, shown as an inset to 

Figure 7.3A, confirms that the NWs are composed of multiple extended single crystalline 

segments oriented along the long axis of the NW. The segmented nature of the NWs is also 

apparent in the selected area electron diffraction (SAED) pattern (Figure 7.3B), since discrete 

diffraction spots are present within the continuous rings.
6,9

 The diffraction rings present within 

the SAED can be readily indexed to the (111), (200), (220), (222), and (331) reflections, 

calculated for the FCC Pd9Au alloy structure, which is shown as an overlay to the experimentally 

determined SAED pattern. On the basis of the diffraction pattern, the Pd9Au, Pd8Au2, and 

Pd7Au3 NWs were determined to maintain lattice parameters of 3.923 Å, 3.934 Å, and 3.948 Å, 

respectively, which is in excellent agreement with the calculated values of 3.909 Å, 3.928 Å, and 

3.947 Å for the respective FCC alloys. Thus, the TEM diffraction results are in agreement with 

the XRD data and further confirm that the NWs possess a homogeneous alloy-type structure.  

 In addition to examining the uniformity of the NWs in terms of morphology and 

crystallinity, the homogeneity of the composition and distribution of the elements is also a 

crucial element in examining the overall quality of the bimetallic NWs. We accomplished this 

task through collection of EDAX data in scanning TEM mode. Figure 7.3C shows a high angle 

annular dark field (HAADF) image collected from a representative collection of Pd8Au2 NWs. 

The largely uniform contrast (sensitive to Z) over the NW sample indicates that the chemical 

composition of the NWs is relatively homogeneous. It is apparent in the image that there are 

some spherical areas of brighter contrast, which may be attributed to either a higher density of 

material (e.g. overlapping of NWs) or to an enrichment of gold in these regions. Similar HAADF 

results have been observed in the case of the Pd9Au and Pd7Au3 NWs.  
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To examine the possibility of gold enriched zones existing in the NWs, EDAX spectra 

and corresponding atomic compositions were obtained in several locations amongst various 

collections of NWs. The average compositions for the Pd9Au, Pd8Au2, and Pd7Au3 NWs were 

determined to be Pd0.904Au0.096 (± 0.006), Pd0.77Au0.22 (± 0.02), and Pd0.65Au0.35 (± 0.01). The 

relatively low standard deviation observed in the measured chemical compositions confirms that 

the gold content is highly uniform throughout the NWs, which suggests that the regions of 

brighter contrast are not likely a result of gold-enriched zones. In addition, it is crucial to 

highlight that the measured compositions and the trends in the gold and palladium EDAX signals 

shown in Figure 7.3D are in good agreement with the results obtained from SEM-EDAX. Thus, 

the TEM and SEM-EDAX measurements together confirm that there is a high degree of 

correlation between the actual chemical composition of the precursor solution and the 

corresponding composition of the resulting NWs.  

Previously, Teng et al. examined the fine structure and atomic distribution of analogously 

prepared Pt1-xAux NWs, utilizing the same synthetic method, and have observed similar 

results.
10,13

 In that case, it was found that at moderate to high levels of platinum content in the 

precursor solution, the formation of alloy type NWs with a homogeneous distribution of the 

metal atoms throughout the wire diameter was favored. Similar results indicating the presence of 

a single FCC alloy phase have also been observed in more complex, so-called trimetallic and 

quadrimetallic NWs, prepared utilizing the same synthetic technique as with PtAu.
11

 It was 

suggested in these reports that the homogeneous distribution results from a competition between 

several different synthetic parameters, including the relative reduction potentials of the 

precursors, the interaction of the metal atoms with the ODA surfactant, and the relative free 

surface energies of the various metals. On the basis of the combined of HAADF images, XRD, 
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HRTEM images, SAED patterns, and prior insights into the growth mechanism, we believe that 

our as-prepared Pd1-xAux NWs herein maintain relatively uniform, homogeneous alloy 

compositions without measurable segregation of the constituent elements. 

 

7.3.2. Electrochemical Properties and ORR Performance of Pd1-xAux NWs 

Our as-prepared Pd1-xAux NWs represent an exciting platform for the deposition of PtML 

shells since the influence of the chemical composition of the core NW on the electrocatalytic 

performance of the PtML~Pd1-xAux structure towards ORR can be examined. Prior to PtML 

deposition, the electrochemical properties and performance of the as-prepared NWs were 

studied. In Chapter 4, a treatment protocol was developed for the removal of residual organic 

impurities from the surfaces of analogous Pd NW/C composites, wherein a UV-ozone 

atmosphere pre-treatment was combined with a selective CO adsorption process.
6
 However, in 

this particular case, the surfaces of the alloy Pd1-xAux NWs could be suitably purified by 

employing the selective CO adsorption process without requiring the UV-ozone pretreatment. 

