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1.3.2 Galvanic Replacement Reactions 

Galvanic replacement provides another robust but versatile approach to controllably 

transform a solid monometallic nanoparticle into a diverse set of architecturally more 

sophisticated multimetallic hollow nanostructures (Figures 1.3A and 1.3B).
68

 Galvanic 

replacement occurring on metallic nanoparticles is essentially a unique nanoscale redox 

process that are unrealizable for bulk material systems, in which less noble metals get 

oxidized and dissolved accompanied by the reduction and deposition of noble metals on 

the sacrificial template surfaces. The resulting architectures are essentially determined by 

the intrinsic nature of sacrificial templates including redox potential, lattice mismatch 

between the replaced and deposited metals, atomic interdiffusion during the reaction, as 

well as the external effects companied with the reaction like chemical leaching, co-

reduction, or surface passivation under the conditions that galvanic replacement occur. 

Over the past two decades, the model system intensively investigated has been single-

crystalline Ag nanocubes, which evolve into a diverse set of multimetallic hollow 

nanostructures, such as nanobox, nanocage, or nanoframe upon straightforward galvanic 

replacement of Ag with Au, Pd, or Pt under deliberately controlled synthetic conditions 

(Figures 1.3C-1.3E).
69-73

 While by employing sophisticated multimetallic hetero-

nanostructures as the sacrificial templates, well-defined nanoparticles with more 

complicated interior and surface architectures, such as yolk-shell nanorattles,
74

 

multilayered nanomatryoshkas,
75

 and ultrathin skeletal nanoframes 
76

 also become 

experimentally available.  
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Figure 1.3. TEM images and the corresponding geometric morphology of various spherical (A) 

or cubic (B) hollow nanostructures obtained through galvanic-replacement reaction. Reprinted 

with permission from ref 68,
68

 Copyright 2011 American Association for the Advancement of 

Science. (C) SEM image of Au nanocages obtained by galvanic replacement of pure Ag 

nanocubes by HAuCl4. Reprinted with permission from ref 72,
72

 Copyright 2004 American 

Chemical Society; (D) TEM image of Au nanoframes obtained by combining galvanic 

replacement and wet chemical etching. Reprinted with permission from ref 73,
73

 Copyright 2007 

American Chemical Society. (E) TEM image of multiple-walls of Au-Ag alloy nanoshells 

obtained by galvanic replacement of Au-Ag alloy core and Ag shell heteronanostructures. 

Reprinted with permission from ref 71,
71

 Copyright 2004 American Chemical Society. (F) 

Schemes illustrating the formation of porous Au nanoparticles through the galvanic replacement 

of Au-containing bimetallic nanostructures. 
 

Atomically intermixed bimetallic nanocrystals adopting either disordered alloy 

configurations or ordered intermetallic structures 
77-79

 may undergo galvanic replacement 

reaction-driven structural transformations that are substantially more sophisticated and 

versatile than those of monometallic nanocrystals or phase-segregated bimetallic 

heteronanostructures, when key structure-evolutionary pathways, less-noble metal 

dealloying, new noble-metal deposition, and Kirkendall diffusion are taken into 
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considerations, as illustrated in Figure 1.3F. More importantly, because of the strong 

oxidation capability of noble metal precursors such as HAuCl4 and H2PtCl6 that 

commonly used to replace of less-noble metals, the nonoporousity evolutions of binary 

alloy with less-noble metal content below parting limit that are restricted by 

chemical/electrochemical percolation dealloying become achievable through galvanic 

replacement reaction. Thus it is expected to bring us more possibilities for constructing 

new porous architectures, for example, yolk-shell nanostructures, nanocages, or 

nanoshells, by using atomically well intermixed bimetallic nanoparticles as sacrificial 

templates during galvanic replacement reaction. Moreover, it is also demonstrated 

increasingly sophisticated interior and surface architectures, such as trimetallic hollow 

nanostructures and octahedral nanorattles have been controllably achieved by coupling 

galvanic replacement with kinetically controlled co-reduction, corrosion, or seed-

mediated growth.
80,81

 Therefore, it is also hypothesized that a modified galvanic 

replacement coupling with percolation dealloying or co-deposition could be able to 

achieve a new novel for precise control the surface composition and structure of the 

porous Au structures.  

1.4 Catalytic Performance of Dealloyed Au Porous Nanoparticles 

The precise control over architectural transformations of multimetallic nanoparticles 

through deliberately maneuvered dealloying induced by chemical etchants, applied 

anodic potentials or galvanic replacements, lays the foundation for us to quantitatively 

unravel the structure-composition-property correlations that underpin the catalytic 

behaviors of dealloyed porous nanocatalysts. In this section we mainly discuss current 

progress regarding the effects of several typical characteristics of dealloyed porous Au 
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nanocatalysts on their catalytic performances including catalytic activity and durability as 

well as selectivity toward various chemical or electrochemical reactions. 

1.4.1 Optimization of Catalytic Activity  

The representative factors that have usually been used to evaluate the catalytic activity 

of a catalyst are mass-specific activity and surface-specific activity. The specific surface 

area of a nanoparticle accessible for catalysis may drastically increase upon dealloying 

when a solid alloy nanoparticle is converted into a porous nanostructure with hollow 

interior and open surface structures. The enormous surface-to-mass and surface-to-

volume ratios of the dealloyed spongy nanoparticles are highly advantageous for 

achieving superior mass-specific activities, which becomes especially crucial when 

precious noble metals, such as Au, Pt, and Pd, are used as the catalysts. The surface-

specific activity of the nanoparticles, on the other hand, may also be greatly enhanced 

upon dealloying as a consequence of two intrinsically interconnected effects, geometric 

and electronic effects, both of which are intimately tied with the nature and density of the 

active sites on the nanoligament surfaces. It has been demonstrated that the primary 

surface active sites for electrocatalytic alcohol oxidation are the undercoordinated surface 

atoms located at the particle corners, edges, or the steps for noble metal nanoparticles, 

while the close-packed surface atoms on thermodynamically stable facets, such as [111] 

and [100] facets, are drastically less active.
42,82

  

