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SUMMARY  

Ruthenium (Ru) is an intriguing catalytic material for a variety of reactions. 

However, its extremely low abundance in the earth crust and ever-increasing price have 

created a barrier to the large-scale use of this metal. One solution to this issue is to engineer 

the shape or surface structure, as well as the crystal phase of Ru nanocrystals, in an attempt 

to optimize their catalytic properties. This dissertation is focused on the development of 

synthetic strategies for the facile synthesis of Ru nanocrystals with a face-centered cubic 

(fcc) phase and well-defined surface structures. Based on the integration of seed-mediated 

growth and wet chemical etching, I was were able to fabricate Ru nanocages with a cubic, 

octahedral, or icosahedral shape. The as-synthesized nanocages were characterized by 

ultrathin and porous walls (< 1.2 nm) as well as well-controlled surface structures. Most 

interestingly, the Ru nanocages adopted an fcc phase rather than the conventional 

hexagonal close-packed (hcp) structure typical of bulk Ru. Both the fcc phase and surface 

structures of the nanocages could be well preserved up to 300 °C. The facet-dependent 

properties of the fcc-Ru nanocages were evaluated toward the reduction of 4-nitrophenol 

and hydrazine decomposition. Density functional theory calculations suggested the 

enhanced catalytic performance of the fcc-Ru nanocages toward N2 dissociation for 

ammonia synthesis relative to hcp-Ru nanoparticles. I also developed a hydrothermal 

approach to the synthesis of fcc-Ru octahedra with enhanced thermal stability using Rh 

nanocubes as the seeds. In particular, the fcc-Ru octahedra could retain both the crystal 

phase and the octahedral shape up to 400 °C. When benchmarked against the hcp-Ru 

nanoparticles, the octahedral nanocrystals exhibited enhancement in terms of specific 
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activity toward oxygen evolution. In the last project, I developed a facile method for the 

synthesis of fcc-Ru cuboctahedral nanoframes via the galvanic replacement between Pd 

seeds and a Ru(III) precursor. The nanoframes could largely retain the fcc phase and frame 

structure up to 350 °C. When used as catalysts for hydrazine decomposition, both the 

activity and selectivity of the fcc-Ru nanoframes were substantially improved relative to 

hcp-Ru nanoparticles. 
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CHAPTER 1 

INTRODUCTION  

1.1 Colloidal Noble-Metal Nanocrystals 

Noble metals play an indispensable role in a variety of applications including catalysis, 

photonics, electronics, energy, and biomedicine, among others [1 8]. A majority of these 

applications require the use of noble metals in the form of nanocrystals with at least one 

dimension in the range of 1 100 nm. Simply by decreasing the size to nanometer scale, 

noble metals exhibit many fascinating properties that can not be achieved by their bulk 

counterparts [9 11]. One impressive example can be found in the substantially increased 

surface-to-volume ratio of nanomaterials for catalysis. For a certain amount of catalytic 

materials, when the size shrinks from 10 ɛm to 10 nm, their surface area will be increased 

by 1000 times. Since the surface atoms are those that directly serve as the active sites for 

catalytic reactions, this method could theoretically reduce the loading of catalytic materials 

by 1000 times and thus facilitate the sustainable use of noble metals in various applications. 

Another compelling example is gold (Au), whose bulk state shines a bright metallic 

yellow and is considered as the least reactive metal. When processed as nanomaterials, Au 

displays a range of surprising properties different from its bulk form. The most striking 

features are the various colors displayed by the suspensions of Au nanoparticles with 

different sizes or shapes, as shown in Figure 1.1 [12]. The unique optical properties of Au 

nanomaterials, known as localized surface plasmon resonance (LSPR), have enabled many 

applications in chemistry and medicine, including sensing, drug delivery, image contrast 

enhancement, and cancer theranostics [12 17]. Additionally, Au nanoparticles with 
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diameters less than 10 nm was found to show remarkable catalytic activity toward many 

reactions such as CO oxidation and propylene epoxidation, opening new opportunities for 

this metal. 

 

 

Figure 1.1. Gold nanoparticles commonly applied to biomedical applications. (a) Gold 

nanorods, (b) silica@gold coreïshell nanoparticles, and (c) gold nanocages. The different 

colors of these suspensions arise from the collective excitation of their conduction electrons, 

or localized surface plasmon resonance modes. The photon absorption varies with (a) 

aspect ratio, (b) shell thickness, and/or (c) galvanic displacement by gold. (Reprinted with 

permission from [13]. Copyright 2012 The Royal Society of Chemistry.) 

 

 

Despite the intriguing properties of noble-metal nanocrystals, several obstacles still 

need to overcome in order to apply them to the large-scale use. The major issue lies in their 
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extremely low abundance in the earth crust (typically parts per billion or ppb level) and 

ever-increasing prices [18]. To this end, one has to decrease the loading of noble metals by 

improving their performance, especially for catalytic applications. However, one can not 

rely on continuously decreasing the size of nanomaterials because the catalytic 

performance would be ultimately compromised by the presence of increased portion of less 

desired corner and edge atoms (e.g., Pt nanoparticles for oxygen reduction) [18 21]. 

Additionally, when the particle size is reduced, the sintering of nanoparticles during long-

term operation became another issue. Therefore, there is an urgent need to explore new 

strategies for the design of noble-metal nanocrystals with enhanced properties. 

 

 

Figure 1.2. Examples of metal nanocrystals with different shapes, including those with 

single-crystal, single- and multiply-twinned, and nanocrystals with staking fault-lined 

structures. (Reprinted with permission from [22]. Copyright 2016 Annual Reviews.) 
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1.1.1 Facet-Controlled Synthesis 

One powerful method for enhancing the properties of noble-metal nanocrystals is to 

engineer their facets and thus surface structures given the fact that the surface atoms 

essentially define the active sites and energetics of a catalytic reaction [22]. The last decade 

has witnessed the great accomplishment in controlling the synthesis of noble-metal 

nanocrystals with diverse internal structures and shapes. Typical examples include single-

crystal and twinned nanocrystals, as well as those with planer defects or stacking faults. 

The representative shapes contain sphere, cube, cuboctahedron, octahedron, decahedron, 

icosahedron, right bipyramid, plate, rod, and wires (Figure 1.2) [22]. Significantly, the 

properties of noble-metal nanocrystals show strong dependence on their internal and/or 

surface structure. Our group have synthesized Pd nanocubes, bipyramids, octahedra, 

tetrahedra, decahedra, and icosahedra (Figure 1.3a f) to comprehensively investigate the 

correlation between the surface structure and catalytic performance [23]. When used as 

catalysts for formic acid oxidation (FAO), all the Pd nanocrystals with well-defined shapes 

exhibited enhanced specific activity relative to the commercial Pd black catalyst. In 

particular, the Pd{100} facets were found to be catalytically more active than Pd{111} 

facets in catalyzing the oxidation of formic acid molecules while the twin defects showed 

superior performance than both the { 100}  and {111} facets (Figure 1.3g). In addition to 

the catalytic activity, the surface structure also has a significant impact on the selectivity 

of noble-metal catalysts toward various reactions. When Pt nanocrystals were employed as 

catalysts for benzene hydrogenation, only cyclohexane was produced on the {100}-

enclosed Pt nanocubes while both cyclohexane and cyclohexene were formed on Pt 

cuboctahedral nanocrystals, which were enclosed by a mix of {100} and {111} facets [24].  
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Figure 1.3. TEM images and corresponding models of the Pd nanocrystals tested for 

formic acid oxidation (FAO): (a) cubes; (b) right bipyramids; (c) octahedra; (d) tetrahedra; 

(e) decahedra; and (f) icosahedra. The scale bar in panel (a) applies to all panels in (ae). 

(g) Comparison of the activity toward FAO between various Pd nanocrystals and against 

commercial Pd black. (Reprinted with permission from [23]. Copyright 2017 Wiley-VCH.) 
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1.1.2 Phase-Control led Synthesis  

In addition to diverse surface structures, it was recently found that noble-metal 

nanocrystals could also take on a crystal phase distinct from that in bulk [25 27]. This 

phenomenon can be rationalized by the fact that when the size of noble metals shrinks to 

the nanometer scale, the surface energy would be dominant in the total energy [27]. As a 

consequence, the noble-metal atoms may exhibit a different packing preference under 

certain conditions such as pressure, temperature, and the presence of template. Xia and co-

workers found that the crystal phase of Pd nanocrystals would transit from face-centered 

cubic (fcc) to face-centered tetragonal (fct) after subjecting to a pressure of 24.8 GPa [28]. 

Zhang and co-workers reported the facile synthesis of Au square sheets by templating with 

graphene oxide sheets, in which the Au nanosheets crystallized in a hexagonal close-

packed (hcp) phase rather than the fcc structure typical of bulk Au [29]. Since the 

arrangement of atoms is strongly correlated with the physiochemical properties of those 

metals, these demonstrations open the door to another avenue for enhancing the 

optimization of the properties of noble-metal nanocrystals.  

One representative example can be found in the Fe-Pt bimetallic system, which adopts 

body-centered cubic (bcc) and fcc structures in bulk, respectively. Sun and co-workers 

reported the facile synthesis of fcc Fe-Pt alloy nanoparticles, which then served as a 

precursor to the formation of fully ordered fct Fe-Pt alloy nanoparticles upon annealing 

(Figure 1.4, a and b) [30]. The ordering of the fct Fe-Pt nanoparticles could be readily tuned 

by varying the annealing time. When used as catalysts toward oxygen reduction reaction 

(ORR), the fully ordered fct Fe-Pt nanoparticles exhibited 3.3- and 3.7-fold, and 11.3- and 

5.3-fold enhancements in terms of specific and mass activities relative to the fcc Fe-Pt 
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nanoparticles and the commercial Pt/C, respectively (Figure 1.4, c and d). Even after 

20,000 cycles of accelerated durability test, no obvious loss of the performance was 

observed for the fct Fe-Pt nanoparticles (Figure 1.4e), demonstrating the outstanding 

durability. Moreover, the Fe-Pt nanoparticles with different crystal structures also 

displayed distinctive magnetic properties. In contrast to the fcc Fe-Pt nanoparticles that are 

superparamagnetic, the fct Fe-Pt nanoparticles are strongly ferromagnetic (Figure 1.4f).  

 

Figure 1.4. (a) HAADF-STEM image of a representative fully ordered fct Fe-Pt 

nanoparticles. (b) XRD patterns of the fully and partially ordered fct Fe-Pt nanoparticles. 

(c) Specific activities of different catalysts at 0.9 V. (d) Mass activities of different catalysts 

at 0.9 V. (e) ORR polarization curves of the fully ordered fct Fe-Pt nanoparticles before 

and after potential scans between 0.6 and 1.0 V. (Reprinted with permission from [30]. 

Copyright 2015 American Chemical Society.) 
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Thus far, phase-controlled synthesis has been accomplished for many noble metals, 

including Au, Ag, Ru, Rh, and Pd [25 27]. Unfortunately, only limited crystal phases (fcc 

or hcp) were achieved for each metal and a majority of the reported nanocrystals showed 

poorly defined shapes. As such, the shape or facet-dependent properties of the noble metals 

with a novel crystal phase remain ambiguous. How to engineer both the crystal phase and 

surface structure of noble-metal nanocrystals is an interesting research subject that deserves 

more studies. 

 

1.2 Ruthenium Nanocrystals: Challenges and Opportunities 

Ruthenium (Ru) nanocrystals have received tremendous interest recently owing to 

their compelling catalytic properties toward a variety of applications such as ammonia 

synthesis, CO oxidation, Fischer-Tropsch synthesis, batteries, and supercapacitors [28 35]. 

Although shape-controlled synthesis has been accomplished for many noble metals 

including Pd, Pt, Ag, Au, and Rh [36 40], it is still a grand challenge to engineer the shape 

or surface structure of Ru nanocrystals. There are several reasons responsible for the 

dilemma. First, distinct from the aforementioned metals (i.e., Pd, Pt, Ag, Au, and Rh) that 

have an fcc structure, Ru crystallizes in an hcp lattice. As such, the anisotropy in the c-axis 

of the intrinsic arrangement of Ru atoms (lattice constant: a =2.71 Å and c = 4.28 Å) would 

lead to different growth paces along the a- and c-direction, and thereby the preferential 

formation of nanoplates and nanowires. Additionally, the cohesive and surface energies of 

Ru are much greater than those of Pd, Pt, Ag, Au, and Rh [41, 42]. As a result, the Ru 

atoms are required to overcome a high energy barrier in order to form nanocrystals with 

diverse surface structures. Another challenge lies in the low reduction potential of Ru(III) 
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ions (0.39 versus the standard hydrogen electrode or SHE for Ru3+/Ru) [43], making it 

difficult to generate Ru atoms through chemical reduction of Ru(III) ions. Consequently, 

it has been a challenging task to manipulate the growth kinetics of Ru atoms as a means to 

engineer the shape of Ru nanocrystals.  

 

 

Figure 1.5. TEM images of Ru nanocrystals with various shapes: (a) nanoparticles, (b) 

nanochains, (c) nanowires, (d) nanoplates, (e) capped columns, and (f) hourglass. (Figure 

1.4a was adapted from [44]. Copyright 2010 American Chemical Society. Figure 1.4b was 

adapted from [45]. Copyright 2016 American Chemical Society. Figure 1.4c was adapted 

from [46]. Copyright 2013 American Chemical Society. Figure 1.4, d and e, was adapted 

from [47]. Copyright 2012 American Chemical Society. Figure 1.4f was adapted from [48]. 

Copyright 2013 American Chemical Society.) 

 

 

Given these challenges, the synthesis of Ru nanocrystals typically involves harsh 

reaction conditions. For the synthesis of Ru nanoparticles and nanowires (Figure 1.5, a and 

b) [44, 45], a strong reductant ascorbic acid (AA) was used for the reduction of Ru(III) ions 

to Ru atoms in an ethylene glycol (EG) solution while the reaction temperature was set to 
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200 °C, nearly the boiling point of EG. To facilitate the reduction of Ru(III) ions, Wong 

and co-workers employed H2 as the reductant, which was generated from the 

decomposition of sodium borohydride (NaBH4), for the synthesis of Ru nanowires (Figure 

1.5c) [46]. Another strategy is based on the solvothermal method, in which the solvent is 

brought to temperatures above its boiling point in conjunction with the increased 

autogenous pressure, thereby greatly increasing the reactivity of reactants. Figure 1.5d f 

shows the nanoplates, capped columns, and hourglass synthesized using the hydrothermal 

method [47, 48]. Despite the accomplishments, the nanocrystals reported in literature 

typically featured an hcp structure and poorly defined facets.  

Recently, Kitagawa and co-workers discovered that Ru nanoparticles with a novel fcc 

structure could be obtained by employing an appropriate pair of the Ru precursor and 

solvent [49], which provides a new strategy for the optimization of catalytic properties of 

Ru nanocrystals. However, similar to the reported hcp-Ru nanocrystals, the as-synthesized 

fcc-Ru nanoparticles were also characterized by poorly defined shapes, creating a barrier 

to further improvement of their catalytic performance. Taken together, there is a pressing 

need to develop facile synthetic protocols for the production of Ru nanocrystals with both 

well-defined crystal phases and surface structures, and thereby veiling their phase- and 

facet-dependent catalytic properties. 

 

1.3 Homogeneous versus Heterogeneous Nucleation 

For the Ru nanocrystals shown in Figure 1.5, they were all synthesized using the one-

pot approach, which involves homogeneous nucleation and is expected to follow the LaMer 

model (Figure 1.6a) [50]. Typically, metal precursors are reduced to generate zerovalent 
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metal atoms first and the concentration of the atoms will increase steadily as the reaction 

proceeds. Upon reaching the minimum concentration of supersaturation, the metal atoms 

will start to aggregate to form nuclei. The nucleation process will continue until the 

concentration of metal atoms drops below the concentration of supersaturation. Afterwards, 

the as-formed nuclei will undergo growth and form nanocrystals with increasing sizes. 

Although the one-pot approach has shown its versatility in the synthesis of nanocrystals, it 

has several drawbacks. Since homogeneous nucleation is extremely sensitive to 

experimental conditions, one has to keep a tight control over the reaction parameters in 

order to obtain desirable products with high quality and reproducibility. Another drawback 

lies in the difficulty to separate the nucleation and growth processes in the one-pot 

synthesis, which is essential to the manipulation of growth kinetics of the generated metal 

atoms and thus the formation of kinetically controlled products.  

To address this issue, one can introduce pre-formed seeds into the synthesis (the so-

called seed-mediated growth). The presence of seeds allows one to focus on the growth 

step while the seeds provide the primary sites for the newly formed metal atoms to nucleate, 

which is referred to as heterogeneous nucleation (Figure 1.6b) [51, 52]. In particular, when 

the seeds and deposited atoms share similar chemical identities, the deposited atoms could 

replicate the atomic arrangement of the underlying seeds. As such, one can readily tune 

both the crystal phase and surface structures of the second metal of interest simply by using 

seeds with desirable merits. It is worth noting that the energy threshold for heterogeneous 

nucleation is lower than that for homogeneous nucleation (Figure 1.6c), and the correlation 

can be expressed as following: 

ῳὋᶻ
ς σÃÏÓʃ  ÃÏÓʃ 

τ
ῳὋᶻ  
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Figure 1.6. (a) Plot of the concentration of atoms as a function of reaction time, illustrating 

the processes of atom generation, self-nucleation, and growth. (b) Illustration of two 

different nucleation modes: (top) homogeneous nucleation in the reaction solution and 

(bottom) heterogeneous nucleation on the surface of a seed. (c) Plot showing the change in 

Gibbs free energy as a function of particle size for homogeneous (yellow line) and 

heterogeneous nucleation (blue line). (Figure 1.6a was modified with permission from [50]. 