This interesting observation can likely be explained by a significant weakening of the interaction 

with the NW surface as a result of the addition of gold.
13

 Hence, the need for less rigorous 

pretreatment processing in the case of the bimetallic NWs is a significant step towards increasing 

the practicality of these composites as potentially viable electrocatalysts. After purification, the 

quality and electrochemical performance of our as prepared Pd1-xAux NWs were obtained by the 

thin-layer RDE method.
14
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Figure 7.4 Cyclic voltammograms obtained from purified, ultrathin Pd1-xAux NW/C composites 

(x = 0.1, 0.2 and 0.3) by comparison with elemental Pd NW/C before (A) and after (B) the 

deposition of a PtML on the NW surface. (Reprinted with permission from Ref. 8. Copyright 2012 

American Chemical Society) 
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Cyclic voltammograms (CVs) collected from the Pd9Au, Pd8Au2, and Pd7Au3 NWs 

shown in Figure 7.4A display prominent features in the 0 – 0.4 V and the 0.6 – 1.0 V regions, 

characteristic of Hads processes and the corresponding formation of surface oxide species, 

respectively. The Hads features in the case of the Pd1-xAux NWs are smoother and more reversible 

than that of the analogous Pd NWs. Analogous results were obtained in the case of the 45 nm 

Pd9Au NWs, which also displayed a similar Hads profile that is distinctive from that of elemental 

Pd but is suggestive of a more active surface.
1
 A more profound effect of chemical composition 

upon the resulting CVs is apparent in the oxide reduction peak, which shifts linearly to higher 

potentials (i.e. 0.7626 V to 0.8006 V) as the gold content is correspondingly increased from 0 to 

30%.  

Given the uniformity of the NWs in terms of dimension, crystallinity, surface texture, and 

homogeneity of the various Pd1-xAux NW samples, the role of NW composition is highlighted as 

the primary origin for the trend in the oxide reduction peak potential. The measured shift in the 

oxide reduction potential is readily explained by the effect of gold in the Pd1-xAux ultrathin alloy 

NWs, which has been shown in the case of analogous PtAu NWs to impart electron density onto 

the d-states of the Pt, thereby making it in essence more noble.
12,13

 On this basis of this 

argument, the strength of the interaction with adsorbed oxygen species should be significantly 

weakened, as the gold content is increased and cause the discernible shift in the position of the 

oxide reduction peak.
12,15-17
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Figure 7.5 The significance of chemical composition on the electrocatalytic performance of   

Pd1-xAux NW/C toward ORR. Representative polarization curves (A) obtained from Pd9Au NWs 

in comparison with elemental Pd NWs. Experimentally calculated area-normalized kinetic 

current densities (JK, mA/cm
2
) measured at 0.9 V are shown in (B) for the Pd9Au and Pd NWs, 

with commercial Pt NP/C serving as a reference. E vs. JK plots for the Pd9Au and elemental Pd 

NWs are presented in (C). (Reprinted with permission from Ref. 8. Copyright 2012 American 

Chemical Society) 
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To demonstrate the high quality of the purified Pd1-xAux NW/C, the cathodic ORR 

kinetics were explored in the case of the Pd9Au NW/C composites. In essence, we have 

specifically selected to examine the Pd9Au NW/C composites, since these structures are 

anticipated to maintain the highest performance.
6,12

 On the basis of the polarization curves 

obtained in an oxygen saturated electrolyte (Figure 7.5A), the Pd9Au NWs maintain significantly 

enhanced performance as compared with analogous elemental Pd NWs. The measured specific 

activities obtained from Pd9Au NW/C, Pd NW/C, and commercial Pt NP/C are summarized in 

Figure 7.5B. It is apparent that the Pd active sites in the Pd9Au NW/C composites yield a high 

specific activity of 0.40 mA/cm
2
, which represents a four-fold and two-fold enhancement with 

respect to that the value measured for elemental Pd NW/C (0.12 mA/cm
2
) and for Pt NP/C (0.20 

mA/cm
2
), respectively. In fact, the potential vs. specific activity (E vs. JK) plot (Figure 7.5C) 

reveals that the consistently enhanced performance of the Pd9Au NWs is maintained with respect 

to that of the Pd NW/C over a broad range of plausible fuel cell potentials. Hence, the Pd9Au 

NW/C composites with essentially no measurable platinum content possess outstanding 

capabilities that surpass even commercial Pt NP/C, thereby confirming the overall quality of our 

NWs.  