1.4.2 Enhancing the Catalytic Durability 

The dealloyed macroscopic or nanoscale Au-rich porous materials comprising 

nanoligaments, despite their remarkable initial activities, inevitably undergo activity 

deterioration over time largely due to surface area/mass ratio decrease and loss of surface 
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active sites as a consequence of  the thermodynamically driven ligament coarsening 

during the catalytic reactions. It has been evident that the residual less-noble elements can 

well preserve the nanoligament surface active sites during the catalytic reactions and 

remarkably improve the catalytic durability of the dealloyed Au porous foam,
25

 although 

Erlebacher’s nanoporosity-evolution model claims that less-noble residual elements 

remain alloyed with Au and homogeneously distributed in the ligaments.
17

 The essential 

role of leachable residues introduced by co-leaching multiple less noble metal elements 

from multimetallic alloy nanoparticles or coupling galvanic replacement reactions in 

enhancing the catalytic durability of the dealloyed nanocatalysts arouses our great 

curiosities to investigate the effects of less-noble but nonleachable elements on catalytic 

behaviors of porous Au nanocatalysts. We assume the catalytic durability can be 

optimized by incorporation residual elements such as Ag or Pt into dealloyed porous Au 

nanoparticles because the surface atomic mobility of Pt is significantly lower than that of 

Au and Pt may locally accumulate around atomic step edges of Au to stabilize the 

undercoordinated Au surface atoms or form robust Au-Pt skin on the nanoligaments. 

Moreover, it is well known that porous Au nanoparticles demonstrated promising 

catalytic activity mainly in alkaline environment but Pt catalysts perform well in acidic 

condition,
20

 thus we speculate it might be able to expand reactivity to acidic or neutral 

conditions for Au nanocatalysts by doping Pt as a consequence of the Au surface property 

modified by residual Pt. The catalytic activity as well as the durability may be optimized 

by tuning the abundance of residues. 

1.4.3 Improving of Catalytic Selectivity 

Equally important to the catalytic activity and durability is the selectivity of a 
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nanocatalyst toward particular reactions of interest, how to optimize the catalytic 

selectivity of Au nanocatalyst, nevertheless, remains a big challenge. Although this 

problem can be overcome by using (precious-metal catalysts) oxides-supported ultrasmall 

Au nanoparticles or Au nanoclusters for certain oxidation or hydrogenation reactions,
83-86

 

it is found that the selectivity strongly depends on the interaction between Au and the 

support and surface ligand modification. Wittstock and co-workers reported the dealloyed 

support-free microscopic Au foam showed selective gas-phase oxidative coupling of 

methanol but with residual Ag as a “helper” which played a crucial role in manipulating 

the selectivity by regulating the availability of reactive oxygen on the surface during the 

gas reaction.
14

 Therefore, it has been long open questions and seems unexceptional to 

investigate the selectivity of dealloyed porous of Au nanocatalysts toward surface-

catalyzed reactions due to their substantially more complicated surface structures. 

Inspired by the close correlation between catalytic performance and atomic-level surface 

structure over polyhedral Au nanocrystals enclosed by specific types of well-defined low-

index and high-index facets with different surface atomic coordination numbers,
87-90

 we 

thus hypothesize the catalytic selectivity of Au nanocatalyst is intimately tied to the 

surface atomic coordination numbers. In contrast to the achievement in fine-tuning of 

surface atomic-level structure through facet control, precise control over the local 

environment at an atomic level of dealloyed Au porous nanoparticles seems an extremely 

challenging task because highly curve nanoligaments obtained through percolation 

dealloying of atomic well-mixed random alloy nanoparticles are dominated by 

substantially more complicated surface comprising a mixture of various crystal facets. On 

basis of the our precious understanding of architectural control, the dealloying behaviors 
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of the nanoparticles might be modified by exposure nanoparticle of intraparticle 

compositional gradient or ordered intermetallics upon dealloying environments and 

generate dealloyed particles with obviously different local surface structures, which 

might provide us an intriguing system to make the catalytic selectivity of the dealloyed 

Au porous nanoparticles achievable. In addition, it also speculates selectivity to specific 

reactions possibly can be realized through incorporation of residues, in the presence of 

pure components or intermixed with Au on the Au nanoligament surfaces, which 

probably has a great impact on the geometric and electronic properties and thus catalytic 

property of porous Au nanoparticles. 

1.5 Outline of the Dissertation 

This dissertation is primarily focused a Synthesize-Measure-Correlate strategy, 

integrating research efforts on architectural control of nanoparticles, structure and 

property characterizations, and elucidation of detailed structure-composition-property 

relationships. I first focus on the fabrication and percolation dealloying of Au-Cu binary 

alloy nanoparticles as a model system and then expand the materials systems of interest 

to multimetallic nanoparticles systems that are structurally more sophisticated and 

compositionally more diverse. Two main aims are covered in the motivations behind this 

research: (a) to pinpoint the effects of key thermodynamic, kinetic, and geometric factors 

dictating the architectural evolution of multimetallic alloy nanoparticles during 

nanoporosity-evolving percolation dealloying; (b) to develop quantitative understanding 

of detailed structure-composition-property relationships underpinning the electrocatalytic 

behaviors of dealloyed spongy nanoparticles. In chapter 2, I demonstrate upon thermal 

annealing in a reducing atmosphere, Au@Cu2O core-shell nanoparticles transform into 
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Au-Cu alloy nanoparticles with tunable compositional stoichiometries that are 

predetermined by the relative core and shell dimensions of their parental core-shell 

nanoparticle precursors. The Au-Cu alloy nanoparticles exhibit distinct dealloying 