Copyright 1950 American Chemical Society. Figure 1.6, b and c, was reprinted with 

permission from [51]. Copyright 2017 Wiley-VCH.) 

 

 

where ɝὋᶻ  and ɝὋᶻ  stand for the energy barriers to homogeneous and 

heterogeneous nucleation, respectively, while ɗ is the contact angle of a nucleus on the 

seed, defined by the Yong equation. Especially, when ɗ is a right angle, the energy barrier 

to heterogeneous nucleation is only half of that to homogeneous nucleation. Given these 

advantages, seed-mediated growth has been widely leveraged for the synthesis of colloidal 

nanocrystals and a variety of nanostructures has been fabricated such as core shell and 

core frame structures, as well as those formed through asymmetric growth [51, 52]. One 

typical example can be found in the fabrication of Pt-based nanocages [53 58]. By 

conformally depositing a few layers of Pt atoms on Pd nanocubes, octahedra, decahedra, 
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or icosahedra, our group reported the facile synthesis of Pd@Pt core shell nanocrystals 

with a cubic, octahedral, decahedral, or icosahedral shape [53 56]. After subjecting the 

core shell nanocrystals to wet chemical etching for the selective removal of the Pd cores, 

we obtained Pt-based nanocages enclosed by well-defined {100} and {111} facets as well 

as different densities of twin boundaries [56 58]. Additionally, Zhang and co-workers 

demonstrated the synthesis of Au@Rh core sheath nanoribbon by templating with the 

4H/fcc-structured Au nanoribbon (the 4H/fcc denotes the crystal phase that has mixed 

packing periods of ABCB (4H) and ABC (fcc)). Interestingly, the Rh atoms in the sheath 

were also crystallized in the 4H/fcc phase rather than the conventional fcc lattice typical of 

bulk Rh [59]. 

 

1.4 Scope of This Work 

The aim of this dissertation is to explore new synthetic protocols based on seed-

mediated growth for the facile synthesis of Ru nanocrystals with controllable crystal phases 

and surface structures, in an attempt to achieve properties that are superior to those 

associated with the conventional hcp phase. The dissertation mainly focuses on three 

categories of fcc-Ru nanocrystals: i) nanocages that are characterized by hollow interiors, 

ultrathin (< 1.2 nm) and porous walls, as well as well-controlled surface structures; ii ) solid 

octahedral nanocrystals with well-defined {111} facets; and iii ) nanoframes that are 

composed of only corners and edges. All these fcc-Ru nanocrystals were subjected to 

thermal stress for the evaluation of thermal stability in terms of both the crystal phase and 

surface structures, and examined as catalysts for the study of crystal phase- and surface 

structure-dependent catalytic properties. 
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In Chapter 2, I demonstrate a polyol method for the facile synthesis of Pd@Ru core

shell nanocubes by templating with Pd cubic seeds, followed by the fabrication of Ru cubic 

nanocages via wet chemical etching. The key to the success of this synthesis is to ensure 

layer-by-layer deposition of Ru atoms on the surface of Pd cubic seeds by controlling the 

reaction temperature and the injection rate of a Ru(III) precursor. Most importantly, the Ru 

nanocages adopt an fcc crystal structure rather than the hcp structure observed in bulk Ru. 

By tuning the growth mode of Ru atoms from layer-by-layer to island growth, I found that 

the atomic packing of Ru shells was switched from fcc to hcp phase. Density functional 

theory (DFT) calculations were also conducted by collaborators to evaluate the catalytic 

performance of the Ru cubic nanocages toward N2 dissociation for ammonia synthesis. 

In Chapter 3, I demonstrate a facile approach to the synthesis of Ru octahedral 

nanocages by integrating seed-mediated growth with wet chemical etching. The as-

synthesized Ru octahedral nanocages are characterized by well-defined {111} facets, five 

atomic layers in thickness, and tunable size  in the range of 12 28 nm. The Ru atoms are 

also crystallized in an fcc phase and the fcc phase in the octahedral nanocages could be 

well preserved up to 300 °C. The Ru cubic and octahedral nanocages were used as catalysts 

for studying the facet-dependent catalytic properties toward the reduction of 4-nitrophenol. 

DFT calculations were conducted by collaborators to disclose the role of Pd impurities left 

behind in the nanocages during etching in enhancing the catalytic performance toward N2 

dissociation. 

In Chapter 4, I report a strategy for the facile synthesis of Ru icosahedral nanocages 

that feature well-defined {111} facets and twin boundaries, as well as an fcc phase. A 

quantitative study was performed to investigate the role of BrȤ ions in ensuring the layer-
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by-layer growth of Ru atoms on the Pd icosahedral seeds. The thermal stability of the 

icosahedral shape and fcc phase was also assessed, and both were found to be well retained 

up to 300 °C. The evaluation of catalytic properties for the Ru nanocages with a cubic, 

octahedral, and icosahedral shapes demonstrate the enhanced activity and durability 

stemming from the twin structure relative to the {100} and {111} facets. DFT calculations 

conducted by collaborators also suggest the superior performance of fcc-Ru icosahedral 

nanocages relative to hcp-Ru nanoparticles toward N2 dissociation. 

In Chapter 5, I describe a facile route to the synthesis of Ru octahedral nanocrystals 

with an fcc structure and an edge length of 9 nm. The success of this synthesis relies on the 

use of Rh seeds because they can resist oxidative etching under the harsh condition for Ru 

overgrowth; they can be readily prepared as nanocubes with edge lengths below 5 nm; and 

their atoms have a size close to that of Ru atoms. Both the octahedral shape and the fcc 

crystal structure could be well preserved up to 400 °C, which is more than 100 °C higher 

than what was reported for Ru octahedral nanocages. When utilized as catalysts, the Ru 

octahedral nanocrystals exhibited enhanced specific activity toward oxygen evolution 

relative to hcp-Ru nanoparticles. It was also demonstrated that Ru{111} facets were more 

active than Ru{100} facets in catalyzing the oxygen evolution reaction. 

In Chapter 6, I demonstrate a facile route to the synthesis of Ru cuboctahedral 

nanoframes crystallized in an fcc phase. The synthesis was built around Pd nanocubes, 

which quickly evolved into a truncated cubic shape upon mixing with a Ru(III) precursor 

owing to the involvement of oxidative etching. Afterwards, the galvanic replacement 

reaction between the Pd seeds and Ru(III) precursor kicked in, resulting in the formation 

of Pd@Ru core frame cuboctahedra due to the selective deposition of Ru atoms on the 
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corners and edges. Both the frame structure and crystal phase of the fcc-Ru cuboctahedral 

nanoframes could be preserved up to 350 °C. When benchmarked against hcp-Ru 

nanoparticles, the fcc-Ru nanoframes exhibited substantial enhancements in terms of 

activity and H2 selectivity toward hydrazine decomposition. 

 

1.5 Notes to Chapter 1 

Part of this chapter is adapted from the review article ñToward Affordable and 

Sustainable Use of Precious Metals in Catalysis and Nanomedicineò co-authored by me 

and published in MRS Bulletin [18], and ñHollow Metal Nanocrystals with Ultrathin, 

Porous Walls and Well-Controlled Surface Structuresò published in Advanced Materials 

[19]. 
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CHAPTER 2 

SYNTHESIS AND CHARACTERIZATION OF RUTHEN IUM 

CUBIC NANOCAGES WITH  A FACE-CENTERED CUBIC 

STRUCTURE BY TEMPLAT ING WITH PALLADIUM 

NANOCUBES 

2.1 Introduction  

Noble-metal nanocrystals with well-controlled shapes have received great interest 

owing to their shape-dependent properties in the context of catalysis [1, 2], electronics[3], 

and plasmonics [4, 5], among others. Many efforts have been devoted to their syntheses 

over the past two decades [6ī8]. In particular, seed-mediated growth has emerged as the 

most powerful and versatile approach in terms of experimental controls over composition, 

size, shape, and structure [9, 10]. Compared to conventional methods based on 

homogeneous nucleation, seed-mediated growth allows one to fully separate growth from 

nucleation and thus concentrate on the growth step, making it much easier to manipulate 

and control the resultant nanocrystals. Thus far, seed-mediated growth has successfully 

produced many different types of nanocrystals, including those with mono-, bi-, and multi-

metallic compositions [11ī24]. When more than one metal is involved, seed-mediated 

growth can be used to conveniently produce nanocrystals with coreīshell and coreīframe 

structures, as well as concave facets [19ī25]. Afterwards, chemical etching may be applied 

to selectively remove the cores, leaving behind novel nanocrystals, such as nanocages and 

nanoframes, with a highly open structure. Among them, nanocages are particularly 

attractive as a new class of materials for catalysis because of their high utilization efficiency 
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of atoms and their ability to maintain well-defined facets or surface structures [26ī28]. 

Nanocages have been fabricated from a number of noble metals crystals in a face-centered 

cubic (fcc) structure, including Pd, Pt, and Au, and further applied to electrocatalytic 

applications [13, 14, 16]. 

Ruthenium and Ru-based nanocrystals have proven to be of great importance in 

catalysis for their widespread use in an array of reactions, including aromatic 

hydrogenation [29, 30], CO oxidation [31ī33], ammonia synthesis [34ī36], and CO2 

methanation [37, 38], among others. The activity and selectivity of a Ru-based catalyst 

strongly depend on the surface structure and thus the nanocrystal shape. Recently, Ru 

nanoplates [39], nanowires [40, 41], hourglasses [42], nanoframes [43], and several other 

types of nanostructures [44ī46] have been reported. However, to the best of our knowledge, 

the synthesis of Ru nanocages has not been demonstrated. Herein, I report a versatile 

approach to the synthesis of Ru cubic nanocages based on seed-mediated growth and 

selective chemical etching. The Ru nanocages could be made with a wall thickness as thin 

as 1.1 nm or about six atomic layers. Most importantly, the Ru atoms in the nanocages can 

be crystallized in an fcc structure rather than the hexagonal close-packed (hcp) structure of 

bulk Ru [47, 48]. The transition from an hcp to an fcc crystal structure can be attributed to 

the templating effect of the Pd nanocubes serving as seeds for the epitaxial deposition of 

Ru. This strategy has been successfully applied to the synthesis of Ru cubic nanocages with 

edge lengths controlled at 6, 10, and 18 nm, respectively. As the edge length is increased, 

it becomes necessary to either reduce the deposition rate or accelerate the surface diffusion 

rate due to the longer distance for the Ru adatoms to diffuse in order to generate a 

conformal, uniform shell. 
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Figure 2.1. Schematic illustration of the major two steps involved in the synthesis of Ru 

nanocages: (1) selective deposition of Ru atoms at the corner sites of a Pd nanocube, 

followed by diffusion to the edges and side faces, to generate a Pd@Ru coreīshell 

nanocube and (2) formation of a Ru cubic nanocage by selectively etching away the Pd 

core. 

 

 

2.2 Results and Discussion 

As illustrated in Figure 2.1, the synthesis of Ru cubic nanocages involves two major 

steps. In the first step, Ru atoms are deposited onto the corners of a Pd cubic seed due to 

the higher strain and/or lower coordination number at these sites, as well as the Brī ions 

chemisorbed on the side faces [49]. The Ru adatoms then diffuse to the edges and side 

faces, resulting in the formation of a Pd@Ru coreīshell nanocube. In the second step, the 

Pd core is selectively etched away to generate a cubic Ru nanocage. I evaluated Pd 

nanocubes with three different sizes (Figure 2.2, 6, 10, and 18 nm in edge length) to 

understand how this parameter affects the surface diffusion process. All samples of Pd 

nanocubes showed slight truncation at the corners and edges. As our group has 

demonstrated before, it is critical to manipulate the atom deposition rate relative to the 

surface diffusion rate in order to control the growth mode and thus the shape or morphology 

of the resultant nanocrystals [50]. For the present system, I found that a relatively high 
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temperature of 200 °C and a relatively slow injection rate of 1 mL hī1 were required to 

ensure the formation of a coreīshell structure.  

 

 

Figure 2.2. TEM images of Pd seeds with different edge lengths. (a) 6 nm, (b) 10 nm, and 

(c) 18 nm. The scale bar in panel a applies to all panels in (ac). 

 

 

Figure 2.3 shows electron microscopy images and energy dispersive X-ray (EDX) 

mapping of Pd@Ru coreīshell nanocubes derived from the 10-nm Pd cubic seeds. The 

transmission electron microscopy (TEM) image in Figure 2.3a indicates that the cubic 

shape of the original Pd seeds was largely retained during Ru deposition while the average 

edge length was increased to approximately 12 nm. The scanning transmission electron 

microscopy (STEM) images (Figure 2.3, b and c) taken from an individual coreīshell 

nanocube clearly show that a Ru shell was conformally deposited around each Pd nanocube. 

The side faces were flat and smooth, implying that the diffusion of Ru adatoms was 

adequately fast relative to the atom deposition. The lattice fringe spacing of 1.9 Å for 
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Figure 2.3. (a) TEM image of the Pd@Ru coreīshell nanocubes synthesized from 10-nm 

Pd nanocubes. (b) HRTEM image of an individual coreīshell nanocube. (c) Atomic-

resolution image taken from the corner region of the coreīshell nanocube in (b). (d) 

HAADF-STEM image and EDX mapping (blue = Ru, red = Pd) of an individual coreīshell 

nanocube. 

 

 

Figure 2.4. TEM images of (a) typical Pd@Ru nanocrystals prepared from 10-nm Pd cubes 

using the standard procedure without adding PVP into the Ru precursor solution, (b) Ru 

nanocages produced after chemical etching of (a). 
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the deposited Ru overlayers could be indexed to the {200} planes of fcc Ru. It is well-

known for bulk Ru to adopt an hcp structure. However, since the Pd and Ru have very 

similar radii and the lattice mismatch between Pd and fcc Ru is only 1.8% (3.89 Å vs. 3.82 

Å)  [51], it is possible for Ru adatoms to follow the crystal packing of the underlying Pd 

atoms due to the epitaxial deposition. This coreīshell structure was further confirmed 

through EDX mapping (Figure 2.3d). The Pd core and Ru shell can be easily differentiated 

and spatially resolved. The Ru adatoms were distributed not only at the corners and edges, 

but also on the side faces of the Pd nanocubes, demonstrating a coreīshell structure. 

To achieve a better understanding of the formation of Pd@Ru coreīshell nanocubes, 

I also conducted a set of control experiments. I first investigated the role played by 

poly(vinylpyrrolidone) (PVP) in the synthesis, which has been widely used in the chemical 

synthesis of colloidal nanocrystals [52ī54], and is generally considered as a colloidal 

stabilizer. Although the terminal hydroxyl group in PVP does have mild reducing power 

[55], this function can be largely neglected in the current synthesis owing to the 

comparatively strong reducing power of ᾛ-ascorbic acid (AA) and ethylene glycol (EG). 

Figure 2.4a shows a typical TEM image of the nanocrystals obtained using the standard 

procedure without the introduction of any PVP. In contrast to the well-defined coreīshell 

nanocrystals shown in Figure 2.3a, I observed significant agglomeration in the product. 

There was also a large number of small nanoparticles attached to the surface of the larger 

nanocrystals, validating the critical importance of PVP in the synthesis of colloidal 

nanocrystals. When the Ru(III) precursor was introduced into the reaction solution, it was 

quickly reduced by AA to generate Ru(0) atoms. The presence of PVP could protect these 
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Ru(0) atoms from agglomeration and thus inhibit homogeneous nucleation [56, 57].Taken 

together, it is necessary to introduce an adequate amount of PVP into the synthesis. 

 

 

Figure 2.5. TEM images of typical Pd@Ru nanocubes prepared from 10-nm Pd cubes 

using the standard procedure except with different injection rates. (a) 2 mL hī1, (b) 5 mL 

hī1, (c) 10 mL hī1, and (d) 20 mL hī1. 

 

 

I then investigated the role of the Ru deposition rate relative to the surface diffusion 

rate in controlling the final shape or morphology. These two parameters can be 

conveniently tuned by varying the injection rate and reaction temperature, respectively. 

Figure 2.5 shows typical TEM images of nanocrystals prepared using the standard 

procedure except varying the injection rates for the precursor solution. When the injection 
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rate was increased from 1 to 2, 5, 10, and 20 mL hī1, the morphology of the resultant 

nanocrystals changed significantly. The Ru layers deposited on the side faces showed a 

rough surface due to the formation of small islands. Additionally, more Ru atoms 

accumulated at the corner sites, indicating inadequate surface diffusion of the adatoms. 

When the injection rate was increased, the increased deposition rate led to an island growth 

mode. I could reduce the deposition rate of Ru(0) adatoms by instead slowing down the 

injection rate of Ru(III) precursor and thus achieve the deposition of ultrathin, conformal 

Ru shells on the Pd cubic seeds. 