Although some studies suggest that the origin of enhanced activity particularly in the case 

of alcohol oxidation arises from the mutual presence of Pd-Au pair sites at the catalytic 

interface,
18-20

 we have demonstrated in Chapter 6 that the enhanced ORR performance in the 

case of bimetallic Pd1-xAux nanostructures largely arises from their homogeneous alloy type-

structure, while the presence of Pd-Au surface pair sites does not necessarily promote significant 

enhancement.
1
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7.3.3. Composition-Dependent ORR Performance in Core-Shell PtML~Pd1-xAux NWs  

Given the high performance of the Pd1-xAux system, our as-prepared Pd1-xAux NWs were 

employed as high quality, 1D substrates for the deposition of a PtML shell, thereby forming 

desired PtML~Pd1-xAux NW/C composites. The deposition of the PtML shell was confirmed by the 

CVs obtained from the PtML~Pd1-xAux NW/C composites after the Cu UPD/galvanic 

displacement process shown in Figure 7.4B. Polarization curves (Figure 7.6A) obtained from 

PtML~Pd9Au NW/C and PtML~Pd NW/C display a significantly enhanced ORR performance of 

the alloyed NWs, even when compared with elemental PtML~Pd NW/C analogues. To explore 

the dependence of chemical composition upon ORR activity, specific activities and Pt mass 

activities were measured at 0.9 V for the PtML~Pd1-xAux NW/C (x = 0, 0.1, 0.2, & 0.3) 

composites and the results are summarized in Figure 7.6B. Interestingly, the measured activities 

and the E vs. JK curves (inset to Figure 7.6A) reveal that there is a distinct “volcano-type” 

dependence of the measured ORR activity with respect to the composition of the NWs. The 

maximum specific (0.98 mA/cm
2
) and platinum mass activities (2.54 A/mgPt) are achieved in the 

PtML~Pd9Au NW/C composite, which represents an outstanding enhancement as compared with 

Pt NP/C (0.20 mA/cm
2
, 0.10 A/mgPt), serving as a commercial standard.  

 

 

 



243 
 

 

Figure 7.6 Composition-dependent performance in hierarchical PtML~Pd1-xAux NW/C 

composites toward ORR. Representative polarization curves (A) obtained from the PtML~Pd9Au 

NW/C composites with the analogous Pd NW/C composites serving as a comparison. An E vs. 

JK plot for the various PtML~Pd1-xAux NW/C composites is shown as an inset to (A). 

Experimentally determined kinetic currents at 0.9 V normalized to the measured ESA and the 

platinum mass are shown (B) for the PtML~Pd1-xAux NW/C and commercial Pt NP/C samples, 

respectively. (Reprinted with permission from Ref. 8. Copyright 2012 American Chemical 

Society) 
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In terms of catalyst morphology, the volcano-type dependence in the case of the NWs is 

in excellent agreement with results previously obtained on PtML~Pd1-xAux NP/C systems.
12,15

 

These data also demonstrate an optimal peak performance in the case of PtML~Pd9Au. Hence, the 

presence of a similar composition-dependent performance in the case of both PtML~Pd9Au NPs 

and NWs is a clear indication that the gold dopant and homogeneous alloy-type composition play 

a crucial role in modifying the electrocatalytic properties of the bimetallic alloy. In this particular 

case, however, it is apparent that the one-dimensional NW structural motif results in a 

significantly enhanced performance as compared with the corresponding PtML~Pd9Au NP/C. 

Specifically, the PtML~Pd9Au NWs (0.98 mA/cm
2
) in this report maintain a nearly two-fold 

higher specific activity as compared with the analogous value for PtML~Pd9Au NPs (0.5 mA/cm
2
) 

obtained in a previous report under MEA conditions.  