behaviors that are dependent upon their Cu/Au stoichiometric ratios. For Au-Cu alloy 

nanoparticles with Cu atomic fractions above the parting limit, nanoporosity-evolving 

percolation dealloying occurs upon exposure of the alloy nanoparticles to appropriate 

chemical etchants, resulting in the formation of particulate spongy nanoframes with 

solid/void bicontinuous morphology composed of hierarchically interconnected nano-

ligaments. The dealloyed nanoframes possess two unique structural features, large open 

surface areas accessible by the reactant molecules and high abundance of catalytically 

active undercoordinated atoms on the ligament surfaces, both of which are highly 

desirable for high-performance electrocatalysis. Using the room temperature electro-

oxidation of methanol as a model reaction, we further demonstrate that through 

controlled percolation dealloying of Au-Cu alloy nanoparticles, both the 

electrochemically active surface areas and the specific activity of the dealloyed metallic 

nanoframes can be systematically tuned to achieve the optimal electrocatalytic activities. 

In chapter 3, I report that incorporation of Ag into Au-Cu binary alloy nanoparticles 

substantially enhances the Cu leaching kinetics while effectively suppressing ligament 

coarsening during nanoporosity-evolving percolation dealloying, enabling us to optimize 

both the specific surface areas and specific activities of the dealloyed Au nanosponge 

particles for electrocatalytic oxidation of alcohols. The residual Ag in the dealloyed 

nanosponge particles plays crucial roles in stabilizing the surface active sites and 

maintaining the specific surface areas during electrocatalytic reactions, thereby greatly 
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enhancing the durability of the electrocatalysts. The insights gained from this work shed 

light on the underlying roles of residual less-noble elements that are crucial to the rational 

optimization of electrocatalysis on noble metal nanostructures. In chapter 4, I find that 

colloidal Au@Cu2O core-shell nanoparticles undergo stepwise structural transformations 

to sequentially evolve into Au@Cu core-shell nanoparticles, alloy nanoparticles with 

compositional gradient (Alloy-G), and homogeneous alloy nanoparticles (Alloy-H) upon 

thermal heating in polyol solution. By varying the reaction temperatures, we can 

maneuver the reactions kinetics to control the intraparticle compositional gradient. Upon 

percolation dealloying, the Alloy-G bimetallic nanoparticles gradually evolve into 

nanoparticles with solid Au cores surrounded by nanoporous shells, whereas Alloy-H 

nanoparticles transform into spongy nanoparticles that are nanoporous throughout the 

entire particles. The dealloyed nanoparticles possess different surface atomic 

undercoordinations, which result in their selectively catalytic behaviors toward an 

important electrocatalytic reaction. This provides a unique way of achieving catalytic 

selectivity optimization of Au nanocatalysts through deliberate control over the 

percolation dealloying of bimetallic nanoparticles with interior compositionally gradients. 

In chapter 5, using Au-Cu alloy and intermetallic nanoparticles as structurally and 

compositionally fine-tunable bimetallic sacrificial templates, I show that atomically 

intermixed bimetallic nanocrystals undergo galvanic replacement-driven structural 

transformations remarkably more complicated than those of their monometallic 

counterparts. I interpret the versatile structure-transforming behaviors of the bimetallic 

nanocrystals in the context of a unified mechanistic picture that rigorously interprets the 

interplay of three key structure-evolutionary pathways, dealloying, Kirkendall diffusion, 
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and Ostwald ripening. By deliberately tuning the compositional stoichiometry and 

atomic-level structural ordering of the Au-Cu bimetallic nanocrystals, I have been able to 

fine-maneuver the relative rates of dealloying and Kirkendall diffusion with respect to 

that of Ostwald ripening, through which an entire family of architecturally distinct 

complex nanostructures are created in a selective and controllable manner upon galvanic 

replacement reactions. The insights gained form my systematic comparative studies form 

a central knowledge framework that allows us to fully understand how multiple classic 

effects and processes interplay within the confinement by a nanoparticle to 

synergistically guide the structural transformations of complex nanostructures at both the 

atomic and the particulate levels. In chapter 6, I endeavor to further push the structural 

and compositional control of multimetallic hollow nanostructures to a new level of 

precision and sophistication by coupling the percolation dealloying with galvanic 

replacement using bimetallic nanoparticles as initial sacrificial templates. I show that 

spongy NPs with ultrathin nanoligaments comprising Au-Cu alloy cores and Au-Pt alloy 

shells could be controllably synthesized by galvanic replacement of Au0.2Cu0.8 alloy with 

H2PtCl6 in the presence of HCl. The thickness and the composition of the ligament could 

be precisely tailored by control over the Cu leaching rate determined by HCl 

concentration versus galvanic replacement rate. The unique ligaments feature greatly 

enhances the structural stability of the active sites on the ligament surfaces, allowing us 

to retain the superior catalytic activities over much longer periods toward alcohol 

oxidation reactions in both acidic and alkaline environments relative to the commercial Pt 

black. In chapter 7, through combination the GRRs with codeposition, I also demonstrate 

that architecture significantly different hollow nanoparticles including spongy-like 
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nanoparticles, Pt-decorated nanospongies, and nanoshells particles could be controllably 

fabricated by maneuvering the relative reaction rate between the galvanic replacement 

and the reduction reaction in different polyols that served as both reaction solvent and 

reducing agent under the same conditions. The catalytic performances of various Pt-based 

hollow nanostructures were evaluated by choosing electrochemical oxidation of formic 

acid and hydrogen evolution in acidic environments as model reactions. It is found that 

the spongy-like nanoparticles with ultrathin nanligaments comprising Au-Cu alloy cores 

and Au-Pt shells exhibit superior catalytic activities compared with commercial Pt/C 

catalyst. In chapter 8, I systematically investigate the epitaxial growth of both face-

centered cubic (fcc) and hexagonal close-packed (hcp) Ni on fcc Au nanocrystal seeds in 

polyol solvents to shed light on the complex mechanisms underpinning the intriguing 

geometric evolution of lattice-mismatched bimetallic nanocrystals during seed-mediated 

heteroepitaxial overgrowth. My success in geometry-controlled syntheses of a series of 