Another critical parameter that impacts the formation of Pd@Ru coreīshell 

nanocubes is the reaction temperature. Because surface diffusion is a thermally activated 

process, it can be enhanced or suppressed by increasing or decreasing the reaction 

temperature, respectively [58]. The diffusion coefficient (D), which measures the rate of 

diffusion of an adatom across a surface, can be expressed through the following [50]: 

 

Ὀ ὈὩὼὴὉ ȾὙὝ 

 

where D0 is the diffusion pre-exponential factor, Ediff is the potential energy barrier to 

diffusion, R is the ideal gas constant, and T is the absolute temperature (in kelvin). In 

general, temperature affects not only the surface diffusion rate but also the reduction rate 

of the synthesis procedure, which will, in turn, influence the deposition rate. Considering 

the strong reducing power of AA and EG, as well as the relatively long period of time 

allocated to the synthesis, I can focus on the effect of temperature on surface diffusion. To 

confirm this assumption, I used ICP-MS to analyze the elemental composition of samples 
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prepared at various temperatures. When the temperature was reduced from 200 to 175, 150, 

120, and 100 °C, the mass percentage of Ru in the Pd@Ru nanocrystals only dropped from 

31.4 to 29.1, 27.8, 26.7, and 26.0%, respectively. This range is narrow enough to justify 

our argument that the effect of temperature on reduction rate can be neglected.  

 

 

 

 

Figure 2.6 shows TEM images of nanocrystals prepared using the standard procedure 

except for the variation in reaction temperature. When the temperature was reduced from 

200 to 175 °C (Figure 2.6a), the resultant nanocrystals were still largely cubic, but the 

corners and edges became noticeably rounded while the side faces became corrugated. If 

Figure 2.6. TEM images of typical Pd@Ru coreīshell nanocubes prepared from 10-nm 

Pd cubes using the standard procedure except at different reaction temperature. (a) 175 °C, 

(b) 150 °C, (c) 125 °C, and (d) 100 °C. 
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the reaction temperature was further reduced to 150 °C, some nanorods and irregular 

nanocrystals appeared (Figure 2.6b). This result can be attributed to asymmetric growth 

induced by the slow kinetics associated with both reduction and surface diffusion [59]. In 

particular, when the temperature was reduced to 150 °C, the surface diffusion of Ru 

adatoms was greatly suppressed while the deposition rate was kept at a relatively stable 

level, leading to asymmetric growth. When the reaction temperature was further reduced 

to 125 °C and 100 °C, respectively, the proportions of nanorods and irregular nanocrystals 

were increased (Figure 2.6, c and d). 

 

 

Figure 2.7. (a) TEM image of a typical sample of Ru cubic nanocages prepared from 10-

nm Pd cubes. (b) HAADF-STEM image of an individual Ru nanocage. (c) Atomic-

resolution HAADF-STEM image taken from the corner region of the Ru nanocage in (b). 

(d) HAADF-STEM image and EDX mapping (blue = Ru, red = Pd) of an individual Ru 

nanocage. 
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The chemical stabilities of Pd and Ru are quite different [60]. Specifically, Pd is more 

vulnerable to oxidation and etching than Ru. With the use of an appropriate chemical 

etchant, I was able to obtain Ru nanocages by selectively etching away the Pd cores in the 

coreīshell nanocubes. I conducted the chemical etching in an aqueous solution at 100 °C 

using an etchant based on the Fe3+/Fe2+ pair in the presence of Brī [22]. The Pd cores can 

be etched away based on the following reaction: 

 

Pd + 2Fe3+ + 4Brī ŕ PdBr4
2ī + 2Fe2+ 

 

Figure 2.7, a and b, show two typical TEM images of the as-obtained Ru nanocages. The 

HAADF-STEM image in Figure 2.7c shows a lattice spacing of 1.9 Å, which can be 

assigned to the {200} planes of fcc Ru, in agreement with what is shown in Figure 2.3c. 

This result indicates that the crystal structure of the Ru shells was well preserved during 

the etching process. The average wall thickness of the Ru nanocages was approximately 

1.1 nm, corresponding to about six atomic layers. To examine the elemental composition, 

EDX mapping was conducted (Figure 2.7d). Compared to what is shown in Figure 2.3d, 

the Pd content in the core was substantially reduced after etching. This data verifies that 

the major composition of the nanocages is Ru. I also conducted ICP-MS to quantitatively 

analyze the elemental composition before and after the etching process. The elemental 

compositions for the coreīshell nanocubes and nanocages were analyzed by ICP-MS, from 

which the weight percentages of Pd and Ru in the Pd@Ru nanocubes were 68.6% and 

31.4%, respectively. After etching, the weight percentage of Pd dropped to 8.8% while the 
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percentage of Ru increased to 91.2%, indicating a highly efficient Pd etching process. 

These data confirm that the nanocages were essentially made of Ru. 

My collaborators performed first principles, self-consistent density functional theory 

(DFT [61, 62], GGA-PW91 [63], see experimental section for details) studies to gain 

additional insights into the mechanisms by which these nanocages form. They first 

evaluated the activation energy barriers for ñhoppingò diffusion of Ru adatoms across the 

Pd(100) surface as would occur during the coreīshell synthesis, finding that this diffusion 

is a highly activated process (1.11 eV) as suggested by the high temperatures required for 

the formation of a uniform Ru shell over the cubic Pd substrate. They also evaluated the 

energetics of Ru adatom substitution into the Pd(100) surface, motivated by our previous 

study of Pt-based nanocage synthesis that showed PtīPd intermixing during the growth 

process is essential for etching and subsequent nanocage formation [28]. At low Ru 

coverage (1/9 monolayer), they found that Ru substitution into the Pd(100) surface has a 

barrier of 0.57 eV and is exothermic (ȹE = ī0.66 eV), suggesting that Ru substitution 

should be much more active than Ru hopping (by 5 orders of magnitude at 200 °C). The 

barrier of Ru substitution into Pd(100) increases to 0.84 eV at higher Ru coverage (1/4 

monolayer), while the Ru hopping barrier on Pd(100) remains invariable; substitution will 

eventually become too difficult to occur as the deposited Ru layers become more fully 

populated, and hopping will become the dominant mechanism. As a result, and according 

to the mechanism proposed in our previous work, this substitutional diffusion of Ru will 

lead to the formation of mixed PdīRu overlayers during the coreīshell formation process 

as substitution processes continually mix the top layer of Pd with Ru atoms as they are 

deposited. The relatively small amount of Pd that is randomly dispersed into the overlayers 
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can form channels through the shell, enabling the subsequent etching of the Pd core to yield 

hollow nanocages. The residual Pd (~8.8% from ICP-MS) in the final nanocages represents 

the Pd that was dispersed in the shell during the growth process but could not be etched 

away, presumably because it was not part of a contiguous Pd channel to the surface. 

 

 

Figure 2.8. TEM images of (a, b) Pd@Ru coreīshell nanocubes prepared by templating 

with (a) 6-nm and (b) and 18-nm cubes, and (c, d) the resultant Ru nanocages obtained 

after selectively etching away the Pd cores. 

 

 

I have also extended our synthesis to Pd cubic seeds with two other edge lengths at 6 

nm and 18 nm, respectively. In general, smaller Pd seeds are better suited for Ru adatoms 

to cover the entire surface by diffusion while larger ones would impose a longer distance 

for the Ru adatoms to diffuse [64]. Figure 2.8, a and b, show the resultant Pd@Ru 

nanocubes prepared using the Pd seeds of varying lengths, which are uniform in size and 
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shape. After chemical etching, I also obtained Ru nanocages for both samples (Figure 2.8, 

c and d). However, compared to the 6-nm Ru nanocages, I observed that more Ru 

accumulated on the corners and edges for the 18-nm Ru nanocages, implying less effective 

diffusion of Ru adatoms on the larger Pd seeds. As such, Pd seeds with a smaller size are 

better-suited for the synthesis of Ru nanocages with flat side faces, while larger seeds can 

lead to the formation of concave side faces. 

 

 

Figure 2.9. XRD patterns of Ru nanocages prepared using the standard procedure. The 

overall reaction volume was kept at 20 mL, while different amounts of Ru precursor were 

used: (a) 2 mg, (b) 4 mg, (c) 10 mg, and (d) 20 mg. 

 

 

Bulk Ru crystallizes in an hcp structure. Although fcc Ru has been reported for 

nanoparticles of 2ī5.5 nm in diameter [47], the underlying mechanism is still elusive. In 

our work, seed-mediated deposition seems to be an effective approach to the formation of 

Ru nanostructures with an fcc structure. As shown by the lattice spacing in Figure 2.3c, the 
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Ru atoms in the shell are packed in an fcc structure, which is ideally retained when the Pd 

cores are etched away. I confirmed this hypothesis by analyzing the Ru nanocages with 

XRD. Figure 2.9a shows the XRD pattern of the Ru nanocages prepared using the standard 

procedure. The (111), (200), (220), and (311) diffraction peaks are characteristic of an fcc 

lattice formed as a result of the epitaxial overgrowth of Ru on fcc Pd seeds. Since the lattice 

mismatch between Pd and fcc Ru is only 1.8%, the packing of Ru adatoms is dictated by 

the underlying Pd atoms, forming an fcc structure for the first few Ru overlayers. Our 

results clearly demonstrate that the fcc structure could be well retained for Ru shells to at 

least six atomic layers in thickness. 

 

 

Figure 2.10. TEM images of typical Pd@Ru nanocrystals prepared from 10-nm Pd cubes 

using the standard procedure except with different amount of Ru precursor while keeping 

the overall volume 20 mL. (a) 1 mg, (b) 4 mg, (c) 10 mg, and (d) 20 mg. 
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Figure 2.11. Typical TEM images of Pd@Ru nanocages prepared from 10-nm Pd cubes 

using the standard procedure except employing different amounts of Ru precursor while 

keeping the overall volume 20 mL. (a) 1 mg, (b) 4 mg, (c) 10 mg, and (d) 20 mg. 

 

 

I also varied the amount of Ru(III) precursor while keeping the amount of Pd cubic 

seeds and the total volume of solution fixed to see if I can tune the wall thickness of the Ru 

nanocages. When the amount of Ru(III) precursor was reduced from 2 mg to 1 mg, the 

resultant coreīshell nanocrystals maintained a cubic shape, with sharp corners and smooth 

surfaces (Figure 2.10a). However, as the amount of Ru(III) precursor was increased to 4 

mg and 10 mg, the surface of the as-obtained nanocrystals became increasingly corrugated, 

indicating the involvement of a layer-plus-island growth mode. When the amount of Ru(III) 

precursor was further increased to 20 mg, the surface of each Pd seed was covered by a 

high density of branched arms, indicating the dominance of island growth (Figure 2.10d). 
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After selective removal of the Pd cores by etching, I obtained Ru nanocages with a more 

or less cubic shape, with the Ru walls becoming thinner or thicker relative to the standard 

synthesis depending on the amount of Ru precursor added (Figure 2.11, aīc). When the 

amount of Ru(III) precursor was too large, the Ru nanocages were covered by an extremely 

corrugated surface and presented an irregular shape (Figure 2.11d).  

I also conducted XRD to analyze the crystal structure of the Ru nanocages (Figure 

2.9, bīd). When the amount of Ru precursor was increased from 2 to 4 and 10 mg, the Ru 

nanocages still showed an fcc structure. Compared to Figure 2.9a, there was a slight shift 

for the peaks in Figure 2.9, b and c. In particular, for the sample in Figure 2.9c, a weak 

peak was observed around 58°, which can be assigned to the (102) diffraction of hcp Ru. 

This result implies the co-existence of some Ru nanoparticles with an hcp structure, which 

is consistent with the nanocrystals shown in Figure 2.10c. Interestingly, when the amount 

of Ru precursor was further increased to 20 mg, the crystal structure of Ru completely 

changed to hcp. Taken together, it can be concluded that the crystal structure of Ru changed 

from fcc to hcp as the injected amount of Ru(III) precursor was increased. The transition 

of Ru crystal structure over the amount of precursor can be attributed to the change of 

growth mode. When the amount of Ru precursor was low, the deposition rate of Ru atoms 

was comparable to the diffusion rate and thus Ru adatoms followed the layer-by-layer 

growth mode. For the first few layers of Ru adatoms, due to the similar properties of Pd 

and Ru as well as the interaction between them, the arrangement of Ru adatoms followed 

that of Pd atoms, leading to an fcc structure. When the amount of Ru precursor was 

increased, the growth of Ru adatoms was gradually dominated by deposition rate, which 

followed the layer-plus-island mode and further island growth mode. In particular, if 
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deposition rate was too high, self-nucleation of Ru could occur. The subsequently reduced 

Ru atoms grew on the nuclei and formed Ru nanoparticles. These nanoparticles should 

adopt hcp structure [47]. Then, the driving force of minimizing the total surface energy 

resulted in the agglomeration of these nanoparticles or adherence to the small Ru islands 

on the Pd surfaces. Therefore, the crystal structure of Ru was dominated by hcp Ru 

nanoparticles, showing an overall hcp structure. By varying the amount of Ru precursor 

added through seed-mediated growth, I can achieve Ru nanocages with both fcc and hcp 

structures. 

 

Table 2.1. Binding energies (in eV) of 14 atomic and molecular species on all six model 

surfaces studied. Calculated values on surfaces to which each species binds most strongly 

are shown in bold. Reference energy is adsorbate in the gas phase, at infinite separation 

from the model surface. 

Species hcp-(0001) fcc-(111) fcc-(100) cage-(100) cage-(100)Pd2 cage-(100)Pd3 

C ī7.55 ī7.76 ī8.42 ī8.44 ī8.55 ī8.34 

N ī6.00 ī6.31 ī6.25 ī6.30 ī6.44 ī6.27 

O ī6.00 ī6.25 ī6.00 ī6.06 ī6.15 ī6.07 

H ī2.91 ī2.92 ī2.88 ī2.87 ī2.94 ī2.89 

CH ī6.85 ī7.17 ī7.37 ī7.35 ī7.73 ī7.33 

CH2 ī4.47 ī4.64 ī4.66 ī4.65 ī5.07 ī4.82 

CH3 ī2.16 ī2.22 ī2.25 ī2.28 ī2.25 ī2.35 

NH ī5.14 ī5.40 ī5.47 ī5.46 ī5.74 ī5.48 

NH2 ī3.04 ī3.13 ī3.49 ī3.50 ī3.50 ī3.55 

NH3 ī0.75 ī0.76 ī0.93 ī0.85 ī0.86 ī0.90 

OH ī3.34 ī3.41 ī3.76 ī3.80 ī3.78 ī3.84 

CO ī1.89 ī2.01 ī2.07 ī1.99 ī2.20 ī2.05 

NO ī2.67 ī2.91 ī2.85 ī2.82 ī2.96 ī2.89 

N2 ī0.61 ī0.70 ī0.94 ī0.94 ī1.34 ī0.96 
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To predict the catalytic properties of the as-synthesized nanocages, my collaborators 

performed DFT calculations (see details in the experimental section) to study the 

adsorption of 14 industrially-relevant atomic and molecular species on six model surfaces. 

These surfaces were selected to identify fundamental reasons for variations in catalytic 

descriptors (i.e., binding energies and activation energies) resulting from incrementally 

transforming the most stable close-packed facet of hcp Ru to models representing the as- 

synthesized fcc Ru nanocages (these models are described in detail below and in the 

experimental section). The binding energies and preferred adsorption sites are provided in 

Table 2.1 and Table 2.2, respectively. They observed that the binding energy of atomic 

nitrogen, BE(N), on surfaces representative of the synthesized fcc nanocages is 

substantially stronger than that on the (0001) facet of hcp Ru, suggesting that fcc Ru 

structures would be particularly interesting candidates in the context of ammonia synthesis. 

They therefore chose to investigate N2 dissociation on relevant model surfaces in detail, 

since this particular elementary step is widely recognized as the rate-determining step for 

NH3 synthesis on Ru catalysts [65ī68];the energetics of this elementary step on all surfaces 

studied are provided in Table 2.3. They caution that the choice of these surfaces, as 

discussed below, does not describe the actual physical transitions during synthesis as 

described above, but rather isolates the several factors (including crystal structure, surface 

morphology, and the ultrathin cage structure) that contribute to the predicted catalytic NH3 

synthesis activities of the as-synthesized Ru nanocages relative to typical hcp Ru catalysts. 

They first calculate BE(N), BE(N2), and activation energy of N2 dissociation (Ea) on 

Ru(0001) (denoted hcp-(0001)), which they consider as a reference model for comparison 

with fcc model surfaces. Importantly, the N2 dissociation transition state on hcp-(0001)  
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Table 2.2. Preferred binding sites of atomic and molecular species on all model surfaces 

studied. The site b-h-b denotes a N2 molecule adsorbed to the surface with both its nitrogen 

atoms (bridge sites connected via a hollow site). 