The origin of the measured volcano-type dependence as a function of chemical 

composition represents an interesting question, since it is related to the nature of the bimetallic 

heterostructured NWs. Specifically, the explanation for the electrocatalytic performance of PtML 

catalysts has been largely attributed to a combination of (i) a structural effect wherein the core 

atoms impart a strain-induced contraction of the PtML and (ii) an electronic effect as a result of 

the coupling between the core and shell atoms.
21

 These complementary effects are thought to 

mutually contribute to a favorable downshift in the d-band center of the PtML and a 

corresponding weakening of the interaction with oxygen adsorbates in the case of PtML~Pd. This 

combination of factors has been previously predicted by Nørskov and co-workers to result in 

improved ORR kinetics.
22,23

  

Taking into account these considerations, we can separately examine the effect of the 

gold composition upon the structural and electronic interactions between the PtML shell and the 
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Pd1-xAux core. First, increasing gold content has been shown to promote unique electronic 

properties, wherein the reconfiguration of the charge distribution results in an increased electron 

density on the Pd atoms.
13,24,25

 Recently, EXAFS data obtained from PtML~Pd9Au NPs/C by 

Adzic and co-workers has demonstrated that the formation of Pd-O is greatly suppressed at 

potentials of up to ~0.9 V, suggesting that the gold additive significantly stabilizes palladium 

towards oxidation and dissolution. In this case, the stabilizing effect of the gold additive is 

manifested in the CVs obtained from as-prepared Pd1-xAux (Figure 7.4A), which display 

significantly weakened interactions with oxygen adsorbates, as the gold content is increased. 

Importantly, a similar shift from 0.7816 V to 0.7926 V in the oxide reduction peak potential is 

observed after PtML deposition (Figure 7.4B), as the gold content is increased from 10% to 30%, 

which confirms that the electronic properties of the core are imparted upon the PtML shell.  

Second, we consider the relationship between the gold content of the core NW with 

respect to the structural interaction between the NW core and the PtML shell. Based upon the 

HRTEM and XRD results herein, it is apparent that the lattice parameter of the alloy is notably 

increased, as the content of gold is increased within the Pd1-xAux NW. Thus, the compressive 

strain induced by the lattice mismatch between the PtML and the Pd1-xAux core is expected to 

decrease as the gold content is increased.
12,21

 Interestingly, the measured potential of PtML~Pd 

NWs (0.7987 V) is significantly shifted to higher potentials as compared with the alloy-type 

structures. This result points toward a sizeable strain-induced effect in the case of the elemental 

Pd NW cores, as compared with the analogous Pd1-xAux NW cores. 

From all of these results, it is clear that the structural and electronic interactions between 

the PtML and the Pd1-xAux NW core are strongly dependent upon chemical composition and these 

factors trend in opposite fashion with chemical composition. Therefore, we believe that the 
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observed volcano type trend in activity likely results from the competition between the structural 

and electronic effects, as gold content is increased in the NW core. Essentially, the peak of the 

composition curve, e.g. the PtML~Pd9Au NWs, represents an optimum composition wherein a 

favorable synergistic effect is observed between the structural and electronic effect at that 

specific composition, thereby leading to a maximized optimum activity. In addition, recent 

reports have also demonstrated that segregation of the gold and palladium components may 

occur at the relatively high potentials required for ORR, a factor which may also contribute to 

the observed correlation between chemical composition and electrochemical performance.
26-28

 

Although significant insights are presented herein, a more exhaustive examination of the 

electronic and structural properties of these bimetallic Pd-Au NWs, using advanced spectroscopy 

techniques, would be required in order to more fully determine the precise interplay and 

relationship between morphology, composition, and electrocatalytic performance.. 

 

7.3.4. Size-Dependent ORR Performance in Core-Shell PtML~Pd1-xAux NWs  

To complement our analysis of the composition-dependent behavior in the ultrathin 

PtML~Pd9Au NWs, the size-dependent performance was also evaluated by comparing the 

cathodic ORR kinetics of our ultrathin 2 nm PtML~Pd9Au NW/C with that of larger single 

crystalline analogues with diameters of 45 nm.
1
 The size-dependent performance is highlighted 

in Figure 7.7, which shows a comparison of the specific, platinum, and PGM activities in the 2 

nm and 50 nm NWs. The specific activities were determined to be 0.98 mA/cm
2
 and 0.95 

mA/cm
2
 for the 2 nm and 45 nm NWs, respectively, and interestingly, these values did not show 

significant size dependence. By contrast, in Chapters 3 – 6, a considerable correlation between 