Au-Ni bimetallic heteronanostructures, such as conformal core-shell nanoparticles, 

asymmetric heterodimers, and multibranched core-satellite nanocrystals, represents a 

significant step toward the extension of nanoscale interfacial heteroepitaxy from lattice-

matched bimetallic systems to the ones exhibiting large lattice mismatches and even 

dissimilar crystalline structures. The insights gained from this work serve as a central 

design principle that guides the development of new synthetic approaches to 

architecturally sophisticated and compositionally diverse multimetallic 

heteronanostructures. 
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CHAPTER 2 

CONTROLLED DEALLOYING OF ALLOY NANOPARTICLES 
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2.1 Introduction 

Multi-metallic nanoparticles (NPs), either heteronanostructures or homogeneous alloys, 

may undergo intriguing post-synthesis structural transformations upon intraparticle 

atomic migrations triggered by thermal,
1
 electrical,

2
 or chemical stimuli,

3
 providing a 

unique way to deliberately fine-tailor the geometries and thereby fine-tune the optical, 

electronic, and catalytic properties of the NPs. The chemical or electrochemical 

dealloying of metallic alloy materials, which involves selective leaching of the less-noble 

components from the alloy matrices accompanied by structural remodeling of the more-

noble components, represents an intriguing structural rearrangement that entangles 

multiple surface and bulk atomic dissolution and migration processes over the nanometer 

length-scale.
4
 A prototypical system of particular interest has been the percolation 

dealloying of bulk membranes of Au-Ag bimetallic alloys, which results in the formation 

of a unique solid/void bicontinuous nanoporous structure consisting of a three-

dimensional (3D) network of hierarchically interconnected Au-rich nano-ligaments.
4-6

 In 

striking contrast to the bulk Au films that are catalytically inactive, the dealloyed 

nanoporous Au membranes exhibit exceptionally high catalytic activities commensurate 

with those of the oxide-supported sub-5 nm Au NPs that have long been used for 

heterogeneous catalysis.
6,7

 The locally curved surfaces of the nano-ligaments are 

essentially enclosed by high densities of undercoordinated surface atoms, which serve as 

the active sites for catalyzing a series of interfacial chemical and electrochemical 

reactions.
7-9

  

Alloy NPs may undergo dealloying-induced structural transformations that are 

substantially more complicated than those of their macroscopic bulk alloy counterparts 
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displaying a planar surface to the electrolyte. Upon dealloying, an alloy NP may evolve 

into a variety of distinct nanostructures, such as a core-shell heterostructure with a noble 

metal shell encasing an alloy core,
10-13

 a sponge-like particle with hierarchical 

nanoporosity,
10-13

 or a skeletal nanoframe (NF) covered by a noble metal skin,
14-16

 

depending on the size, crystalline structure, compositional stoichiometry, and 

compositional gradient of the starting alloy NPs as well as the conditions under which the 

dealloying occurs. While each one of these structural transformations gives rise to 

drastically enhanced catalytic activities,
10,13,14,17,18

 the origin of the catalytic 

enhancements cannot be simply interpreted in the context of a single unified mechanism 

because multiple effects interplay and contribute synergistically to the overall catalytic 

activities. The specific surface area of a NP accessible for catalysis may drastically 

increase upon dealloying, especially when a solid alloy NP is converted into either a 

skeletal NF or a spongy nanoporous particle with hollow interior and open surface 

structures.
10,14,18 

The specific catalytic activity of the NPs, on the other hand, may also be 

greatly enhanced upon dealloying as a consequence of two intrinsically interconnected 

effects, geometric and electronic effects, both of which are intimately tied with the 

density and nature of the active sites on the NP surfaces.
2,19-21

 Unraveling the detailed 

structure-composition-activity correlations that underpin the intriguing catalytic 

behaviors of the dealloyed metallic NPs, however, has long been a challenging task due 

to the intrinsic structural and compositional complexity and diversity of the materials 

systems as well as lack of a versatile approach through which both the specific surface 

area and specific catalytic activity of a dealloyed NP can be precisely fine-tuned.  

Here we endeavor to push the structural control of dealloyed metallic nanocatalysts to 
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an unprecedented level of precision and versatility with the goal of paving an avenue 

toward the rational optimization of electrocatalysis. Dealloyed spongy nanoframes (NFs) 

represent a particularly interesting geometry with unique structural characteristics highly 

desirable for electrocatalysis. The enormous surface-to-volume and surface-to-mass 

ratios of the spongy NFs are highly advantageous for achieving superior mass activities, 

which become especially crucial when precious noble metals, such as Au, Pt, and Pd, are 

used as the catalysts.
14,22-24

 On the other hand, the locally curved surfaces of the nano-

ligaments are rich of catalytically active sites occupied by coordinatively unsaturated 

surface atoms.
8,9

 Using the methanol electro-oxidation as a model reaction, we 

demonstrate that both the catalytically active surface area and the density of active sites 

on the surfaces of spongy NFs can be deliberately tuned toward the optimization of 

electrocatalysis through controlled percolation dealloying of Au-Cu alloy NPs under mild 

conditions. 

2.2 Experimental Section 

Chemicals and Materials Polyvinylpyrrolidone (PVP, average MW 58,000), Cu(NO3)2, 

and Fe(NO3)3 were purchased from Alfa Aesar. Chloroauric acid (HAuCl4·4H2O), HNO3 

(65%), N2H4·3H2O solution (35 wt %), H2SO4 (98%), and Nafion perfluorinated resin 

solution (5 wt%) were purchased from Sigma-Aldrich. K2CO3 and 37% formaldehyde 

were purchased from J.T. Baker. Methanol, NaOH, KNO3, and KOH were purchased 

from Fisher Scientific. Ammonium Hydroxide (28-30%) was purchased from British 

Drug Houses. All reagents were used as received without further purification. Ultrapure 

water (18.2MΩ resistivity, Milli-Q, Millipore) was used for all the experiments. 