Species hcp-(0001) fcc-(111) fcc-(100) cage-(100) cage-(100)Pd2 cage-(100)Pd3 

C Hcp Hcp Hollow Hollow Hollow over Ru Hollow 

N Hcp Hcp Hollow Hollow Hollow over Ru Hollow 

O Hcp Hcp Hollow Hollow Hollow over Ru Hollow 

H Fcc Fcc Bridge Bridge Hollow over Pd Bridge 

CH Hcp Hcp Hollow Hollow Hollow over Ru Hollow 

CH2 Hcp Hcp Hollow Hollow Hollow over Ru Hollow 

CH3 Fcc Fcc Bridge Bridge Bridge over Ru Bridge 

NH Hcp Hcp Hollow Hollow Hollow over Ru Hollow 

NH2 Bridge Bridge Bridge Bridge Bridge over Ru Bridge 

NH3 Top Top Top Top Top Top 

OH Fcc Fcc Hollow Hollow Hollow over Pd Hollow 

CO Top Hcp Bridge Bridge Hollow over Ru Top 

NO Hcp Hcp Bridge Bridge Hollow over Ru Bridge 

N2 Top Top b-h-b b-h-b b-h-b over Ru b-h-b 

 

 

is more than 1 eV higher in energy than the gas-phase N2, rendering N2 dissociation non-

competitive with N2 desorption. They then calculated these same energetics on a model for 

the Ru(111) surface with fcc packing (denoted fcc-(111)), to determine the effect of 

changing from hcp to fcc crystal structure while maintaining a similar hexagonally-

arranged surface structure. As shown in Table 2.3, they observe that fcc-(111) binds atomic 

N stronger than hcp-(0001) by 0.3 eV, and that Ea is reduced by 0.24 eV. BE(N2) is also 

stronger by 0.09 eV, which further lowers the transition state energy for N2 dissociation 

relative to N2 desorption. A potential energy surface (PES) comparing the relative energies 
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of adsorbed states on these model surfaces is shown in Figure 2.12. Volcano plots for 

ammonia synthesis have predicted that ideal catalysts would bind atomic nitrogen 

approximately 0.2ī0.5 eV stronger than hcp Ru (subject to reaction operating conditions) 

[67ī70]. They thus superimpose on the PES a region showing optimal binding of atomic 

nitrogen (final state). Figure 2.12 shows that the hcp to fcc transition moves the energy of 

adsorbed N* into the optimal region of binding, which together with the reduced Ea and 

the more efficient competition of dissociation against N2 desorption on the fcc-(111), 

predicts higher activity for fcc-(111) compared to hcp-(0001). 

 

 

Table 2.3. Calculated binding energies of N* and N2*, and activation energy barriers for 

N2* dissociation on hcp and fcc Ru surface models. The difference between the N2* 

transition state energy for dissociation and the N2 gas-phase energy is provided in the last 

column, as a measure of competition between N2* desorption (undesired) and dissociation. 

All values are in eV. 

Model BE(N*)  BE(N2*)  Ea (N2* Ą 2N*) ETS ï EN2,gas 

hcp-(0001) ī6.00 ī0.61 1.68 1.07 

fcc-(111) ī6.31 ī0.70 1.44 0.75 

fcc-(100) ī6.25 ī0.94 1.36 0.42 

cage-(100) ī6.30 ī0.94 1.28 0.34 

cage-(100)Pd2 ī6.44 ī1.34 1.29 ī0.05 

cage-(100)Pd3 ī6.27 ī0.96 1.36 0.40 

 

 

The as-synthesized catalysts preferentially expose (100) facets, however. They 

therefore compare fcc-(111) to the analogous fcc-(100) slab model. Although the binding 

energy of N* is slightly weakened (undesirably) by 0.06 eV, the activation energy barrier 



 43 

is further reduced on fcc-(100) by 0.08 eV. Additionally, N2* is stabilized by 0.24 eV, so 

the resulting dissociation process becomes even more competitive with desorption than in 

the fcc-(111) model. This suggests that the change in surface morphology from the fcc-

(111) surface to the undercoordinated fcc-(100) surface will provide an additional 

enhancement in activity (Figure 12). 

Since the as-synthesized catalysts are hollow, in contrast to traditional non-hollow 

nanoparticles, they also considered the reaction energetics on cage-(100) models 

representing hollow structures (see experimental section for details on model construction). 

The transition from fcc-(100) to cage-(100) lowers Ea by an additional 0.08 eV, despite 

having rather marginal effects on binding energies of N* and N2*. N2 dissociation is 

therefore even more competitive with desorption than in any of the three slab-based models, 

suggesting that cage-(100) should have superior activity to all of them for N2 dissociation 

and NH3 synthesis (Figure 2.12). 

They finally consider the role of Pd impurities (8.8%, from ICP-MS) in the nanocage 

structure, investigating the effect of Pd atoms in the second and third surface layers on 

adsorption and N2 dissociation kinetics (see experimental section for details on model 

formulation). When Pd is in the third surface layer (cage-(100)Pd3), N* is further 

destabilized by 0.03 eV, N2* is stabilized by 0.02 eV, and Ea is increased by 0.08 eV 

relative to cage-(100). Consequently, the transition state is pushed 0.06 eV higher in energy 

relative to cage-(100), and they predict that cage-(100)Pd3 will have somewhat inferior 

activity to the cage-(100) model without Pd (although still superior to any of the three slab-

based models representing non-hollow catalysts). In contrast, when Pd is in the second 

layer (cage-(100)Pd2), N* is stabilized by 0.14 eV, N2* is stabilized by 0.40 eV, and the 
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activation energy is only higher by a negligible 0.01 eV (all relative to cage-(100)). Due to 

the stabilization of N2*, the dissociation transition state for cage-(100)Pd2 is actually lower 

in energy than the gas-phase level of N2 (Figure 2.12), so N2 dissociation is actually 

preferable to N2 desorption (in contrast to the other surfaces), which suggests that fcc(100) 

Ru nanocages with some Pd atoms in the layer right below the Ru surface may be a very 

promising NH3 synthesis catalyst. 

 

 

Figure 2.12. Potential energy surfaces for N2 dissociation on five model surfaces. hcp-

(0001) represents the hcp Ru(0001) slab model, fcc-(111) represents the fcc Ru(111) slab 

model, fcc-(100) represents the fcc Ru(100) slab model, cage-(100) is a model 

representative of the ultrathin, hollow cage structure, and cage-(100)Pd2 is a cage model 

with Pd impurity in the second atomic layer of the cage. For clarity, cage-(100)Pd3 is not 

shown, although its energetics are provided in Table 2.3 for comparison. All states are 

referenced to gas-phase N2, denoted as N2(g). ñ*ò represents adsorbed states (with 2N* the 

energy of two adsorbed N* atoms at infinite separation), and ñN-N TSò represents the 

transition state energy of the N-N bond breaking event. The grey region represents the 

optimal range of N* binding determined from previously published volcano relationships 

[36, 67, 70], drawn between 0.2 eV and 0.5 eV stronger binding of N* relative to that on 

hcp-(0001). 
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Regardless of the exact location of the subsurface Pd atoms, these cage models with 

Pd, which are most representative of the as-synthesized catalysts, should exhibit 

substantially improved activity for ammonia synthesis relative to hcp-(0001). Depending 

on the specific Pd position, surface sites bind atomic nitrogen between 0.3 and 0.4 eV more 

strongly than the hcp-(0001) model, binding N* in the previously-calculated optimal range. 

Further, the transition state energy for N2 dissociation, which on hcp-(0001) was more than 

1 eV above the gas-phase energy for N2, is reduced to 0.4 eV above or even slightly below 

the gas-phase energy (depending on the particular exposed site considering Pd impurities), 

making N2 dissociation considerably more competitive with its desorption than on hcp-

(0001). These catalysts therefore exhibit great promise for ammonia synthesis. I also note 

that Kitigawa et al. have found fcc Ru nanoparticles to be stable up to 450 °C, a temperature 

typical of the Haber-Bosch process [47]. While the stability of these nanocages at high 

temperatures and reaction conditions has not been investigated, the fact that they are likely 

more active towards NīN bond-breaking than Ru nanoparticles indicates their potential to 

be not only active towards ammonia synthesis, but also stable if lower temperatures can be 

utilized to take advantage of the reduced activation energy barriers. In turn, lower pressures 

could also be utilized since N2 is greatly stabilized on these surfaces, thus potentially 

making the energy-intensive Haber-Bosch process more competitive economically and 

environmentally. 

 

2.3 Conclusion 

In summary, I have demonstrated the seed-mediated synthesis of Ru nanocages with 

an fcc structure. For the polyol-based system, adding enough PVP, slow injection rate, high 
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reaction temperature, and a proper amount of precursor all played a certain role in enabling 

the layer-by-layer overgrowth. Epitaxial growth on Pd nanocubes by manipulating the 

deposition rate and surface diffusion leads to the formation of Pd@Ru coreīshell 

nanocubes with well-controlled shape. Ru nanocages can subsequently be easily achieved 

through chemical etching. Most significantly, the resultant Ru nanocages show an fcc 

structure, which can be switched to the hcp structure by varying the amount of Ru precursor. 

Our synthesis can be also extended to Pd seeds with different sizes. This work reported 

here not only represents an effective approach to synthesize Ru nanocages, but also 

achieves Ru nanocages with an fcc structure, which our DFT calculations show will bind 

atomic N more strongly than hcp Ru(0001), leading to reduced activation energies for N2 

dissociation and potentially improved catalytic activities for ammonia synthesis. I believe 

the strategy in our work can provide insight into tuning the shapes, structures, and 

ultimately the catalytic activities of noble metals with different crystal structures. 

 

2.4 Experimental Section 

Chemicals and Materials. Ethylene glycol (EG, 99%) was obtained from J. T. Baker. 

Sodium tetrachloropalladate(II) (Na2PdCl4, 99.99%), ruthenium(III) chloride hydrate 

(RuCl3ĀxH2O, 99.99%), poly(vinylpyrrolidone) (PVP, MW Ū 55000), L-ascorbic acid 

(AA, 99%), potassium bromide (KBr, 99%), potassium chloride (KCl, 99%), hydrochloric 

acid (HCl, 37%), and iron(III) chloride (FeCl3, 97%) were all obtained from Sigma-Aldrich 

and used as received. All aqueous solutions were prepared using deionized (DI) water with 

a resistivity of 18.2 Mɋ cm. 
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Synthesis of 6-nm, 10-nm, and 18-nm Pd Nanocubes. Pd nanocubes (6, 10, and 18 

nm in edge length) were synthesized using protocols reported by our group [71]. For the 

synthesis of 10-nm Pd cubes, PVP (105 mg), AA (60 mg), and KBr (300 mg) were 

dissolved in DI water (8.0 mL), and then placed in a vial and pre-heated at 80 °C in an oil 

bath under magnetic stirring for 10 min. Subsequently, 3 mL of aqueous Na2PdCl4 solution 

(19 mg mLī1) was injected into the preheated solution in one shot. The reaction solution 

was maintained at 80 °C under magnetic stirring for 3 h. The product was collected by 

centrifugations, washed three times with DI water to remove excess PVP and inorganic 

ions, and then re-dispersed in 6 mL EG. For the syntheses of 6 nm and 18 nm nanocubes, 

the procedure was kept the same except that KBr (300 mg) was replaced by KBr (5 mg) 

and KCl (185 mg), and KBr (600 mg), respectively. 

Synthesis of Pd@Ru Coreīshell Nanocubes. In a standard synthesis of Pd@Ru 

coreīshell nanocrystals, 50 mg AA and 100 mg PVP were dissolved in 8 mL EG. The 

resulting solution was preheated at 200 °C under magnetic stirring for 10 min in a three-

necked flask. Then, 1 mL of a suspension of 10-nm Pd cubes (2 mg mLī1) was added into 

the flask and kept at 200 °C under magnetic stirring for 1 hour. Subsequently, 2 mg 

RuCl3ĀxH2O and 250 mg PVP were dissolved in 20 mL EG and injected to the flask at a 

rate of 1 mL hī1 using a syringe pump. The reaction was allowed to continue for an 

additional 10 min to complete. The resultant product was collected by centrifugation, 

washed once with acetone and twice with water, and then re-dispersed in 8 mL DI water. 

The procedure for the syntheses of 6 and 18 nm Pd@Ru nanocubes was similar to that of 

10 nm Pd@Ru nanocubes. 2 mg of 6-nm and 18-nm Pd nanocubes were used as seeds 

respectively and 3.64 mg and 1.04 mg RuCl3ĀxH2O was injected accordingly. The number 
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of grown Ru layers was the same for these three kinds of Pd seeds. All other synthetic 

procedures were kept the same as for the 10-nm Pd@Ru cube synthesis. 

Formation of Ru Nanocages. Chemical etching was conducted in an acidic aqueous 

solution to generate Ru nanocages. Typically, KBr (300 mg), PVP (50 mg), FeCl3 (50 mg), 

HCl (0.3 mL, 37%), DI water (5.7 mL), and 1 mL as-prepared Pd@Ru coreīshell 

nanocrystals were mixed together in an 18-mL vial. The mixture was transferred into an 

oil bath heated at 100 °C under magnetic stirring for 3 h. After that, the product was 

collected by centrifugation, washed three times with ethanol, and then re-dispersed in DI 

water for further characterization. 

Morphological, Structural, and Elemental Analysis. Transmission electron 

microscopy (TEM) was conducted with an HT7700 microscope operated at 120 kV. High-

resolution transmission electron microscopy (HRTEM) images were acquired on a Cs-

corrected FEI Titan 80/300 kV TEM/STEM microscope at Oak Ridge National Laboratory 

(ORNL). All high-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) images and energy-dispersive X-ray spectroscopy (EDX) data were 

acquired using an aberration-corrected Hitachi HD-2700 200 kV STEM equipped with a 

Brüker Quantax 400/S ï STEM EDX detector at Georgia Institute of Technology. 

Inductively coupled plasma mass spectrometry (ICP-MS, NexION 300Q, PerkinElmer) 

was used for a quantitative analysis of metal content in the samples. X-ray diffraction 

(XRD) patterns were obtained with a PANalytical XôPert PRO Alpha-1 diffractometer 

using 1.8 kW Ceramic Copper tube source. 

DFT Calculations. Periodic, self-consistent density functional theory (DFT) 

calculations were performed using the Vienna ab initio Simulation Package (VASP) code 



 49 

[72, 73]. Projector augmented wave (PAW) potentials were used to describe electron-ion 

interactions, and the generalized gradient approximation (GGA-PW91) was used to define 

the exchange-correlation functional [61 63]. Our calculations expand the wave function in 

a basis set of plane waves, truncated at a kinetic energy cutoff of 400 eV. All calculations 

were performed for adsorption on a single side of a metal slab, periodically repeated in a 

2×2 unit cell, corresponding to 1/4 monolayer (ML) coverage (except for studies of Ru 

surface diffusion and substitution, where both 2×2 and 3×3 unit cells were used as 

explained below). At least 13 Å of vacuum were used to separate periodic images in the z-

direction, to avoid interactions between images. The first Brillouin zone was sampled using 

a (6×6×1) Monkhorst-Pack k-point mesh [74]. Geometric optimization was performed until 

the Hellmann-Feynman forces on all atoms converged to less than 0.01 eV/Å. We 

calculated the binding energies (BE) of surface adsorbates according to: 

BE = Etotal ī Eslab ī Egas-phase adsorbate 

where Etotal is the total energy of the metal slab with the adsorbate, Eslab is the total 

energy of the slab excluding the adsorbate, and Egas-phase adsorbate is the energy of the 

adsorbate in the gas phase at infinite separation from the slab. Activation energy barriers 

for bond dissociation steps and diffusion/substitution events were calculated using the 

climbing image nudged elastic band (CI-NEB) method [75], in which initial and final states 

were connected with seven interpolated images that were each converged to forces less 

than 0.1 eV/Å. Vibrational frequency calculations were performed to confirm a single 

imaginary vibrational mode for the calculated transition states. The vibrational frequencies 

of translational, vibrational, and rotational modes assumed a quantum harmonic oscillator, 
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and were estimated by second-order numerical differentiation of forces, using a step size 

of 0.015 Å. 

Surface diffusion and substitution calculations were performed for Ru adatoms on a 

four-layer Pd(100) slab model, with the top two layers relaxed and the bottom two fixed at 

their bulk positions. The optimized lattice constant of Pd was calculated to be 3.958 Å, in 

good agreement with the experimental value of 3.89 Å [51]. In addition to performing 

calculations in a 2×2 unit cell, my collaborators also performed these diffusion and 

substitution calculations in a 3×3 unit cell, corresponding to 1/9 ML coverage, to gauge the 

effect of surface coverage on the calculated energetics. All parameters for the 3×3 unit cell 

were kept the same as for the 2×2 unit cell (including 6×6×1 k-point mesh). 

They performed calculations on six model surfaces to evaluate variations in catalytic 

activity resulting from the substantial structural differences between the close-packed hcp-

(0001) Ru structure and the as-synthesized fcc-(100) Ru nanocages. They calculated the 

lattice parameters of bulk hcp Ru to be a=2.729 Å and c/a=1.577, in close agreement with 

the experimental values of a=2.706 Å and c/a=1.582 [51]. These parameters were used to 

construct the hcp-(0001) slab model, which is used as a reference state for traditional hcp 

Ru catalysts. They also calculated the lattice constant of Ru in the bulk fcc crystal structure 

to be 3.821 Å, from which they constructed two slab models to gauge the effect of changing 

the structure of hcp-(0001) Ru to close-packed fcc-(111) and undercoordinated fcc-(100) 

surfaces. All three of these slab models utilized four-layer slabs with the bottom two layers 

fixed at their bulk positions, while the top two layers (and adsorbates) were allowed to fully 

relax. 
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Since the as-synthesized Ru catalysts are hollow, free-standing structures, they 

constructed additional models in a similar fashion to that they used recently for modeling 

Pt-Pd nanocages [28]. In particular, they modeled the as-synthesized six-layer nanocages 

as a six-layer membrane with a (100)-like surface arrangement of atoms and all atoms 

relaxed. The interatomic distance within layers was optimized; for the model consisting of 

pure Ru (i.e., the fcc-(100)-cage), the interatomic distance within each layer was 2.685 Å. 