NW diameter and the inherent ORR activity of Pt, Pd, and PtML~Pd NWs has been observed with 
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greatly enhanced performance achieved, as the NW diameter was decreased to the ultrathin (~2 

nm) scale. This phenomenon has been ascribed by our group and others to a corresponding size-

induced contraction of the NW surface.
6,7,9

  

In the current study, the absence of a size dependence in the specific activity is of 

significant interest and is attributed to an overshadowing of any inherent size-induced structural 

effects observed in elemental systems by the complex structural and electronic effects imparted 

by the PdAu alloy core onto the PtML shell. Specifically, the addition of gold into the ultrathin 

NWs has been shown to significantly expand the lattice of the PdAu alloy as compared with that 

of the elemental wire, as demonstrated by both XRD and HRTEM data. Therefore, the prominent 

absence of any size-dependent enhancement in specific activity can be readily explained by the 

mitigation of the size-induced contraction of the NW surface in the case of elemental NWs (e.g. 

Pt, Pd, & PtML~Pd NWs),
7,9

 as a result of the presence of gold.  
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Figure 7.7 Size-dependent performance in hierarchical PtML~Pd1-xAux NW/C composites toward 

ORR. Experimentally determined specific (black), platinum mass (red) and platinum group metal 

mass (blue) kinetic current densities measured from PtML~Pd9Au NWs with diameters of 45 and 

2 nm, respectively. The analogous data from commercial Pt NP/C are shown as a comparative 

standard. (Reprinted with permission from Ref. 8. Copyright 2012 American Chemical Society) 
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Although the specific activity represents an important element in understanding the 

intrinsic activity of ORR catalysts, the mass activity data provide a far more useful insight into 

the effectiveness of the catalyst in terms of both viability and cost, given the significant expense 

of PGMs. On the basis of the platinum and PGM mass activities, it is apparent that a significant 

size-dependence is observed in the performance of the PtML~Pd9Au NWs. Specifically, the 

ultrathin 2 nm NWs maintain significantly enhanced activities of 2.54 A/mgPt and 0.64 A/mgPGM, 

as compared with the 50 nm NWs (2.08 A/mgPt, 0.16 A/mgPGM). These tangible improvements in 

the mass normalized performance achieved in the ultrathin NWs can be readily attributed to not 

only improved catalyst utilization but also better dispersion of these catalysts as a result of the 

ultrathin diameter and the carbon support. It is also clear from these results that the PtML~Pd9Au 

NWs can outperform analogous PtML~Pd NWs (0.55 A/mgPGM), an observation which provides 

for further evidence that the composition plays a key role in the overall performance. 

Furthermore, the high PGM activity observed in the case of the ultrathin NWs is more than triple 

the activity of 0.1 – 0.2 A/mgPGM typically observed with commercial Pt NP/C. Thus, these 

results confirm the striking advantages of simultaneously optimizing size and composition, since 

measureable and significant improvements in the ORR performance can be achieved with 

significantly lower quantities of PGM.  

 

7.3.5. Scaled Up Synthesis of PtML~Pd9Au NWs and Preliminary Membrane Electrode Assembly 

Testing 

Given the promising results obtained under half-cell conditions, we have initiated the 

process of examining these highly active PtML~Pd9Au NW/C composites under realistic MEA 

conditions. Toward this goal, we have successfully scaled up the synthetic protocol to produce 
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near gram-scale quantities of PtML~Pd9Au NWs and the corresponding characterization of the as-

synthesized NWs confirms that there are no declines in either purity, homogeneity, or dispersion. 

This finding highlights the importance of developing room-temperature, solution-based 

protocols, since the scalability can be easily realized in comparison with other more complex or 

rigorous synthetic schemes. The mass-produced PtML~Pd9Au NW/C composites rendered into a 

catalyst ink solution were spray-coated directly onto gas diffusion media with a loading to 0.150 

mg/cm
2
, forming a functional cathode for an MEA. In a preliminary test, the specific and mass 

normalized ORR activities were determined to be 0.72 mA/cm
2
 and 1.7 A/mgPt, respectively, 

under the conditions described by the U.S. DOE for testing cathode electrocatalysts under MEA 

conditions.
5
 Although considerable optimization is necessary in terms of the electrode 

preparation and MEA assembly, the preliminary activities determined herein are highly 

promising and demonstrate that activities significantly beyond that of Pt NP/C can be achieved 

under MEA conditions. Further research and development are expected to lead to results 

considerably closer to those measured under RDE conditions.     