Synthesis of Au QSNPs and SRNPs. Au QSNPs (diameter of 104 + 6.5 nm), which 
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were used as the core materials for Au@Cu2O core-shell nanoparticle fabrication, were 

synthesized by reducing chloroauric acid with formaldehyde at room temperature.
25,26

 Au 

SRNPs with overall particle diameters of 120 + 7.2 nm were prepared following a 

protocol we recently published.
51, 27

 

Synthesis of Au@Cu2O Core-shell NPs. Au QSNPs (diameter of 104 + 6.5 nm) were 

used as the core materials for the fabrication of Au@Cu2O core-shell NPs following a 

previously published protocol.
26

 Briefly, 9.6 mL of Au QSNPs was first introduced into 

300 mL of 2 wt% PVP aqueous solution. Varying amount (0.3-3 mL) of 0.1 M Cu(NO3)2 

solution, depending on the desired thickness of the resulting Cu2O shells, was 

subsequently added. The reaction mixtures were transferred into an ice bath, and then 

0.67 mL of 5 M NaOH and 0.3 mL of N2H4·3H2O solution were added under magnetic 

stir. The solutions were kept stirring for 10 min, and the NPs were subsequently separated 

from the reaction solution by centrifugation (2000 rpm, 10 min) and redispersion in 

ethanol. More details of the core-shell NP synthesis can be found in a paper previously 

published by our group.
26

 

Synthesis of Au-Cu Alloy NPs. Au-Cu alloy NPs were prepared through thermal 

annealing of the Au@Cu2O core-shell NPs at 450 °C in a flow of H2 flow (50 sccm) 

under 100 Torr for 15 min in a tube furnace. The annealed samples were collected after 

cooling down to room temperature and were redispersed in 10 mL water. It was recently 

revealed by thermal gravimetric analysis that PVP in various nanocomposites underwent 

rapid thermal degradation at temperatures above ~420 °C.
28-30

 Therefore, thermal 

annealing at 450 °C enabled us not only to obtain fully alloyed NPs, but also to 

effectively remove the residual PVP possibly present on the NP surfaces (the synthesis of 
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Au@Cu2O core-shell NPs involved the use of PVP). 

Synthesis of Spongy NFs. Spongy NFs were fabricated through chemical dealloying 

upon the introduction of 1 mL of a chemical etchant, such as HNO3, Fe(NO3)3 or NH4OH, 

into 200 µL of colloidal Au-Cu alloy NPs at room temperature. After certain dealloying 

times, the dealloyed NFs were separated from the etchants through centrifugation and 

redispersion in water.  

Electrochemical Measurements. All the electrochemical measurements were 

performed using a CHI 660E workstation (CH Instruments, Austin, Texas) at room 

temperature with a three-electrode system composed of a Pt wire as the auxiliary, a 

saturated calomel electrode (SCE) as the reference, and a glassy carbon electrode (GCE, 

3 mm diameter) as the working electrode.  Typically, the GCE was polished with 0.3 mm 

alumina slurry and followed by washing with water and ethanol before use. Dry powders 

of spongy NFs, Au-Cu alloy NPs, Au QSNPs, or Au SRNPs with certain total masses 

were first redispersed in H2O to form colloidal suspensions (2.0 mg Au in 1.0 mL H2O), 

and then 2 μL of the colloidal ink were drop-dried on each pretreated GCE at room 

temperature. Finally, 2 μL of Nafion solution (0.2 wt%) was drop-dried to hold the NPs 

on the electrode surfaces. The Au mass of the NPs loaded on each GCE was kept at 4.0 

µg for comparison of the Mas and ECSAs of various samples. In a typical 

electrochemical test, CV scans were performed in a 0.5 M KOH solution with or without 

1.0 M CH3OH degassed with N2 at a sweep rate of 10 mV s
-1

. CV measurements for 

oxide stripping were conducted in N2-saturated 0.5 M H2SO4 solution at various potential 

sweep rates in range of 5-500 mV s
-1

. The polarization trace was normalized against the 

Au mass of the NPs loaded on each GCE. 
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Structural and Compositional Characterizations. The morphologies and structures 

of the NPs were characterized by TEM using a Hitachi H-8000 transmission electron 

microscope, which was operated at an accelerating voltage of 200 kV. All samples for 

TEM measurements were dispersed in ethanol and drop-dried on 400 mesh carbon-coated 

Cu grids. The structures and compositions of the nanoparticles were also characterized by 

SEM and EDS using a Zeiss Ultraplus thermal field emission scanning electron 

microscope. The samples for SEM and EDS measurements were dispersed in ethanol and 

drop-dried on silicon wafers. The atomic level structures of the nanoparticles were 

resolved by HAADF-STEM using a JEOL 2100F 200 kV FEG-STEM/TEM microscopy 

equipped with a CEOS CS corrector on the illumination system. The samples for 

HAADF-STEM/EDS measurements were dispersed in ethanol and drop-dried on Mo 

grids with ultrathin carbon support film. The optical extinction spectra of the NPs were 

measured on aqueous colloidal suspensions at room temperature using a Beckman coulter 

Du 640 spectrophotometer. PXRD patterns were record on Bruker axs D8 Discover (Cu 

Kα = 1.5406 Å). A Finnigan ELEMENT XR double focusing magnetic sector field 

inductively coupled plasma-mass spectrometer (SF-ICP-MS) was used for the analysis of 

Cu (65, MR), Au (197, MR) and internal standard Rh (103 MR). 0.2 mL min
-1

 Micromist 

U-series nebulizer (GE, Australia), quartz torch and injector (Thermo Fisher Scientific, 

USA) were used for sample introduction. Sample gas flow was at 1.08 mL min
-1

. The 

forwarding power was 1250 W. The sample for ICP-MS measurements were prepared by 

adding 1 mL nitric acid and 3 mL of hydrochloric acid into Teflon digestion vessels 

containing the NP samples. The samples were digested using hot block at 180
o 
C for 4 h. 