They note that these optimized interatomic distances were slightly constricted relative to 

the fcc-(100) slab, which possesses an interatomic distance of 2.702 Å. Finally, in order to 

model the synthesized structures most accurately, they exchanged two Ru atoms in the cage 

model with Pd atoms, yielding a mass ratio of 8.7% Pd, consistent with the 8.8% Pd in the 

nanocages characterized by ICP-MS. The optimized interatomic distance for this structure 

is 2.690 Å. As in our previous work [28], they assumed that all Pd in contact with the 

etching agent should be removed during the etching process, so they therefore included no 

Pd in the exposed top or bottom layers of the membrane. They instead chose to disperse 

the two Pd atoms in the slab, placing one in the second membrane layer from the top 

(denoted cage-(100)Pd2) and one in the fourth membrane layer from the top (i.e. third layer 

from the bottom, denoted cage-(100)Pd3). They note that this arrangement of Pd atoms in 

the membrane structure yields two different surface profiles in our membrane model (one 

with Pd in the second layer from the surface, and the other with Pd in the third layer from 

the surface). To elucidate the effect of Pd position within the slab, they therefore performed 

calculations on both exposed surfaces (one at a time) of the membrane. They expect that 

the Pd is dispersed somewhat randomly in the interior of the true nanocage structures due 

to the intermixing of Pd and Ru during the synthesis of the coreīshell particles. They 
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therefore do not attempt to determine the minimum energy position of Pd, but rather 

investigate this effect of placing Pd in different positions relative to the surface to elucidate 

the effect of different types of adsorption sites (and the resulting differences in energetics) 

in the true catalyst. 

As a final note, they observe that although 4d transition metals ï to which Ru belongs 

ï do not show magnetism in their natural bulk crystal structures, changes to those crystal 

structures could impart ferromagnetism [76]. In fact, different phases of Ru have been 

studied computationally for the sole purpose of investigating their magnetic properties [77]. 

They have performed test spin-polarized calculations with and without adsorbates on all 

model systems described above, and calculated negligible magnetic moments and 

negligible differences in total energies when compared to corresponding spin-restricted 

calculations (consistent with the previous computational work for fcc Ru) [77]. As such, 

all results presented in this work were calculated without spin-polarization. 

 

2.5 Notes to Chapter 2 

Part of this chapter is adapted from the paper ñSynthesis and Characterization of Ru Cubic 

Nanocages with a Face-Centered Cubic Structure by Templating with Pd Nanocubesò 

published in Nano Letters [78]. 
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CHAPTER 3 

FACILE SYNTHESIS OF RUTHENIUM -BASED OCTAHEDRAL 

NANOCAGES WITH ULTRA THIN WALLS IN A FACE -

CENTERED CUBIC STRUCTURE  

3.1 Introduction  

 Shape-controlled synthesis of noble-metal nanocrystals has received great interest 

in recent years due to the remarkable performance of these nanocrystals in various 

applications related to catalysis [1ï4], photonics [5,6], electronics [7], and medicine [8ï

10]. Many different methods have been developed for generating noble-metal nanocrystals 

with diversified shapes and thereby different types of facets on the surface, in addition to 

diverse structures (e.g., core-frame vs. core-shell or solid vs. hollow) [11ï14]. Among these 

methods, seed-mediated growth has emerged as probably the most versatile and powerful 

approach in terms of experimental control over the shape and structure, as well as the 

particle size [15ï17]. To this end, nanocrystals of various compositions have been 

successfully prepared with core-frame and core-shell structures [18ï21]. Significantly, one 

can selectively remove the cores through wet etching, generating highly open structures 

such as nanoframes and nanocages [21ï25]. For nanocages, in particular, they are of great 

interest to catalysis owing to their high utilization efficiency of atoms and the well-defined, 

controllable facets or surface structures. In a set of recent studies, our group have 

synthesized Pt-based nanocages with cubic, octahedral, decahedral, and icosahedral shapes 

and demonstrated their enhanced performance toward the oxygen reduction reaction [23ï

25]. Remarkably, when a second metal with a different crystal structure is involved, seed-
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mediated growth also offers a simple and straightforward method for the preparation of 

core-shell nanocrystals with an unusual atomic packing for the shell [26ï28]. Even after 

removal of the seed in the core, both the surface and crystal structures in the shell can still 

be retained. 

Ruthenium (Ru) and Ru-based nanocrystals have been widely used in an array of 

catalytic applications such as hydrogenation reactions [29], ammonia synthesis [30, 31], 

and CO oxidation [32]. Recently, several groups have reported the syntheses of Ru 

nanocrystals with various shapes and different crystal structures, and further explored the 

facet- or structure-dependent catalytic properties [33ï35]. Since the discovery of face-

centered cubic (fcc) Ru [35], chemical synthesis of Ru nanocrystals with this unique crystal 

structure has become a subject of active research, in an attempt to create properties and 

applications that are not supported by the conventional hexagonal close-packed (hcp) Ru. 

To this end, I have demonstrated the successful synthesis of fcc-structured Ru cubic 

nanocages by templating with Pd nanocubes [36]. Based upon density functional theory 

(DFT) calculations, the fcc-structured Ru cubic nanocages were found to possess promising 

catalytic properties toward ammonia synthesis. Meanwhile, another group has also 

synthesized Ru nanoframes in the fcc structure, together with higher catalytic activities 

toward the reduction of p-nitrophenol by sodium borohydride and the dehydrogenation of 

ammonia borane [37]. Lee and co-workers have reported the one-pot synthesis of hollow 

Cu-doped Ru octahedral nanocages via an in-situ generated metastable Cu nanoparticle 

template [38]. However, the as-synthesized Ru octahedral nanocages took an hcp structure 

with bumpy surfaces where the facets were not well defined. To our knowledge, there is 

no report on the synthesis of Ru octahedral nanocages with an fcc structure enclosed by 
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smooth {111} facets. When combined with the Ru cubic nanocages reported in our prior 

work, the octahedral nanocages would allow for a systematic investigation of their catalytic 

properties as a function of the facet type or surface structure. 

Here I report the successful synthesis of Pd@Ru octahedral nanocrystals based on 

seed-mediated growth and their transformation into Ru-based octahedral nanocages 

through wet chemical etching. The nanocages were enclosed by well-defined {111} facets, 

together with an ultrathin wall thickness of about five atomic layers. Interestingly, the Ru 

nanocages adopted an fcc structure rather than the conventional hcp structure of bulk Ru. 

Such octahedral nanocages with edge lengths of 12, 18, and 26 nm could all be synthesized 

using the same protocol, except for the use of Pd octahedral templates with different sizes. 

The thermal stability and shape-dependent properties toward the reduction of 4-nitrophenol 

were investigated, together with the first-principles, self-consistent DFT calculations to 

extensively evaluate the catalytic activity of the octahedral nanocages toward ammonia 

synthesis. 

 

 

Figure 3.1. TEM images of Pd octahedra with different edge lengths: (a) 12 nm, (e) 18 nm, 

and (f) 26 nm. The scale bar in panel a applies to all panels in (a c). 
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Figure 3.2. (a) Typical TEM image of the Pd@Ru core-shell nanocrystals synthesized 

from 18-nm Pd octahedral seeds. (b) HRTEM image of a single core-shell octahedron. (c) 

Atomic-resolution image taken from the region marked by a box in Panel (b). (d) HAADF-

STEM image and EDX mapping (red = Pd, green = Ru) of two core-shell octahedra. 

 

 

3.2 Results and Discussion 

Characterization of Pd@Ru Core-shell Octahedra and Ru Octahedral 

Nanocages. I evaluated Pd octahedra with three different edge lengths (Figure 3.1, 12, 18, 

and 26 nm) and all of them showed slight truncation at the corners. Figure 3.2a shows a 

typical TEM image of the products derived from the 18-nm Pd octahedra. The nanocrystals 

took a well-defined octahedral shape with an average edge length of about 20 nm, 

indicating the deposition of Ru shells. Figure 3.2b shows HAADF-STEM image taken 

from an individual particle. The relatively smooth side faces suggest adequate surface 

diffusion for the Ru adatoms. The lattice fringe spacing of the Ru overlayers was 2.2 Å 
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(Figure 3.2c), which correlates well with the {111} planes of fcc Ru. Although bulk Ru 

adopts an hcp structure, the small lattice mismatch between fcc Pd and fcc Ru (3.89 Å vs. 

3.82 Å, 1.8% mismatch) [37], as well as their similar atomic radii, make it possible for the 

Ru adatoms to follow the packing of the underlying Pd atoms through epitaxial growth. 

Figure 3.2d shows the EDX mapping of two particles, further confirming the formation of 

a Pd@Ru core-shell structure. The Ru adatoms were uniformly distributed on the side faces 

and vertices of the Pd octahedral seeds, generating conformal shells. 

 

 

Figure 3.3. (a) Typical TEM image of the Ru octahedral nanocages derived from the core-

shell nanocrystals shown in Figure 3.2. (b) HAADF-STEM image of the Ru octahedral 

nanocages. (c) Atomic-resolution HAADF-STEM image taken from the region marked by 

a box in Panel (b). (d) HAADF-STEM image and EDX mapping (red = Pd, green = Ru) of 

an individual Ru nanocage. 
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In order to obtain Ru octahedral nanocages, wet chemical etching was used to 

selectively remove the Pd cores. The success of such an etching process relies on the 

favorable difference in chemical stability between Ru and Pd, and their relative 

vulnerability toward the oxidative etching process. By exposing the structures to the 

Fe3+/Brï pair, the Ru will remain unreacted while the Pd cores can be etched away through 

the following reaction [20]: 

 

Pd + 2Fe3+ + 4 Brï Ÿ PdBr4
2- + 2Fe2+ 

 

Figure 3.3, a and b, shows typical TEM and HAADF-STEM images of the as-obtained 

Ru nanocages, clearly demonstrating that the Pd cores were effectively removed during 

chemical etching. The octahedral shape was well retained in the Ru nanocages. Based on 

the HAADF-STEM image shown in Figure 3.3c, the lattice spacing of the Ru shell was 2.2 

Å, which can be assigned to the {111} planes of fcc Ru, in agreement with what is shown 

in Figure 3.2c. The fcc structure of the Ru octahedral nanocages was further confirmed by 

XRD analysis, as illustrated in Figure 3.4. The (111), (200), (220), and (311) diffraction 

peaks can all be assigned to the fcc Ru, in agreement with the data shown in Figure 3.2c 

and Figure 3.3c. EDX mapping was used to examine the elemental composition of the Ru 

nanocage. Figure 3.3d shows that the Pd core was selectively removed while the Ru shell 

was well-preserved. Different from what is shown in Figure 3.2d, Ru became the dominant 

element in the products after chemical etching. ICP-MS measurement was conducted to 

quantitatively analyze the elemental compositions before and after Pd etching. After 

etching, the weight percentage of Pd dropped from 73.5% in the core-shell octahedra to 
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9.9% in the nanocages, while the weight percentage of Ru increased from 26.5% to 90.1%, 

indicating a highly efficient etching process for Pd. The calculated thickness of Ru 

nanocages was approximately 4.5 atomic layers in terms of pure Ru and 5.0 atomic layers 

when including both Pd and Ru. The ICP-MS data is consistent with what is shown in 

Figure 3.3d, confirming that the resultant nanocages was dominated by Ru. Taken together, 

these results clearly establish that seed-mediated growth is a powerful method for 

generating nanocrystals with unusual crystal structures. 

 

 

Figure 3.4. XRD pattern of the Ru nanocages derived from the 18-nm Pd octahedra, 

indicating the formation of an fcc crystal structure. Blue bars: JCPDS no. 88-2333 (fcc Ru). 

Red bars: JCPDS no. 06-0663 (hcp Ru). 

 

 

Investigation into the Mechanisms Involved in the Synthesis. To investigate the 

mechanism involved in the formation of Pd@RunL core-shell octahedra, I conducted a set 

of control experiments. Since the Ru shells could be well-preserved during wet chemical 

etching, the nanocrystals before and after wet chemical etching were compared to  
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 Figure 3.5. TEM images of (a, b) the core-shell nanocrystals and (c, d) their corresponding 

nanocages prepared from 18-nm Pd octahedra using the standard procedure, except for the 

use of different injection rates for the Ru(III) precursor: (a, c) 5 mL h-1 and (b, d) 20 mL h-

1, respectively. 

 

 

quantitatively elucidate the mechanism involved in the synthesis. I first examined the 

impact of the injection rate of the Ru(III) precursor, which had a direct correlation with the 

deposition rate of the Ru atoms. When the injection rate was increased from 1 to 5 mL h-1, 

the surfaces of the as-obtained products were covered by plenty of small particles (Figure 

3.5a). Along with the increased injection rate, the deposition rate of Ru atoms was also 

increased accordingly and even became greater than the surface diffusion rate. As a result, 

the growth mode of Ru atoms on the Pd octahedral seeds was switched from layer-by-layer 

to layer-plus-island, leading to the formation of a rough surface. When I further increased 

the injection rate to 20 mL h-1, self-nucleation also appeared (Figure .35b). After selectively 
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etching away the Pd cores, I could clearly resolve the distribution of Ru atoms in the parent 

core-shell nanocrystals, as shown in Figure 3.5, c and d. The surfaces of the resultant Ru 

nanocages were also covered by abundant small particles, consistent with those shown in 

Figure 3.5, a and b. Other than these small particles attached to the side faces, there were 

more Ru atoms deposited on the edges than on the side faces, implying that the Ru atoms 

preferred to nucleate from the edges because of their higher reactivity [15]. As shown in 

Figure 3.5d, the Pd cores could not be completely removed from some of the core-shell 

nanocrystals, which could be attributed to the larger proportion of Ru in the core-shell 

nanocrystals. Compared to the Pd@RunL nanocrystals obtained using the standard 

synthesis, the weight percentage of Ru in the nanocrystals prepared with an injection rate 

of 20 mL h-1 was higher (31.5% vs. 26.5%). The thicker Ru shells made it harder to remove 

some of the Pd cores completely [24]. 

The introduction of KBr and the use of a proper reaction temperature were both critical 

factors contributing to the successful synthesis of Pd@Ru core-shell octahedra. Previously, 

our group has demonstrated the successful synthesis of Ru cubic nanocages [36]. Different 

from the reaction conditions used in that work, I added KBr into the growth solution before 

injecting the Ru(III) precursor. As an effective additive in the syntheses of Pt nanocages 

with different shapes [23ï25], KBr can slow down the reduction rate of Pt(II) precursor 

and promote the formation of conformal Pt shells. Here, I also conducted a control 

experiment to investigate the role of KBr in the synthesis. Figure 3.6, a and b, shows the 

as-obtained Pd@Ru nanocrystals and Ru nanocages prepared using the standard procedure, 

except for the absence of KBr. The resultant Pd@Ru nanocrystals all possessed rough 

surfaces (Figure 3.6a), demonstrating an island growth mode for the Ru adatoms. After 
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removing the Pd cores, the Ru nanocages still exhibited a rough surface (Figure 3.6b), 

which was consistent with the original core-shell nanocrystals (Figure 3.6a). This 

observation indicates inadequate surface diffusion for the Ru adatoms during the deposition 

process. Since the reaction temperature was kept the same at 200 oC, the surface diffusion 

rate should be essentially the same as in the standard protocol. Adding KBr could reduce 

the deposition rate for the Ru atoms through ligand exchange. By adding enough KBr into 

the reaction solution, I could achieve a favorable surface diffusion kinetics over atom 

deposition, enabling a layer-by-layer growth mode for the Ru atoms.  

 

 

Figure 3.6. TEM images of (a, b) the core-shell nanocrystals and the corresponding Ru 

nanocages prepared from 18-nm Pd octahedra using the standard procedure (at 200 oC) 

except for the absence of KBr in the reaction solution, and (c, d) the core-shell nanocrystals 

obtained using the standard protocol but at other temperatures: (c) 175, and (d) 150 oC, 

respectively. 
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Since surface diffusion is a thermally activated process, it can be accelerated or 

deaccelerated by varying the reaction temperature. To this end, I also varied the reaction 

temperature to investigate its impact on the synthesis. Figure 3.6, c and d, shows TEM 

images of the core-shell nanocrystals prepared using the standard procedure except for the 

use of different reaction temperatures. In both cases, even though the temperature was 

reduced from 200 to 175 oC and further to 150 oC, the resultant Pd@Ru nanocrystals still 

possessed a smooth surface. The decrease in reaction temperature not only decelerated the 

surface diffusion, but also weakened the reducing power of the reducing agent. Based on 

the ICP-MS data, the weight percentages of Ru contained in the core-shell nanocrystals 

dropped from 26.5% to 16.2% and 5.6%, respectively, when the reaction temperature was 

reduced from 200 to 175 and 150 oC. Accordingly, the thickness of Ru shells decreased 

along with the compromise in reduction power. Despite the suppression in surface diffusion, 

the decrease in deposition rate arising from the weakened reducing power could still 

maintain a favorable surface diffusion kinetics over atom deposition.  

I also varied the amount of the injected Ru(III) precursor while keeping all other 

conditions unchanged to see if I can tune the wall thickness of the Ru nanocages. As shown 

in Figure 3.7, a and b, when the injected amount of Ru(III) precursor was increased to 0.8 

mg, the as-obtained Pd@RunL nanocrystals still maintained a good octahedral shape while 

their surfaces became slightly rough. As the injected amount of Ru(III) precursor was 

further increased to 1.2 mg, the surfaces of the resultant nanocrystals became much rougher. 