  

7.4 Conclusions 

Recently, much of the focus in developing highly active 1D materials has been on 

creating novel complex bimetallic and even multimetallic formulations involving Pt and Pd. 

However, it is apparent from the shortfalls in the performance of these catalysts that developing a 

more complete understanding of the electrocatalytic properties in these multimetallic catalysts is 

crucial if they are ever to be used as practical catalysts in realistic systems. In this case, we have 

demonstrated for the first time that remarkable enhancements can be made in a bimetallic 

catalyst by systematically tailoring their morphology, dimensions, and chemical composition in 
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order to maximize the performance of the PdAu alloy. Examination of these structure and 

composition dependent properties requires the development of flexible synthetic methods to 

enable simultaneous control over a variety of synthetic parameters. In this case, high quality, 

ultrathin Pd1-xAux NWs have been prepared by an ambient, facile, environmentally sustainable, 

solution-based method that readily allows for control over composition. Characterization of the 

as-prepared NWs confirms that they are homogeneous alloys with uniform chemical composition 

with the composition of NWs predictably controlled from the ratio of the precursors used in the 

reaction. The electrochemical performance of the Pd9Au NW has been examined and measurable 

enhancements in specific and mass activities have been observed by comparison with elemental 

Pd NWs and more importantly, commercial Pt NP/C. 

The influence of composition and size upon the electrocatalytic reduction of oxygen has 

been separately examined in novel, hierarchical PtML~Pd1-xAux 1D systems. An optimum 

performance has been observed in the case of the ultrathin PtML~Pd9Au NWs, which display 

outstanding specific, platinum mass, and PGM mass activities of 0.98 mA/cm
2
, 2.54 A/mgPt, and 

0.64 A/mgPGM, respectively. The measured activity represents a significant and promising step 

forward, since the platinum and corresponding PGM mass activity are several times higher than 

the analogous activity values typically measured for Pt NP/C. On the basis of a preponderance of 

evidence from our structural characterization and electrochemical measurements, the observed 

enhancement in these NWs can most likely be attributed not only to the unique composition-

dependent structural and electronic properties associated with the Pd1-xAux alloy type 

nanostructures but also to their ultrathin diameters.  

A more thorough examination of the electronic and structural properties of these 

bimetallic, anisotropic nanostructures is beyond the scope of this report, but may lead to a more 
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comprehensive understanding of the roles of both chemical composition and size in determining 

the resulting electrocatalytic performance. Nonetheless, the clearly measurable enhancements in 

the PtML~Pd9Au NWs achieved thus far render this class of bimetallic catalysts as both exciting 

and highly effective. 
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Chapter 8. Summary & Outlook 

 

One-dimensional nanostructures represent an exciting structural paradigm in the 

continuing search for high-performance ORR electrocatalysts, particularly because of their 

inherent structural anisotropy. Despite the growing interest in preparing, synthesizing, and using 

robust 1D catalysts in practical applications, there has been a surprising lack of effort placed on 

cogently scrutinizing and correlating the influence of various physicochemical properties of 1D 

electrocatalysts (e.g. chemical composition, particle dimensions, and structural geometry, all of 

which can be controlled experimentally) with their intrinsic electrochemical performance and 

durability. Hence, the lack of fundamental insights into the structural properties of these catalysts 

may provide, in part, an explanation for the continuing challenge of consistently achieving 

enhanced mass activities in 1D architectures in excess of those measured with their 0D NP 

analogues.  

Therefore, in this Dissertation, we have sought to focus on understanding the key 

structure-activity correlations, such as the specific roles of particle size and chemical 

composition, in dictating the electrocatalytic properties of 1D materials, so as to provide a useful 

foundation for generating highly effective and practical catalysts. Toward this goal, we have 

made several tangible advances in synthesis, nanomaterial purification, structural 

characterization, and catalyst design, with the objective of achieving the necessary degree of 

quality and purity in as synthesized 1D nanostructures. In terms of synthesis, we have developed 

two solution-based approaches with an emphasis on efficiently producing high-quality 1D 

nanostructures under ambient conditions, while minimizing the need for toxic reagents and 

complex synthetic processes. In the context of our template-based, U-tube approach, we have 

overcome the need for many of the technologically challenging aspects associated with template-
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mediated electrodeposition, while producing well-defined 1D nanostructures, in some cases with 

better quality and reproducibility. Alternatively, we have sought out a more practical and 

scalable synthetic route for the production of ultrathin noble metal NWs with the emphasis 

placed on achieving control over chemical composition, batch-to-batch homogeneity and the 

potential for producing sufficient quantities for testing catalyst performance in functional 

devices. In terms of deliverables, we have prepared a portfolio of elemental (Pt, Pd, Au, & Ru), 

bimetallic (Pd1-xAux & Pd1-xPtx), segmented (Pd/Pt & Pd/Au), and core-shell (PtML~Pd, 