The digestates were brought to 50 mL with water. A 3-point calibration curve was used 
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superficial dealloying can occur, forming a conformal surface atomic layer of the more-

noble component which passivates the surface and thereby inhibits the nanoporosity 

formation.
41,42

   

For a spherical A1-pBp alloy NP of radius r, the critical potential becomes not only 

dependent on the composition but also on the size of the NP. Accordingly, the Ec(p,r) of 

the alloy NP is given by
11
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                      (4), 

where γAlloy is the alloy/electrolyte interfacial free energy, fAlloy is the alloy/electrolyte 

interface stress, 
A


is the partial molar volume of A in the alloy, and ⟨Ω⟩ is the average 

molar volume of the alloy. When r is greater than ∼5 nm, equations (2) and (4) provide 

virtually identical results because the maximum values of γAlloy and fAlloy are ∼ 2 and ~ 6 J 

m
–2

, respectively.
43

 Therefore, alloy NPs larger than ~ 10 nm typically undergo 

dealloying-induced structural transformations analogous to those of their bulk 

counterparts with the same compositions. It was shown that Au-Ag alloy NPs larger than 

10 nm evolved into spongy nanoporous structures whereas their sub-10 nm counterparts 

transformed into core-shell NPs under identical dealloying conditions.
11

 Since the particle 

sizes under the current investigations were far beyond 10 nm, the Au-Cu alloy NPs 

evolved into spongy NFs when the Cu content was higher than the parting limit, which 

was determined to be ~ 70 at % of Cu. Dealloying of the Au0.31Cu0.69 alloy NPs resulted 

in a mixture of solid alloy NPs and spongy NFs owing to the intrinsic particle-to-particle 

compositional variations within the sample. 

The composition-dependent electrochemical dealloying behaviors of the Au-Cu alloy 
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better than the nanoporous Au shells, respectively, in terms of the MAs normalized to Au 

mass. The ECSA of NF-ii was about 2.5 times higher than the largest ECSAs achievable 

on the nanoporous Au shells and bowls.
59,65

 The SAs of the dealloyed spongy NFs, 

macroscopic nanoporous Au foams, and the nanoporous Au shells and bowls, however, 

were all comparable to each other possibly due to similar densities of the 

undercoordinated atoms on their highly curved surfaces.  

To assess the electrocatalytic durability of the spongy NFs, chronoamperometry (CA) 

measurements were carried out at both the onset oxidation potential (0.1 V, vs. SCE) and 

the oxidation peak potential (0.3 V, vs. SCE).  As shown in Figure 2.4C, the oxidation 

currents underwent a fast decay in the first few seconds followed by a much slower decay 

over minutes till reaching a steady-state plateau.  The fast decay of the oxidation currents 

arose from the development of the electrochemical double-layer after a potential was 

applied on the samples till reaching the equilibrium after a few seconds. The slower 

current decay was found to be associated with the surface structural remodeling of the 

NFs during electrocatalytic reactions, which resulted in the activity deterioration to 

certain extent. Although the nanoporous morphology of the Au0.30Cu0.70 NFs (NF-ii) was 

well-preserved with limited amount of Cu further leached before the steady-state current 

was reached, thickening of the ligaments and expansion of pore sizes were clearly 

observed as a consequence of surface atomic migrations. Such surface structural 

remodeling during electrocatalytic reactions, which was previously also observed on 

dealloyed macroscopic Au membranes,
9
 resulted in decrease of both the ECSAs and 

densities of active sites on the NF surfaces. The spongy NFs obtained through 

electrochemical dealloying exhibited significantly lower electrocatalytic activities than 
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their chemically dealloyed counterparts, further indicating that the undercoordinated 

surface atoms located at the catalytic active sites could migrate to form 

thermodynamically more stable but catalytically less active surface structures when a 

potential bias was applied to the NFs.  

2.4 Conclusion 

As demonstrated in this work, the percolation dealloying of Au-Cu alloy NPs is a 

multi-scale structural remodeling process involving nanoscale atomic dissolution and 

migration that lead to the formation of spongy NFs with unique structural characteristics 

highly desired for electrocatalysis. The solid-void bicontinuous NFs consisting of 

hierarchically interconnected nano-ligaments are found to be a unique structure generated 

from percolation dealloying of Au-Cu alloy NPs with Cu at % above the parting limit. 

The nanoporosity evolution during percolation dealloying is synergistically guided by 

two intertwining and competing structural rearrangement processes, ligament domain 

coarsening driven by thermodynamics and framework expansion driven by Kirkendall 

effects, both of which can be maneuvered by controlling the Cu leaching rates during the 

percolation dealloying. The controlled percolation dealloying of Au-Cu alloy NPs 

provides a unique way to systematically tune both the catalytically active surface areas 

and the surface densities of active sites of the dealloyed NFs such that the optimal 

electrocatalytic activity can be achieved. The undercoordinated surface atoms, which 

serve as the catalytically active sites, undergo nanoscale surface migrations over a time 

scale of minutes during electrocatalytic MOR till reaching the steady-state catalytic 

currents, resulting in structural remodeling of the NFs that causes partial deterioration of 

the catalytic activities. Development of new approaches to further stabilizing the surface 
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active sites on the dealloyed NFs through either incorporation of structure-stabilizing 

residual components or deliberate introduction of compositional gradients to the nano-

ligaments is currently underway with the ultimate goal of retaining the superior mass-

specific electrocatalytic activities of the spongy NFs over extended time periods for direct 

methanol fuel cell (DMFC) applications.  
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Figure 3.3. CA curves (at 0.20 V vs. SCE) of NS-T and NS-B in 0.5 M KOH electrolyte 

solutions containing (A) 1 M methanol, (B) 1 M ethanol, (C) 1 M iso-propanol, and (D) 0.25 M 

ethylene glycol. (E) jp,f / jp,i for NS-B and NS-T. The error bars represent the standard deviations 

of 5 samples.  