According to the ICP-MS data in Table 3.1, the weight percentages of Ru in the 

aforementioned core-shell nanocrystals were 30.8% and 34.3%, corresponding to 

approximately 4.9 and 5.7 atomic layers, respectively. Chemical etching was then applied 
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Figure 3.7. TEM images of (a, b) the core-shell nanocrystals and (c, d) their corresponding 

Ru nanocages prepared from 18-nm Pd octahedra using the standard procedure except for 

the addition of different amounts of Ru(III) precursor into 20 mL of EG: (a, c) 0.8 mg and 

(b, d) 1.2 mg, respectively. 

 

 

Table 3.1. Comparison of the elemental compositions for Pd@Ru core-shell octahedra and 

Ru nanocages prepared using the standard procedure except for the use of different 

amounts of Ru(III) precursor. 

 RuCl3·xH 2O 

(mg) 

Percentage of Pd 

(wt.%) 

Percentage of Ru 

(wt.%) 

Before etching 
0.8 69.2 30.8 

1.2 65.7 34.3 

After etching 
0.8 9.2 90.8 

1.2 44.6 55.4 
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to these samples to selectively remove the Pd cores. As shown in Figure 3.7c, the Pd cores 

could be completely etched away to obtain Ru octahedral nanocages when the Ru shells 

were 4.9 atomic layers. The surfaces of the Ru nanocages were not as smooth as the sample 

obtained using the standard procedure due to the increase in atom deposition rate caused 

by the increase in Ru(III) concentration.  

For the sample with 5.7 atomic layers of Ru in the shell (Figure 3.7d), about 40% of 

the Pd cores could not be removed. According to our previous work [24], the wet etching 

is initiated by the oxidation of the Pd atoms in the outmost layer of the Ru shell to generate 

vacancies, followed by diffusion of Pd atoms from the underlying layers to generate more 

vacancies. If the Ru shells are too thick, it will be difficult for the Pd atoms to diffuse to 

the outmost layer to generate the initial vacancies. As a result, the etching process would 

be suppressed. Since the Ru shells on the nanocrystals shown in Figure 3.7d were 

approximately 5.7 atomic layers, they were too thick for the Pd atoms to diffuse through, 

leaving behind the Pd cores untacked. A composition of the aforementioned two types of 

Ru nanocages was given in Table 3.1. For the sample with 4.9 atomic layers of Ru, the 

weight percentage of Pd decreased from 69.2% to 9.2% after etching, indicating that the 

Pd cores were removed effectively. For the sample with 5.7 atomic layers of Ru, the weight 

percentage of Pd remained at 44.6% after etching, in agreement with the nanocrystals 

shown in Figure 3.7d. 

I have also extended the synthesis to Pd octahedral seeds with two other edge lengths 

of 12 and 26 nm. Generally, smaller Pd octahedral seeds are better suited for Ru adatoms 

to diffuse across the entire surface because of the shorter distance to cover. Figure 3.8, a 

and b, shows the resultant Pd@RunL octahedra using 12- and 26-nm Pd octahedral seeds, 
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respectively, both of which exhibited good uniformity in terms of size and shape. After wet 

etching, I also obtained Ru nanocages from both samples (Figure 3.8, c and d). Both of the 

nanocages maintained a well-defined octahedral shape, together with a smooth surface, 

verifying the sufficient surface diffusion of Ru adatoms in both cases. In short, the synthetic 

protocol can be applied to fabricate Ru octahedral nanocages with different sizes. 

 

 

Figure 3.8. TEM images of (a, b) the core-shell nanocrystals and (c, d) their corresponding 

nanocages prepared using the standard procedure except for the use of Pd octahedra with 

two other edge lengths: (a, c) 12 nm and (b, d) 26 nm, respectively. 

 

Thermal Stability Evaluation.  The thermal stability of Ru octahedral nanocages was 

investigated using in-situ XRD. Figure 3.9 shows the spectra collected at different 

temperatures ranging from 200 to 450 oC. The fcc structure of Ru octahedral nanocages 



 73 

was stable at 300 oC, demonstrated by the distinctive peaks of fcc structure. When the 

heating temperature was increased to 350 oC, in addition to fcc-(111) peak, the appearance 

of hcp-(101) peak was also observed, indicating the initiation of crystal structure 

transformation from fcc to hcp. As the temperature was further increased to 400 and 450 

oC, the characteristic peaks of fcc structure disappeared and the intensity of characteristic 

peaks of hcp structure kept increasing drastically, verifying the complete crystals structure 

transformation from fcc to hcp. 

 

 

Figure 3.9. The in-situ XRD patterns of the fcc Ru nanocages measured under Ar 

atmosphere in the temperature range between 200 and 450 oC, showing the transformation 

of crystal structure from fcc to hcp. The characteristic peaks of fcc and hcp Ru are labelled 

using blue and red colors, respectively. 
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Figure 3.10. Comparison of the catalytic activities towards the reduction of 4-nitrophenol 

for Ru cubic and octahedral nanocages. The absorbance spectra of reaction solutions at 

different times using (a) cubic and (b) octahedral nanocages. (c) Normalized absorbance at 

400 nm peak for 4-nitrophenol as a function of time for both cubic and octahedral cages. 

(d) Line plot comparing the -ln(Absorbance) versus reaction time generated from the data 

in (c), where the rate constant can be determined taking the slope of the lines. 

 

 

Evaluation of Catalytic Properties toward the Reduction of 4-Nitrophenol. The 

reduction of 4-nitrophenol was used as model reaction to evaluate the facet-dependent 

properties of Ru nanocages. Ru cubic nanocages with an average size of 10 nm were 

prepared as previously reported and their performance was compared with that of 12-nm 

Ru octahedral nanocages [36]. For the reduction of 4-nitrophenol, the kinetics can be 

conveniently monitored by measuring the absorption of 4-nitrophenolate anions which has 

a distinctive peak located at 400 nm. Figure 3.10, a and b, shows the UV-vis absorption 
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spectra in the presence of Ru cubic and octahedral nanocages as the catalysts, respectively. 

The peaks show a gradual decay throughout the catalytic process. The normalized 

absorbance at 400 nm is plotted as a function of reaction time (Figure 3.10c), indicating 

faster decay in absorbance when the octahedral nanocages were used as the catalyst. As the 

reduction of 4-nitrophenol follows pseudo-first-order kinetics [37, 39], the plot of -

ln(absorbance) vs. reaction time is linear. Figure 3.10d shows the rate constants derived 

from these linear relationships. The rate constant of the octahedral nanocages was 

measured to be 0.11 s-1, 1.22 times higher than that of cubic nanocages (0.09 s-1), 

confirming the superior performance of {111} facets toward the reduction of 4-nitrophenol. 

Understanding N2 Dissociation using DFT Calculations. To evaluate the 

performance of the fcc Ru octahedral nanocages toward heterogeneously catalyzed 

reactions, my collaborators performed a self-consistent DFT (GGA-PW91)[  40] study of 

the atomic and molecular adsorption of 14 distinct reaction intermediates relevant to a 

wide range of industrial applications (see Table 3.2 and Table 3.3). They performed these 

calculations on a number of fcc Ru(111) cage models with selected amounts of Pd 

impurities as observed in experiments. To isolate the effect of Pd impurity, they compare 

the results on these surfaces to those on a pure Ru nanocage. Additionally, they compare 

the results on all these surfaces to those on an hcp Ru(0001) slab model, which represents 

the typical Ru nanoparticles with the conventional hcp structure. Given that Ru has been 

extensively investigated for ammonia synthesis, they choose here to elaborate on N2 

dissociation, the rate-determining step of ammonia synthesis, to atomic nitrogen on each 

of our models, along the same lines of our previous work on Ru cubic nanocages [36]. The 

dissociation of adsorbed molecular nitrogen (N2*) to atomic nitrogen (N*) has been  
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Figure 3.11. Potential energy surfaces for N2 dissociation on three model surfaces. hcp-

(0001) represents an hcp pure Ru(0001) slab as a model for conventional Ru nanoparticles; 

cage-(111) is a cage model of pure Ru exposing the close-packed facet in an fcc stacking; 

and cage-(111)Pd2,2 represents a cage model exposing the {111} facet with two Ru atoms 

in the immediate subsurface layer exchanged with two Pd atoms. ñ*ò represents an 

adsorbed state, 2N* is the energy of two N* adatoms adsorbed at infinite separation, and 

ñN-N TSò refers to the transition state of the N2* bond-breaking event. The energies of all 

the states are referenced to that of the gas-phase nitrogen, denoted as N2(g). The activation 

energy barrier (Ea, values on all surfaces are tabulated in Table 3.4) is the difference 

between the transition state energy and the energy of N2*, as depicted by the blue double-

arrowed line. The model cage-(111)Pd2,2 ï among all other surfaces ï offers the strongest 

stabilization of N-N TS, which is depicted in the middle graphic of the inset, in between 

the left graphic that depicts an initial state of N2* adsorbed vertically atop a Ru atom and 

the right graphic that depicts an N* at infinite separation from the second N* adsorbed on 

an hcp site. In the inset, N is represented by blue spheres, Pd is represented by red spheres, 

and Ru is represented by green spheres. 

 

 

described as the rate-determining step for ammonia synthesis on Ru-based catalysts [40ï

43], and hence studying this step could allow us to predict the suitability of the Ru 

nanocages in catalyzing this industrially important reaction. They specifically aim to gauge 
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the promise of our model surfaces to catalyze ammonia synthesis based on the stabilization 

of the transition state of N2 dissociation (N-N TS). Table 3.4 lists this metric along with 

other quantities, and Figure 3.11 depicts a potential energy surface for the dissociation 

process on: the pure hcp Ru(0001) slab model, the pure fcc Ru(111) cage model, and the 

fcc Ru(111) cage model with Pd impurities that stabilize N-N TS the most. 

 

 

Table 3.2. Binding energies (in eV) of 14 atomic and molecular species on all surfaces 

studied. The adsorbate/surface combinations with the strongest binding energies are shown 

in bold. The reference energy is chosen for adsorbate in the gas phase, at infinite separation 

from the model surface. 

Species 
hcp-

(0001) 

cage-

(111) 

cage-

(111)Pd3,3 

cage-

(111)Pd2,3 

cage-

(111)Pd3,4 

cage-

(111)Pd2,4 

cage-

(111)Pd2,2 

cage-

(111)Pd4,4 

C -7.55 -7.47 -7.65 -7.73 -7.72 -7.58 -7.58 -7.42 

N -6.00 -6.02 -6.21 -6.21 -6.29 -6.08 -6.04 -6.04 

O -6.00 -6.01 -6.22 -6.23 -6.28 -6.10 -6.02 -6.05 

H -2.91 -2.86 -2.84 -2.86 -2.89 -2.90 -2.93 -2.90 

CH -6.85 -6.91 -6.78 -7.14 -7.12 -7.05 -7.08 -6.95 

CH2 -4.47 -4.38 -4.52 -4.57 -4.56 -4.47 -4.51 -4.39 

CH3 -2.16 -2.08 -2.11 -2.17 -2.16 -2.18 -1.99 -2.10 

NH -5.14 -5.17 -5.36 -5.42 -5.39 -5.30 -5.28 -5.20 

NH2 -3.04 -2.94 -2.98 -3.08 -3.03 -3.07 -3.19 -2.95 

NH3 -0.75 -0.59 -0.64 -0.66 -0.63 -0.64 -0.66 -0.61 

OH -3.34 -3.28 -3.37 -3.35 -3.36 -3.31 -3.35 -3.24 

CO -1.89 -1.82 -1.93 -1.92 -1.81 -1.88 -2.04 -1.86 

NO -2.67 -2.69 -2.78 -2.89 -2.86 -2.79 -2.84 -2.73 

N2 -0.61 -0.53 -0.65 -0.56 -0.59 -0.52 -0.66 -0.52 



 78 

Table 3.3. Preferred binding sites of 14 atomic and molecular species on all surfaces 

studied. In the context of close-packed facets, the symbol ñtò refers to top site, ñbò refers 

to bridge site, ñhò refers to hcp site, and ñfò refers to fcc site. On surfaces where Pd is 

present, a symbol could be suffixed with ñ/Pdò or ñ/Ruò to denote which site is involved. 

For example, ñf/Pdò means that the preferred binding takes place on the Pd fcc site rather 

than the Ru fcc site. 

Species 
hcp-

(0001) 

cage-

(111) 

cage-

(111)Pd3,3 

cage-

(111)Pd2,3 

cage-

(111)Pd3,4 

cage-

(111)Pd2,4 

cage-

(111)Pd2,2 

cage-

(111)Pd4,4 

C h h h! h/Pd h@ h/Pd h/Pd h 

N h h h! h/Pd h@ h/Pd h/Pd h 

O h h h! h/Pd h@ h/Pd h/Pd h 

H h f f/Pd h/Pd f/Pd f**  f**  f 

CH h h h! h/Pd h@ h/Pd h/Pd h 

CH2 h h h! h/Pd h@ h/Pd h/Ru h 

CH3 f f f/Pd f/Pd f/Pd f% h/Pd f 

NH h h h! h/Pd h@ h/Pd h/Pd h 

NH2 b b b/Ru b! b! b% b% b 

NH3 t t t! t# t@ t# t**  t 

OH f f f/Ru h/Pd h@ f% b% f 

CO t h t!! h/Pd b! h/Pd f**  h 

NO h h h! h/Pd h@ h/Pd h/Pd h 

N2 t t t!!  t*  t! t**  t***  t 

 

! one adjacent fcc site is occupied by Pd. 

!! two adjacent fcc sites are occupied by Pd. 

# none of the adjacent fcc or hcp sites are occupied by Pd. 

* one adjacent hcp site and an adjacent fcc site are occupied by Pd. 

** one adjacent hcp site is occupied by Pd. 

*** two adjacent hcp sites are occupied by Pd. 

@ the adjacent fcc site(s) are (is) not occupied by Pd. 

% the adjacent hcp site(s) are (is) not occupied by Pd. 
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They first present our results on hcp-(0001) which is represented by an hcp pure Ru 

slab model. The transition state energy is 1.07 eV higher than N2(g), making N2* desorption 

far easier than its dissociation on that model surface. Switching to the cage-(111) model, 

which represents an octahedral nanocage of fcc pure Ru, does not make N2* dissociation 

easier. With respect to hcp-(0001), the fcc cage-(111) destabilizes N2* by 0.08 eV, and N-

N TS by 0.09 eV, while marginally stabilizing N* by a mere 0.01 eV. 

They then turn our attention to the Ru-cage models with Pd impurities, which are more 

representative of experimental reality. Table 3.4 shows the positive impact of Pd impurities 

on N2* dissociation. With the exception of cage-(111)Pd4,4, all surfaces stabilize the N-N 

TS relative to pure hcp Ru(0001). Specifically, cage-(111)Pd2,2 reduces the Ea for N2* 

dissociation by 0.31 eV with respect to hcp Ru-(0001). These results for hcp-Ru(0001), 

fcc-Ru cage-(111), and cage-(111)Pd2,2 are plotted in Figure 3.11. It is interesting that the 

best-performing surface (cage-(111)Pd2,2) has both Pd atoms in the immediate subsurface, 

and that the transition state occurs in the immediate vicinity of these Pd atoms. While it 

might be improbable for a high concentration of contiguous-Pd sites to exist after etching 

(Pd is rather randomly distributed within the Ru nanocage, as shown in Figure 3.3d), the 

improvement offered by cage-(111)Pd2,2 represents an upper bound on the expected activity 

of the octahedral nanocages. As an important take away from these DFT calculations, if 

they can control the doping position and concentration of Pd atoms in the sub-surface of 

the Ru nanocages, they will create an avenue by which the catalytic properties of the Ru 

nanocages can be systematically improved. However, at this time, they are unable to utilize 

our synthesis method to control these critical aspects, but they strongly believe that it will 

be a meaningful topic worthy of exploring in the near future.  
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Table 3.4. Calculated binding energies for the adsorbed atomic nitrogen (BE(N*)) and 

molecular nitrogen (BE(N2*)), activation energy barriers for the dissociation of N2* to N* 

(Ea (N2*ŕ2 N*), see Figure 3.11 for definition), and the difference between transition state 

energies of N2* dissociation and gas-phase nitrogen (ETS ï EN2,gas), as a measure of 

competition between the desired dissociation and the undesired desorption of N2*. All 

values are in eV. Binding Energies (BE) are referred to the respective gas phase species. 

Model BE(N*)  BE(N2*)  
Ea (N2*Ÿ2 

N*)  
ETS

| ï EN2,gas 

hcp-(0001) -6.00 -0.61 1.68 1.07 

cage-(111) -6.02 -0.53 1.68 1.16 

cage-(111)Pd3,3 -6.21 -0.65 1.66 1.02 

cage-(111)Pd2,3 -6.21 -0.56 1.51 0.95 

cage-(111)Pd3,4 -6.29 -0.59 1.62 1.04 

cage-(111)Pd2,4 -6.08 -0.52 1.47 0.96 

cage-(111)Pd2,2 -6.04 -0.66 1.37 0.71 

cage-(111)Pd4,4 -6.04 -0.52 1.66 1.14 

ETS
| is the energy of the transition state. The last column offers insight into the competition 

between N2* desorption (undesired) and its dissociation to 2N*. The lower this difference 

is, the more competitive the dissociation becomes. 