PtML~Pd1-xAux, & Pt~Ru) 1D nanostructures. More importantly, we have thoroughly 

characterized their structure, homogeneity, chemical composition, and growth processes in order 

to provide a foundation for understanding structure-property correlations in electrocatalysis. 

Our efforts have also focused on the very practical challenge of purifying nanostructured 

materials to optimize their catalytic performance. Although highly advantageous for 

electrocatalysis, the production of anisotropic structures of noble metals in solution necessarily 

requires the use of shape-directing agents to overcome the thermodynamic tendency towards 

isotropic growth. Therefore, the removal of these shape-directing agents represents a very real 

obstacle toward the sustainable and practical use of as-synthesized 1D nanostructures as realistic 

electrocatalysts, in the existing literature. Herein, we have sought to overcome this intrinsic 

synthetic challenge by developing two simple post-processing methods, so as to remove residual 

impurities and even activate the surfaces of the noble metal NWs by etching defect sites and low-

coordination atoms. In addition, our findings point toward the importance of coupling post-

processing methods with analytical techniques such as spectroscopy and gravimetric analysis to 

enable predictable control over the purity and quality of as-synthesized 1D electrocatalysts. The 

key and fundamental point we demonstrate in this dissertation is that the systematic combination 
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of green, ambient synthesis with effective post-processing techniques enables essentially a 

limitless range of achievable synthetic targets in terms of chemical-composition, particle size and 

crystallinity. 

In going beyond mere synthesis, we have deployed our novel class of electrocatalysts to 

examine the structure-activity correlations in 1D architectures  In Chapter 3 – 5, an interesting 

size-dependent enhancement is observed when the diameters of 1D nanowire electrocatalysts 

(i.e. Pt, Pd, and PtML~Pd) are decreased into the ultrathin size regime. At the core of this finding 

is the notion that 1D nanostructures maintain entirely distinctive structure-activity correlations, 

by comparison with traditional 0D nanoparticulate motifs. Considering the high costs and low 

abundance associated with the precious metals, we are able to achieve similar or even better 

performance as compared with conventional catalysts, but with the use of reduced precious metal 

content, due to the size and morphological advantages of our 1D systems.  

In Chapter 6, we considered the more complex challenge of developing electrocatalysts 

for DMFCs, which require significant advances in both anode and cathode catalyst design to 

achieve practical performance for commercialization. The complexity of the challenges 

associated with MOR and methanol crossover necessitate that effective catalysts be tailored not 

only in terms of size but also, and more importantly, in terms of their chemical composition and 

the spatial distribution of elements within discrete, individual catalyst nanostructures. Towards 

this goal, we have undertaken an examination of composition-dependent trends in high-quality 

bimetallic Pd1-xAux and Pd1-xPtx NWs in terms of their ORR activity, methanol tolerant ORR 

behavior, and MOR performance, respectively. Collectively, our results reveal that the widely 

held trends between chemical composition and electrocatalytic performance associated with 

traditional 0D electrocatalysts do not hold in the context of the patently unique anisotropic 
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structure of 1D nanostructured catalysts. Drawing upon our extensive findings, we have 

confirmed that significant enhancements in performance can be achieved by tuning the chemical 

composition of NWs, so as to maximize the size-dependent structural and electronic properties 

observed in these anisotropic systems.  

As a culmination of our efforts, we have sought in Chapter 7 to couple these design 

principles to produce a fully optimized bimetallic electrocatalysts based upon the promising   

Pd1-xAux alloy system in terms of size, structure, and chemical composition. The resulting PtML 

shell supported on ultrathin (i.e. 2 nm) Pd9Au NW/C core catalysts evinced outstanding Pt mass 

and PGM activity values of 2.54 A/mgPt and 0.64 A/mgPGM, respectively, representing a ten-fold 

enhancement over analogous data for commercial Pt NP/C. Recent preliminary results have 

demonstrated that the excellent performance is conserved when tested under realistic MEA 

conditions. Collectively, it is evident that tailoring structure, morphology, and composition at the 

nanoscale particularly in the case of 1D noble metal nanostructures is a key and promising route 

toward overcoming the technological challenges associated with PEMFCs and many other 

devices.  