 

We further performed CV measurements at different potential sweep rates, v, for the 

alcohol oxidation reactions. The ratio of forward (anodic) sweep peak current to 

backward (cathodic) sweep peak current, jf/jb, which reflected the tolerance of the 

catalysts to the carbonaceous species accumulation, increased with v, suggesting that fast 

potential sweep favored oxidation of the surface adsorbed alcohols during the anodic 

sweeps. The highly curved surfaces of the nano-ligaments were enclosed by a mixture of 

surface atoms with various ACNs, thereby exhibiting highly heterogeneous catalytic 

activities from site to site.  In addition, the molecular diffusion rates in the interior 

regions of the NS particles may be drastically different from those on the outer surfaces 

due to nanoconfined cage effects.
28

 The anodic peak current was far from being 

proportional to either v or v
1/2

, suggesting that the electrocatalytic reactions on the 

dealloyed NS particles may involve multiple site-specific electron transfer and molecular 
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diffusion rates and thereby are much more complicated than a simple diffusion- or 

surface-controlled process on a planar electrode surface.  

3.4 Conclusion 

The idea of incorporating a third non-leachable, noble element into the bulk of binary 

alloys to modify the dealloying behaviors of the alloys dates back to early 1990s.
29

 

Addition of a small concentration of arsenic into Cu-Zn brasses effectively suppressed 

the dealloying due to the pinning of mobile Cu atomic step edges by surface-segregated 

arsenic.
29

 Similarly, small amounts of Pt added to the bulk of Ag-Au alloy membranes 

also accumulated around the surface atomic step edges to stabilize the undercoordinated 

atoms during percolation dealloying.
30

 However, as a leachable less-noble element, Ag 

plays unique roles distinct from those of the non-leachable arsenic and Pt in the bulk 

alloys during the nanoporosity-evolving percolation dealloying. As demonstrated here, 

the co-leaching of Ag and Cu from Au-Ag-Cu ternary alloy NPs allows us to accelerate 

Cu leaching while suppressing ligament coarsening, resulting in dealloyed NS particles 

with substantially larger specific surface areas and higher surface active site densities 

than their Ag-less counterparts. The residual Ag in the fully dealloyed NS particles also 

stabilizes the active sites and the nanoporous architectures, thereby greatly enhancing the 

durability of electrocatalytic activities toward alcohol oxidation reactions. This work 

sheds light on the underlying roles of the less-noble residues that are crucial to the 

electrocatalytic competence of dealloyed metallic nanostructures, providing insightful 

knowledge that guides the rational optimization of electrocatalysis for fuel cell 

applications. In a broader context, the residual Ag exists not only in dealloyed Au 

nanoporous foams or NS particles, but also in a large variety of catalytically active Au 
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nanostructures, such as nanocages,
31

 nanorods,
32

 surface roughened NPs,
22

 and high-

index faceting nanopolyhedra,
21,33

 due to the involvement of Ag in their shape-controlled 

syntheses. However, the underlying contributions of the residual Ag to the catalytic 

performances of these Au nanostructures still remain largely unexplored. The insights 

gained through this work provide important implications that germinate future work 

toward thorough understanding of the crucial roles of residual less-noble elements 

underpinning the intriguing catalytic behaviors of noble metal nanocatalysts. 
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CHAPTER 4 

SURFACE ATOMIC COORDINATION MATTERS: SELECTIVE 

ELECTROCATALYTIC ACTIVITY ON DEALLOYED NANOSPONGE 

PARTICLES
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4.1 Introduction 

Dealloying, which involves the selective dissolution of less-noble components from a 

metallic alloy matrix and concurrent structural rearrangements of the more-noble metals, 

provides a unique and versatile pathway to tailor the structures and compositions and 

thereby fine-tune the properties of the dealloyed materials.
1-5

 The percolation dealloying 

of bulk Au/Ag or Au/Cu alloy membranes has been of particular interest, which results 

in the formation of nanoporous Au sponge composed of three-dimensional bicontinuous 

networks of interconnected Au-rich nanoligaments.
1,6

 In striking contrast to their 

chemically inert bulk counterparts, the dealloyed nanoporous Au foam exhibits 

remarkably catalytic activities comparable to those of ultrasmall sub-5 nm Au 

nanoparticles (NPs) as a consequence of the high abundance of coordinatively 

unsaturated atoms located on the highly curved nanoligament surfaces, serving as 

catalytically active sites toward a variety of reactions.
1,2,4

 
7
 

     While dealloyed bulk systems exhibit promising performances, the percolation 

dealloying of alloys has been already pushed forward to particulate nanostructures, 

which enables controlled introduction of nanoporosity to metallic NPs with well-defined 

compositional (e.g., overall and surface/bulk ratios of metal A and B) and morphological 

(e.g., particle size and shape) configurations,
8-14

 and eventually realizes the rational 

design of dealloyed NPs with unique physicochemical properties (highly efficient 

catalytic activities). Great success in systematically tuning the density of active sites on 

the ligament surfaces of Au-dominated dealloyed nanosponge particles (DNSPs) toward 

performance optimization has been achieved through kinetic control over percolation 

dealloying of alloy NPs and the active sites and structures could be well preserved by 
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incorporation of structure-stabilizing residual components into the dealloyed NPs.
15-17

 

Equally important to the catalytic activity and durability is the selectivity of Au 

nanocatalyst toward particular reaction of interest, which essentially depends on 

undercoordination environments on the local surface. How to optimize the 

electrocatalytic selectivity of Au nanocatalyst, nevertheless, remains a big challenge. 