 

 

To summarize, our modeling results indicate that cage-(111) models with Pd 

impurities, which most faithfully represent the as-synthesized Ru octahedral nanocages, 

should generally improve catalysis for ammonia synthesis as compared to the conventional 

hcp Ru nanoparticles. The reduced Ea for N2 dissociation on the nanocages would provide 

more efficient competition against molecular desorption of N2, translating into decreased 
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reactor pressures, and would allow for milder temperatures of the Haber-Bosch process. 

Since ammonia synthesis is an exothermic process, milder temperatures (allowed by lower 

activation energy barriers) would also lead to more favorable reaction equilibrium during 

the synthesis, thus further reducing the high pressures typical of the Haber-Bosch process. 

These constitute potentially major improvements and energy savings for the energy-

intensive Haber-Bosch process. They also note that past literature reports have found that 

fcc Ru nanoparticles can retain their fcc structure up to temperatures as high as 300 °C, 

which makes these nanocages potentially-stable catalysts for ammonia synthesis, 

especially given that they preferentially expose the stable, close-packed {111} facet. 

Finally, they note that our previous study of cage-(100) surfaces [36], representing cubic 

nanocages, predicted more improved performance than hcp-(0001) toward ammonia 

synthesis relative to the current study of octahedral nanocages. Specifically, on the best-

performing cubic nanocage ï with Pd impurities in the immediate subsurface layer ï the 

transition state energy of N2* dissociation is 0.05 eV lower than the energy of N2(g), which 

indicates that N2* dissociation is favorable over desorption [36]. This superiority of cubic 

nanocages is an expected result, and can generally be attributed to electronic factors such 

as the enhanced binding (of N2) and lower activation energy barriers for bond-breaking 

events on the more open and less coordinated {100} facets. Additionally, a geometric factor 

exists in the way N2* adsorbs on either surface. While N2* adsorbs di-s to the {100} facets 

of the cubic nanocages in a bridge-hollow-bridge configuration [36], it prefers to adsorb 

vertically on a top site on the {111} facets of octahedral nanocages. Therefore, on the {111} 

facets, the N2* needs to tilt first to a horizontal position before the N-N bond breaking 

event takes place. This tilting process has been found to be endothermic by 0.53ï0.75 eV 
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across our surfaces, a significant energy cost which could only be increased by additional 

kinetic barriers for the tilting process. 

 

3.3 Conclusion 

I have demonstrated the synthesis of Ru octahedral nanocages with an fcc structure 

through seed-mediated growth and selective etching. These Ru octahedral nanocages were 

uniform in size and shape, with a wall thickness approaching five atomic layers. Based on 

a systematic study, the use of KBr, a slow injection rate, and an elevated reaction 

temperature were all critical to the successful synthesis to ensure the deposition of smooth, 

uniform, and conformal Ru shells. This approach was successfully applied to Pd seeds with 

different edge lengths ranging from 12 nm to 26 nm. In-situ XRD analysis indicates that 

the fcc structure of Ru nanocages can be stable at 300 oC. For the evaluation of catalytic 

activity, {111} facets exhibited enhanced performance than { 100}  facets toward the 

reduction of 4-nitrophenol. I and my collaborators also assessed the promise of these fcc-

structured nanocages toward ammonia synthesis using DFT calculations, and derived the 

activation energy barriers to N2 dissociation, as well as the stabilization of molecular and 

atomic nitrogen. Our calculations show that the Pd impurities in the nanocages generally 

play a synergistic role in stabilizing and activating nitrogen, thus allowing the octahedral 

nanocages to potentially be more promising than the conventional hcp Ru catalysts. In 

whole, this work provides an effective strategy towards the synthesis of active and atom-

efficient hollow nanocages with precise facet structures and sizes. 

 

3.4 Experimental Section 
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Chemicals. Sodium tetrachloropalladate(II) (Na2PdCl4, 99.99%), potassium bromide 

(KBr, 99%), poly(vinylpyrrolidone) (PVP, MWŪ55000), formaldehyde (HCHO, 36.5ï

38%), ᾛ-ascorbic acid (AA, 99%), ruthenium(III) chloride hydrate (RuCl3ĀxH2O, 99.99%), 

potassium chloride (KCl, 99%), hydrochloric acid (HCl, 37%), sodium borohydride 

(NaBH4, 99%), 4-nitrophenol (C6H5NO3, 99%), and iron(III) chloride (FeCl3, 97%) were 

all obtained from Sigma-Aldrich and used as received. Ethylene glycol (EG, 99%) was 

ordered from J. T. Baker. All aqueous solutions were prepared using deionized (DI) water 

with a resistivity of 18.2 Mɋ cm at room temperature. 

Synthesis of 6-, 10-, and 14-nm Pd Cubes. For the synthesis of 10-nm Pd cubes [44], 

105 mg of PVP, 60 mg of AA, and 300 mg of KBr were dissolved in 8.0 mL of water, and 

then placed in a vial and heated at 80 °C in an oil bath under magnetic stirring for 10 min. 

Subsequently, 3 mL of aqueous Na2PdCl4 (19 mg mLī1) was injected into the preheated 

solution in one shot. The reaction solution was maintained at 80 °C under magnetic stirring. 

After 3 h, the product was collected by centrifugation, washed three times with water to 

remove excess PVP and ionic species, and then re-dispersed in water for further use. The 

concentration and quality of Pd cubes in the suspension were determined using a 

combination of inductively-coupled plasma mass spectrometry (ICP-MS) and electron 

microscopy analysis, respectively. For the syntheses of 6- and 14-nm Pd cubes, the 

procedure was essentially the same except that KBr (300 mg) was replaced by a mixture 

of KBr (5 mg) and KCl (185 mg), and KBr (500 mg), respectively. 

Synthesis of 12-, 18- and 26-nm Pd Octahedra. In a typical synthesis [45], 8 mL of 

an aqueous mixture containing 315 mg of PVP, 50 ɛL of HCHO, and 2.73 mg of Pd cubic 

seeds (6-nm cubes for 12-nm octahedra, 10-nm cubes for 18-nm octahedra, or 14-nm cubes 
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for 26-nm octahedra) was placed in an oil bath and heated to 60 oC for 10 min under 

magnetic stirring. Then, 3 mL of an aqueous solution containing 175 mg Na2PdCl4 was 

injected into the reaction solution in one shot. After 3 h, the product was collected by 

centrifugation, washed twice with water, and then re-dispersed in EG for further use. The 

concentration and quality of Pd octahedral seeds were determined using a combination of 

ICP-MS and electron microscopy, respectively. 

Synthesis of Pd@Ru Core-Shell Octahedra. In the standard synthesis of 18-nm 

core-shell octahedra, AA (50 mg), KBr (20 mg), PVP (100 mg), and Pd octahedral seeds 

(0.62 mg) were mixed in EG, and the total volume of the final solution was adjusted to 9 

mL by adding EG. The mixture was placed in an oil bath and heated at 200 oC under 

magnetic stirring. Subsequently, 0.6 mg of RuCl3ĀxH2O was dissolved in 20 mL of EG and 

injected into the growth solution at a rate of 1 mL h-1 using a syringe pump. The reaction 

was allowed to continue for an additional 2 h to complete. The final product was collected 

by centrifugation, washed once with acetone and twice with water, and then re-dispersed 

in water for further use. The procedure for the syntheses of 12- and 26-nm core-shell 

octahedra was similar except that the amounts of RuCl3ĀxH2O introduced were adjusted to 

1.35 and 0.29 mg, respectively, to ensure that the thicknesses of the Ru shells were more 

or less the same for all three samples. 

Fabrication of Ru Octahedral Nanocages. In a typical process [36], 300 mg of KBr, 

30 mg of FeCl3, 0.18 mL of HCl, 50 mg of PVP, and 4.82 mL water were mixed in a 20-

mL glass vial. The mixture was placed in an oil bath held at 90 oC under magnetic stirring. 

Afterwards, an aqueous suspension of the as-synthesized core-shell octahedra (~0.1 mg) 
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was introduced. After etching for 1.5 h, the product was collected by centrifugation, 

followed by washing with water three times. 

Instrumentation.  Transmission electron microscopy (TEM) imaging was conducted 

with a Hitachi 7700 microscope operated at 120 kV. All high-resolution transmission 

electron microscopy (HRTEM), high-angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM) images and energy-dispersive X-ray spectroscopy 

(EDX) data were acquired using an aberration-corrected Hitachi HD2700 microscope 

operated at 200 kV. ICP-MS (NexION 300Q, PerkinElmer) was used to quantitatively 

analyze the metal content in a sample. X-ray diffraction (XRD) patterns were obtained with 

a PANalytical XôPert PRO diffractometer with a Cu KŬ X-ray source. UV-vis absorption 

spectra were recorded using a Perkin-Elmer Lambda 750 UV-vis-NIR spectrometer. 

In -situ XRD measurements. The thermal stability of fcc Ru octahedral nanocages 

was investigated by in-situ XRD. High temperature XRD patterns were collected with an 

Anton Paar XRK hot stage over the range 200 ÁC Ò T Ò 450 ÁC between 2ɗ = 30° and 90°, 

and the patterns were analyzed with HighScore Plus, a software package provided by 

PANalytical. An ethanol solution containing Ru octahedral nanocages was dispersed onto 

a square silicon wafer before high temperature XRD measurements. To avoid sample 

oxidation, a stream of ultra-high purity Argon was passed through the hot stage. Each 

pattern was collected for an hour to obtain sufficient signals every 50 oC, with a heating 

rate of 5 oC/min. 

Reduction of 4-nitrophenol by NaBH4. The reaction was conducted with an aqueous 

suspension at room temperature. In a typical experiment, an aqueous suspension of Ru 

nanocages was first diluted to 0.1 mM in terms of Ru element based on the ICP-MS data. 
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Afterwards, 1 mL of aqueous NaBH4 (20 mM) was mixed with 1 mL of 4-nitrophenol (0.2 

mM) in water, and the colorless solution turned yellow immediately. Then, 0.5 mL of the 

aqueous suspension of Ru nanocages was quickly added into the aforementioned solution. 

The reaction kinetics was monitored using a UV-vis spectrometer, which recorded the 

absorption peaks of the reactant and product in the cuvette over time. 

DFT Calculations. The Vienna ab initio Simulation Package (VASP) code was used 

to perform periodic, self-consistent DFT calculations [46, 47]. The exchange-correlation 

functional was described by the generalized gradient approximation (GGA-PW91) [48], 

and the electron-ion interactions were described using the projector augmented wave 

potentials (PAW) [49, 50]. The wave function was expanded in a basis set of plane waves, 

truncated at 400 eV kinetic energy cutoff. All calculations were performed on (2×2) unit 

cells, corresponding to 1/4 ML coverage of adsorbates, with (6×6×1) Monkhorst-Pack k-

point mesh sampling of the first Brillouin zone [51]. Adsorption was allowed on a single 

surface of a slab at a time, with energies corrected for dipole moments. Hellmann-Feynman 

forces on all atoms were made to converge to 0.01 eV/Å during geometric optimization. 

Calculations were tested for spin-polarization, and total energies were found to be 

negligibly affected, in accordance with the computational literature on fcc Ru [52]. As 

such, all results presented here are spin-restricted. My collaborators define the binding 

energy (BE) of an adsorbate as: 

BE = Eadsorbate ï Esurface ï Eadsorbate,gas 

where Eadsorbate is the total energy of the species adsorbed on the surface model, Esurface is 

the energy of the clean surface, and Eadsorbate,gas is the energy of the adsorbate in the gas 

phase at infinite separation from the surface.  
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cage-(111)Pd3,3              cage-(111)Pd2,3             cage-(111)Pd2,2             cage-(111)Pd2,4 

 

  cage-(111)Pd3,4              cage-(111)Pd4,4 

2.695 Å                        2.690 Å                         2.687 Å                       2.687 Å 

0.00 eV                        0.29 eV                        0.49 eV                        0.55 eV 

Figure 3.12. All four Ru nanocage models with Pd impurities and the associated six 

surfaces studied. The optimized interatomic distances within metal layers are listed beneath 

each model, in Å. The bold values beneath each image are energies relative to the most 

stable structure (leftmost), in eV. Cage-(111)Pd3,3 represents a surface with two Pd atoms 

in the third layer, cage-(111)Pd2,3 represents a surface with a Pd atom in the second layer 

and a Pd atom in the third layer, cage-(111)Pd3,4 represents a surface with a Pd atom in the 

third layer and a Pd atom in the fourth layer, cage-(111)Pd2,2 represents a surface with two 

Pd atoms in the second layer, cage-(111)Pd4,4 represents a surface with two Pd atoms in the 

fourth layer, and cage-(111)Pd2,4 represents a surface with a Pd atom in the second layer 

and a Pd atom in the fourth layer. The Ru and Pd atoms are represented by green and red 

spheres, respectively. 

 

 

Put this way, the BE is an energy gain (or loss) incurred as the adsorbate approaches 

the surface, and as such, more negative binding energies indicate stronger adsorption. The 

climbing image nudged elastic band (CI-NEB) was used to calculate activation energy 

barriers for N2 dissociation [53]. The method interpolates the initial and final states with 

seven intermediate images, and forces on each image were converged to less than 0.1 eV/Å. 

The transition state was verified with a single imaginary vibrational mode. The vibrational 
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frequency calculations of translational, rotational, and vibrational modes were estimated 

using second-order numerical differentiation of forces using a 0.015 Å step size, within the 

framework of a harmonic oscillator. 

The lattice parameters of bulk hcp Ru were calculated as a=2.729 Å and c/a=1.577, 

which agree well with experimental data (a=2.706 Å and c/a=1.582) [54]. These 

parameters were used to construct the hcp-(0001) slab models with four metal layers each; 

the bottom two layers were fixed at their bulk positions while all other atoms ï including 

the adsorbates ï were allowed to fully relax. The hollow, free-standing Ru nanocages were 

modeled with five layers of Ru atoms exposing the (111) facet, and possessing an fcc-like 

structure. The optimization of the interatomic distances within a metal layer was done with 

all atoms of the system allowed to fully relax. Using this method, the optimized interatomic 

distance within a layer for a five-layered pure Ru nanocage (cage-(111)) was calculated as 

2.687 Å. 

To model the Pd impurities in the as-synthesized Ru nanocages, they replaced two Ru 

atoms in the nanocage with Pd atoms, so as to yield a 10.5 wt.% Pd concentration, which 

was close to the 9.9 wt.% of Pd obtained by ICP-MS. Importantly, no Pd atoms were 

allowed in the exterior layers (topmost and bottommost), with the assumption that the 

etching agent would only fail to extract Pd atoms from the interior of the nanocage, along 

the lines of our previous work [24, 36]. They developed four models, each representing a 

different configuration of the Pd impurities within the Ru nanocage. These models cover 

all possible combinations of Pd atoms in the subsurface layers. Figure 3.12 depicts all the 

models investigated, showing that our models span a wide stability range of 0.55 eV. These 

models reveal that Pd atoms prefer to segregate together as far from the surface as possible, 
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absent any adsorbates. Given the lack of evidence of any specific structure of Pd impurities 

in the Ru nanocage, likely because the etching process would leave the Pd impurities in 

random positions, they decided to study all the surfaces provided by our models. 

Specifically, they performed calculations on surfaces with: both Pd atoms in the third layer 

(cage-(111)Pd3,3), a Pd atom in the second layer and a Pd atom in the third layer (cage-

(111)Pd2,3), a Pd atom in the third layer and a Pd atom in the fourth layer (cage-(111)Pd3,4), 

a Pd atom in the second layer and a Pd atom in the fourth layer (cage-(111)Pd2,4), both Pd 

atoms in the second layer (cage-(111)Pd2,2), and both Pd atoms in the fourth layer (cage-

(111)Pd4,4). The surfaces on which adsorption was studied are labeled for each model in 

Figure 3.12. The figure also lists the optimized interatomic distance for each model, 

estimated in a similar manner to the pure Ru nanocage as discussed above. For all models 

(slab and nanocage), a minimum of 13 Å of vacuum was used to separate vertical images 

to avoid unphysical interactions along the z-direction. 