Nonetheless, several key issues remain in the practical progression and incorporation of 

1D catalysts in true fuel cell applications. First, a crucial prerequisite for effectively examining 

structure-activity trends in 1D systems necessitates that these catalysts possess similar and 

consistent crystallinity, purity, surface texture, morphology, and homogeneity, so as to isolate 

either the particle composition or dimension as the major parameter responsible for defining 

performance. From a rational design perspective, such a synthetic need requires the continued 

development of protocols that are both reasonably flexible and robust in terms of tailoring the 

size and composition of as-prepared catalysts, while also maintaining a high degree of 
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consistency. This goal is further complicated by the need for these processes to adhere to 

relatively high standards of sustainability, efficiency, and scalability, in terms of reagent use, 

energy consumption, and life-cycle considerations, in order to gain any measure of commercial 

relevance and acceptance, moving forward. The point is that pure, relatively benign catalytic 

nanomaterials need to be produced relatively easily and cheaply in high yield and large quantities 

with minimal amounts of byproducts. Thus, continued research into so-called “green techniques” 

is essential for the reliable and scalable production of 1D nanoscale electrocatalysts.  

Second, the emerging literature on 1D electrocatalysts has established that significant 

enhancements can be garnered by moving towards complex structural motifs (e.g. including but 

not limited to core-shell, axial segmented, and 3D hierarchical architectures). This growing 

degree of structural complexity and sophistication inevitably requires a concurrent and parallel 

push for a broad range of effective characterization techniques in order to effectively probe the 

structure of the material and the accompanying catalytic interface within. Currently, traditional 

ex-situ methods such as electron microscopy, spatially resolved elemental analysis, and 

electrochemical techniques have become ubiquitous in accurately probing the structure and 

properties of these interesting systems and their corresponding active sites.  

However, these ex situ techniques are significantly limited in their ability to probe 

structure and function within the relatively complex architecture of functional PEMFC devices. 

Thus, effective in situ characterization of materials under realistic operating conditions will 

necessitate the corresponding development and general use of a broader spectrum of arguably 

more advanced characterization techniques. For instance, synchrotron X-ray absorption 

spectroscopy (XAS)-based techniques represent an exciting platform with which to examine the 

nature of the electronic properties, bonding, and structure of the interface of 1D catalysts under 
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standard operating electrochemical conditions. It is likely that the fundamental insights gained 

into the performance of 1D electrocatalysts using these tools will likely guide future research in 

terms of defining new directions for substantially improving durability and stability, for example.   

Third, theoretical and first-principles methods such as DFT have already been invaluable 

in terms of correlating the physicochemical properties of 1D architectures with their 

corresponding performance. For example, first-principles calculations have played a key role in 

elucidating the origin of enhanced performance in ultrathin Pt, Pd, and PtML~Pd NWs. However, 

the recent development of multi-metallic 1D electrocatalysts poses a particularly interesting 

problem, since the activity in these systems appears to be related not only to size and structure 

but also to chemical composition in unforeseen ways. This situation is further complicated by the 

uniqueness of 1D nanostructures in terms of their structural and electronic effects, arising from 

their anisotropy. Therefore, a key step in constructing a plausible rationale for understanding the 

structure-activity correlations in these complex systems will be to deploy the predictive power of 

DFT to systematically probe and correlate the role of composition with catalytic activity in these 

1D architectures. Without doubt, the successful integration of viable synthetic methodologies 

with effective first-principles approaches should provide an excellent framework for routinely 

preparing high-quality catalysts, essentially from scratch, and subsequently targeting their 

optimal chemical composition and morphology for enhanced performance with minimum PGM 

content. 

 Collectively, the future development of 1D electrocatalysts requires a rigorous effort 

towards understanding their inherent structural individuality, which differentiates their behavior 

from that of their conventional, broadly commercialized nanoparticulate brethren. Hence, as the 

development of these 1D catalysts continues to advance, it is clear that a coherent optimization 
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of size, composition, and structure will allow for significant improvements in terms of their cost-

effectiveness and practicality as potential replacements for existing 0D catalysts. In so doing, a 

bright and promising future exists for the broader inclusion and use of 1D catalysts as key 

components of future, commercial PEMFCs.
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