While numerous studies have been focusing on the potential catalytic activity for 

partially redox reactions of supported ultrasmall Au NPs or Au clusters,
18-21

 neither of 

which possesses the desired surface structures to study the catalytic selectivity of the Au 

nanocatalyst. In addition, strong synergistic effects among the interface to the supports, 

defect sites, and functional groups on the support as well as reaction conditions on the 

overall catalytic activity have limited the understanding of the underlying intrinsically 

catalytic selectivity of the Au nanocatalyst.
22-24

 Much effort has been recently made to 

uncover the relationship between catalytic performance and atomic-level surface 

structure over support-free polyhedral Au NPs enclosed by specific types of well-defined 

low-index and high-index facets with different surface atomic coordination numbers,
25-29

 

but few attention has been paid on their surface-correlated catalytic selectivity. Building 

detailed correlation between the surface structure atomic coordination and the catalytic 

selectivity that underpins the Au DNSPs, seems unexceptional and has not been 

investigated so far. In contrast to the achievement in fine-tuning of surface atomic-level 

structure through facet control, the lack of precise control over the atomic coordination 

on Au DNSPs surface has been a huge barrier to quantitatively correlate the catalytic 

selectivity with the surface coordinations due to their substantially more complicated 

surface structures based on conventional percolation dealloying that typically started 
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from homogenous alloy NPs.  

Here we endeavor to gain quantitative insights into the facet-selectivity relationship of 

Au NPs with well-defined facets using the room temperature electrocatalytic glucose 

oxidation as a model reaction,
30

 and then further push the atomic-level surface structure 

control over Au DNSPs through percolation dealloying of Au-Cu bimetallic nanospheres 

with interior compositional gradients. Au-Cu bimetallic NPs could selectively transform 

into fully hollow nanostructures or partially porous structures with solid Au cores and 

interconnected ligament shells, which possess different coordination environments on the 

surface, making it possible to study the catalytic selectivity of Au DNSPs.  

4.2 Experimental Details 

Materials Polyvinylpyrrolidone (PVP, average MW 58 000), (1-

Hexadecyl)trimethylammonium chloride (CTAC, 96%) chloroauric acid (HAuCl4·4H2O), 

copper nitrate hydrate (Cu(NO3)2·3H2O), and tetraethylene glycol (TEG) were purchased 

from Alfa Aesar. Sodium borohydride (NaBH4, 99%), L-ascorbic acid (AA, 99.5%), and 

hydrochloric acid (HCl, 37%), D-glucose, hydrazine solution (N2H4·3H2O 35 wt %), 

nitric acid (HNO3 65%), sulfuric acid (H2SO4 98%), and Nafion perfluorinated resion 

solution (5 wt%) were purchased from Sigma-Aldrich. Potassium carbonate (K2CO3) and 

formaldehyde (37 wt%) were purchased form J.T. Baker. Sodium hydroxide (NaOH), 

potassium nitrate (KNO3), and potassium hydroxide (KOH) were purchased from Fisher 

Scientific. (1-Hexadecyl)trimethylammonium bromide (CTAB, > 98.0 %), D-

gluconolactone, D-sucrose, and D-fructose were purchased from TCI America. D-

glucaric acid potassium salt was purchased from MB Biomedicals, LLC. All reagents 

were used as received without further purification. Ultrapure Milli-Q water with a 
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resistivity of 18.2 MΩ (Millipore) was used for all the experiments. 

Synthesis of Au Elongated Tetrahexahedral (ETHH) Nanoparticles Au ETHH 

nanoparticles were prepared following a reported seed-mediated protocol with minor 

modifications. Colloidal Au seeds were first prepared by the reducing HAuCl4 with 

NaBH4 in the presence of CTAB. In typical, 0.60 mL of ice-cold, freshly prepared NaBH4 

(10 mM) were quickly injected into a solution composed of CTAB (9.75 mL, 0.10 M) 

and HAuCl4 (0.25 mL, 10 mM) under vigorous magnetic stirring (1000 rpm). The mixed 

solution was stirred for 1 min, left undisturbed for 2 h and then diluted by 50-fold with 

CTAB (0.10 M) to obtain the seed solution for the subsequent particles growth. The 

growth solution was prepared by adding HAuCl4 (2.0 mL, 10 mM), AgNO3 (0.40 mL, 10 

mM), HCl (0.80 mL, 1.0 M), and AA (0.32 mL, 0.10M) into a CTAB (40.00 mL, 0.10 M) 

solution in succession. After gently mixing the growth solution for 30 s, the growth of Au 

ETHH nanoparticles was initiated by adding 0.1 mL of the Au seed solution. The reaction 

solution was gently mixed for 30 s immediately after the addition of Au seeds and then 

left undisturbed at 30 
o
C for overnight. The obtained Au ETHH nanoparticles were 

washed with water twice and finally redispersed in 5.0 mL of water. 

Synthesis of Au Trisoctahedral (TOH) Nanoparticles Au TOH nanoparticles were 

prepared following a previous protocol based on seed-mediated growth. Colloidal Au 

seeds were prepared by the reducing HAuCl4 with NaBH4 in the presence of CTAC. In a 

typical procedure, 0.30 mL of ice-cold, freshly prepared NaBH4 (10 mM) were quickly 

injected into a solution composed of CTAC (10.00 mL, 0.10 M) and HAuCl4 (0.25 mL, 

10 mM) under magnetic stir (1000 rpm). The mixed solution was stirred for 1 min, left 

undisturbed for 2 h and then diluted by 1000-fold with CTAC (0.10 M) to obtain the Au 