 

3.5 Notes to Chapter 3 

Part of this chapter is adapted from the paper ñFacile Synthesis of Ru-Based Octahedral 

Nanocages with Ultrathin Walls in a Face-Centered Cubic Structureò published in 

Chemistry of Materials [55]. 
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CHAPTER 4 

SYNTHESIS OF RUTHENIUM ICOSAHEDRAL NANOC AGES 

WITH A FACE -CENTERED-CUBIC STRUCTURE AND 

EVALUATION OF THEIR CATALYTIC PROPERTIES  

4.1 Introduction  

Noble-metal nanocrystals have found widespread use in an array of applications 

ranging from catalysis to photonics, sensing, imaging, and medicine [1-6]. In recent years, 

many efforts have been devoted to controlling the shapes of noble-metal nanocrystals 

because of the correlations between the properties and shapes and thus surface structures, 

with typical examples including cubes, cuboctahedra, octahedra, tetrahedra, bipyramids, 

decahedra, icosahedra, and plates [7-11]. Among them, nanocrystals with one or more twin 

defects, often referred to as multi-twinned particles (MTPs), have received considerable 

interest because the associated strains can give rise to augmented properties. For 

icosahedral nanocrystals, they are comprised of 20 single-crystal, apex and facet-sharing 

tetrahedral subunits interconnected through 30 twin defects to give a shape enclosed by 20 

triangular {111} facets. Due to the presence of a large number of twin defects, vertices, 

and edges, as well as the inhomogeneous distribution of strains, icosahedral nanocrystals 

are anticipated to display unique properties for various applications [12-15]. Besides, 

icosahedral nanocrystals can serve as seeds to realize the epitaxial growth of a second metal 

and thereby the formation of coreīshell nanocrystals with a uniform thickness and a 

smooth surface [16]. Subsequently, icosahedral nanocages of the second metal can be 

obtained through selective removal of the cores, with both the shape and twin structure 
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being well preserved. Different from its solid counterpart, a nanocage is characterized by 

a hollow interior, ultrathin (< 2 nm) walls, and a porous structure, which could substantially 

improve the utilization efficiency of metal atoms. In addition, the relatively larger 

dimension of nanocages allows one to engineer the surface structure to optimize their 

catalytic activities, while it is extremely challenging for small solid nanoparticles. To this 

end, our group recently reported the facile synthesis of Pd@Pt coreīshell icosahedra and 

then Pt-based icosahedral nanocages of about six atomic layers in wall thickness, together 

with a surface enclosed by both {111} facets and twin boundaries [17]. Compared with the 

commercial Pt/C, the Pt-based icosahedral nanocages exhibited a 6.7-fold and 10-fold 

enhancements in mass and specific activities, respectively, toward the oxygen reduction 

reaction (ORR). 

As a member of the platinum-group metals (PGMs), Ru has a hexagonal close-packed 

(hcp) structure distinct from the face-centered cubic (fcc) structure of other PGMs, 

including Pd, Pt, Rh, and Ir. In recent years, Ru and Ru-based nanocrystals have received 

great interest because of their great performance in various applications such as ammonia 

synthesis [18, 19], Fischer-Tropsch synthesis [20], and CO oxidation [21], among others. 

In addition to the reports on Ru nanocrystals with the conventional hcp structure [22, 23], 

synthesis of Ru nanocrystals with an fcc structure has recently emerged as an active subject 

of research [24]. To this end, Kitagawa and co-workers reported the synthesis of fcc-Ru 

nanoparticles with tunable sizes by optimizing the combination of solvent and metal 

precursor [25]. However, they were unable to obtain fcc-Ru nanocrystals with well-

controlled shapes and surface structures. Xia and co-workers combined seed-mediated 

growth with wet chemical etching for the facile synthesis of Ru octahedral nanoframes in 
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an fcc structure. When benchmarked against hcp-Ru nanowires, the nanoframes displayed 

greatly enhanced performance toward both the reduction of 4-nitrophenol and the 

dehydrogenation of ammonia borane [26]. Additionally, our groups have demonstrated the 

syntheses of fcc-structured Ru cubic and octahedral nanocages with tunable sizes by 

templating with Pd nanoscale cubes and octahedra, respectively. According to the results 

from density functional theory (DFT) calculations, the Ru nanocages are promising 

catalysts toward ammonia synthesis [27, 28].  

Herein, I report a facile synthesis of Ru icosahedral nanocages covered by {111} 

facets and twin boundaries, together with an average wall thickness of five atomic layers. 

Notably, Ru atoms in the icosahedral nanocages were crystallized in an fcc structure 

differing from the conventional hcp structure found in bulk Ru. Based on in situ XRD, the 

fcc structure could be retained up to a temperature as high as 300 oC. In addition, the 

icosahedral shape of the Ru nanocages could be largely preserved at a temperature up to 

300 oC. I further evaluated the shape-dependent catalytic activities of Pd@Ru coreīshell 

nanocrystals and the fcc-Ru nanocages using two model reactions based on the reduction 

of 4-nitrophenol and decomposition of hydrazine. Our results indicated that Ru nanocages 

displayed superior activities than their parental Pd@Ru coreīshell nanocrystals toward 

both the reduction of 4-nitrophenol and decomposition of hydrazine. Furthermore, the Ru 

icosahedral nanocages exhibited greatly enhanced performance than their cubic and 

octahedral counterparts due to the presence of twin boundaries on the surface. As an 

estimate of their potential toward ammonia synthesis, I and my collaborators also 

performed periodic DFT calculations to evaluate the capability of the Ru icosahedral 

nanocages to dissociate molecular nitrogen and found that fcc-structured Ru icosahedral 
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nanocages with Pd impurities in the subsurface are more promising than the conventional 

hcp-Ru nanoparticles in catalyzing ammonia synthesis. 

 

 

Figure 4.1. Schematic illustrating the two main steps, together with the reaction conditions, 

involved in the formation of Pd@Ru coreīshell icosahedra and Ru icosahedral nanocages: 

i) the deposition of Ru atoms on Pd icosahedral seeds in a layer-by-layer growth mode and 

ii ) the selective removal of Pd cores through wet chemical etching. 

 

4.2 Results and Discussion 

Characterization of Pd@Ru CoreīShell Icosahedra and Ru Icosahedral 

Nanocages. As illustrated in Figure 4.1, the fabrication of Ru icosahedral nanocages 

involves two major steps: the deposition of Ru atoms on Pd icosahedral seeds in a layer-

by-layer growth mode and the selective removal of Pd cores through wet chemical etching. 

The synthesis started with the preparation of Pd icosahedra (Figure 4.2a), which served as 

seeds for the conformal deposition of Ru shells. Based on the histogram of size distribution 

shown in Figure 4.2b, the Pd icosahedra had an average size of 12 ± 3nm. After AA, PVP 

and KBr had been dissolved in EG and then mixed with a suspension of the as-synthesized 

Pd icosahedral seeds, the mixture was heated to 200 °C in an oil bath under magnetic 

stirring. Subsequently, an EG solution of RuCl3·xH2O was titrated into the reaction mixture 

at a rate of 1 mL·h-1. After completion of titration, the reaction was continued for another 
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two hours. Figure 4.2c shows the TEM image of a typical sample of the Pd@Ru coreīshell 

icosahedra, which took a well-defined icosahedral shape and a uniform size. As evident 

from the HAADF-STEM image shown in the inset, the icosahedral shape and twin 

structure can be well recognized. To confirm the coreīshell structure, I conducted EDX 

mapping to differentiate the distribution of Pd and Ru in the nanocrystals, as illustrated in 

Figure 4.2d. Based on the clear contrast between the Pd cores and Ru shells, the Ru adatoms 

were well distributed on the outer layers of Pd cores, demonstrating a coreīshell structure. 

 

 

Figure 4.2. (a) TEM image of the Pd icosahedral seeds. (b) Size distribution of the Pd 

icosahedral seeds. The inset shows the definition of size. (c) TEM image of the Pd@Ru 

coreīshell icosahedra synthesized from 12-nm Pd icosahedra. The inset shows the STEM 

image of an individual Pd@Ru coreīshell icosahedron (scale bar: 5 nm). (d) STEM images 

and EDX mapping (green = Pd, red = Ru) of an individual coreīshell icosahedron. 
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To obtain Ru icosahedral nanocages, the Pd cores were selectively removed through 

chemical etching. During the etching process, FeCl3 and KBr worked together as an etchant 

while HCl was added to prevent the hydrolysis of both Fe3+ and Fe2+ ions [29]. The 

chemical reaction involved in the etching process can be summarized as: 

 

Pd + 2Fe3+ + 4BrĖ Ÿ PdBr4
2ï+ 2Fe2+ 

 

 

Figure 4.3. (a) TEM image of the Ru icosahedral nanocages synthesized from 12-nm Pd 

icosahedra. (b) HAADF-STEM image of an individual Ru icosahedral nanocage and (c) 

atomic-resolution image taken from the edge marked by a box in panel (b), revealing the 

twin boundary. 

 

 

Figure 4.3a shows TEM image of the Ru icosahedral nanocages after chemical etching, 

where the Pd cores were effectively etched away while the icosahedral shape of the Ru 

shells was well preserved. Based on the HAADF-STEM images shown in Figures 4.3b and 

c, the twin boundary in the Ru icosahedral nanocage can be well resolved. The average 

thickness of the Ru shells was approximately 1.1 nm, corresponding to five atomic layers. 
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ICP-MS measurement was conducted to quantitatively analyze the elemental compositions 

of the Pd@Ru coreīshell icosahedra and Ru icosahedral nanocages. After etching, the 

weight percentage of Pd dropped from 75.0 wt.% in the coreīshell icosahedra to 12.5 wt.% 

in the nanocages, demonstrating the sufficient removal of Pd cores through wet chemical 

etching. Meanwhile, the weight percentage of Ru increased from 25.0 wt.% in the 

coreīshell icosahedra to 87.5 wt.% in the nanocages, indicating the dominance of Ru in 

the icosahedral nanocages. 

 

 

Figure 4.4. XRD pattern of Ru icosahedral nanocages synthesized from 12 nm Pd 

icosahedra, demonstrating their fcc structure. Blue bars: JCPDS no. 88-2333 (fcc Ru). Red 

bars: JCPDS no. 06-0663 (hcp Ru). 

 

Seed-mediated growth has been reported as a straightforward and versatile method 

for generating noble-metal nanocrystals with unusual crystal structures [24].Recently, by 

templating with Pd cubes and octahedra, Ru cubic and octahedral nanocages with an fcc 

structure have been successfully prepared [27, 28]. Here, I also conducted XRD analysis 
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to determine the crystal structure of the Ru icosahedral nanocages. Figure 4.4 shows an 

XRD pattern of the Ru nanocages prepared from 12-nm Pd icosahedra. The characteristic 

peaks of fcc-structured Ru, including (111), (200), (220) and (311), could all be resolved. 

Due to the small lattice mismatch between Pd and fcc Ru (~1.8%), the surface atoms of Pd 

icosahedral seeds would force the deposited Ru adatoms to faithfully replicate the surface 

atomic structure of the Pd seeds through epitaxial growth. Taken together, the Ru adatoms 

in the shells would crystallize in an fcc structure, where both the {111} facets and twin 

structure could be well preserved. 

 

 

Figure 4.5. TEM images of typical Pd@Ru nanocrystals prepared from 12 nm Pd 

icosahedra using the standard procedure except (a) in the absence of KBr; and (b) 

decreasing the amount of RuCl3 to 0.48 mg; (c) collecting the product after 5 h injection; 

(d) in the absence of KBr, decreasing the amount of RuCl3 to 0.48 mg, and collecting the 

product after 5 h injection. 
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Investigation of the Deposition Mechanism. The essence of forming Pd@Ru 

coreīshell icosahedra is to ensure a layer-by-layer deposition for the Ru adatoms, which 

can be realized by controlling the rate of atom deposition relative to surface diffusion [30]. 

In order to achieve preferential surface diffusion over atom deposition, I introduced KBr 

into the growth solution, which has been proven to be an effective additive in achieving 

conformal coating of Pt on Pd seeds. Its role is to retard the reduction rate of the Pt 

precursor, in other words, to decrease the deposition rate of Pt adatoms and promote the 

formation of conformal coating [17]. Figure 4.5a shows the resultant Pd@Ru nanocrystals 

prepared in the absence of KBr. The nanocrystals exhibited rough surfaces, characteristic 

of an island growth mode. To elucidate the deposition mechanism of Ru atoms on Pd cores, 

I investigated the reduction kinetics by measuring the instantaneous concentrations of 

unreacted Ru(III) ions in the reaction solution at different time points (Figure 4.6a).  

 

Figure 4.6. Quantitative analysis of the conversion of Ru(III) ions to Ru(0) atoms during 

the synthesis of Pd@Ru coreīshell icosahedra under different conditions. (a) The 

instantaneous concentration of unreacted RuCl3 in the reaction solution. (b) The 

accumulated mass of Ru(0) atoms throughout a synthesis, as derived from the data shown 

in (a). The Ru(III) precursor was injected in the first 20 h and the reaction was then 

continued for another 2 h to completion.  
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According to our prior work related to the kinetic analysis of seed-mediated growth 

[31], when Ru(III) precursor was introduced by dropwise addition, the Ru(III) ions should 

be gradually accumulated in the growth solution as the number of drops is increased in the 

initial stage. Afterwards, the concentration of Ru(III) ions will reach a steady state and only 

fluctuate in a narrow range defined by nup and nlow, corresponding to the upper and lower 

limits, respectively, for the number of precursor ions normalized to the number of seeds. 

Specifically, during the steady state, the number of Ru(III) ions will promptly increase 

from nlow to nup upon introducing a new drop of Ru(III) precursor, and then exponentially 

decay from nup to nlow until the addition of the next drop [31]. For both samples synthesized 

with (denoted standard synthesis) and without KBr, the concentrations of Ru(III) precursor 

in the reaction solution increased dramatically during the first 5 h and then became 

relatively stable in the following 15 h, in agreement with our previously reported model 

[31]. After all the precursor solution had been injected, the concentration of the Ru(III) 

precursor dropped a little and then became relatively stable. In the case of no KBr, the final 

concentration of Ru(III) precursor was lower than that of the standard synthesis, indicating 

a higher conversion of Ru(III) ions to Ru(0) atoms (31.5 wt.% Ru in the as-obtained Pd

Ru nanocrystals). Figure 4.6b shows the accumulated masses of Ru(0) atoms during the 

syntheses under different reaction conditions, also confirming the higher conversion of 

Ru(III) ions to Ru(0) atoms in the absence of KBr.  

In order to probe the role of KBr in determining the growth modes of Ru adatoms 

under the same Ru(III) conversion conditions, I reduced the amount of Ru(III) precursor 

to 0.48 mg while keeping all other reaction conditions the same as the standard procedure. 

The product is denoted by sample/0.48, and a TEM image is shown in Figure 4.5b. The 
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weight percentage of Ru in sample/0.48 was 24.8 wt.%, similar to that of the standard 

sample (25.0 wt.%). With regard to the reduction kinetics of sample/0.48, the measured 

instantaneous concentration of unreacted Ru(III) precursor took the same trend as the 

standard synthesis, but the value was lower due to the decrease in concentration for the 

Ru(III) precursor (Figure 4.6a). Although the weight percentages of Ru in the final products 

were almost the same for sample/0.48 and the standard sample, their accumulated masses 

of Ru(0) atoms were different throughout the synthesis, as illustrated in Figure 4.6b. 

Especially, for sample/0.48, the accumulated mass of Ru(0) atoms was much higher than 

that of the standard sample in the first 5 h and then gradually became closer in the following 

hours. Figures 4.5c and d show TEM images of the standard sample and sample/0.48, 

respectively, collected after the Ru(III) precursor had been injected for 5 h. Notably, the 

nanocrystals in the standard sample possessed a well-defined icosahedral shape with a 

smooth surface, while those in sample/0.48 took a rough surface due to the presence of 

plenty branches. This result confirms that the Ru adatoms in the standard synthesis and the 

sample/0.48 followed different growth modes in the initial stage: layer-by-layer and island, 

respectively. Taken together, the introduction of KBr was critical in enabling a layer-by-

layer growth pattern for the Ru adatoms throughout the synthesis, leading to the formation 

of conformal Ru shells. 

I also investigated the roles of injection rate, the amount of Ru(III) precursor, and 

reaction temperature; all of which could affect the atom deposition and/or surface diffusion. 

I first studied the effect of injection rate, which is directly related to the atom deposition 

rate, on the formation of Pd@Ru coreīshell icosahedra, as shown in Figure 4.7. When the 

injection rate of Ru(III) precursor was increased to 5 mL·h-1 and further to 20 mL·h-1, the 
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surfaces of the as-obtained Pd@Ru nanocrystals became rough and were covered by plenty 

of branch-like particles (Figures 4.7a and b, respectively). After selective removal of the 

Pd cores, the resultant Ru nanocages showed rough surfaces, indicating insufficient surface 

diffusion (Figures 4.7c and d, respectively), in agreement with their initial Pd@Ru 

nanocrystals. As the injection rate was increased, the resultant Ru nanocages were covered 

by more small particles and cracks on the surface, and more Ru adatoms were confined to 

the corners and edges. It is because, during the epitaxial growth, Ru(0) atoms preferred to 

be deposited on the low-coordination atoms first, in our case, atoms on the vertices and 

edges [32]. If the deposition rate was greater than the surface diffusion rate, more Ru atoms 

would aggregate at the vertices and edges, generating non-uniform shells. 

 

Figure 4.7. TEM images of typical Pd@Ru nanocrystals and their corresponding 

nanocages prepared from 12 nm Pd icosahedra using the standard procedure except using 

different injection rates. (a, c) 5 mL h-1, (b, d) 20 mL h-1. 
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Figure 4.8. TEM images of typical Pd@Ru nanocrystals and their corresponding 

nanocages prepared from 12 nm Pd icosahedra using the standard procedure except 

introducing different amounts of RuCl3 while keeping the overall volume of injected 

solution at 20 mL. (a, c) 0.8 mg, (b, d) 1.2 mg. 

 

 

I also varied the amount of Ru(III ) precursor while keeping the total volume 

unchanged to see whether I can tune the thickness of the Ru shells. Figures 4.8a and b show 

TEM images of typical Pd@Ru nanocrystals prepared using the standard procedure except 

increasing the amount of Ru(III) precursor to 0.8 and 1.2 mg, respectively. The sizes of 

resultant Pd@Ru nanocrystals grew to approximately 14.5 (Figure 4.8a) and 15.5 nm 

(Figure 4.8b), respectively. However, the surfaces of these nanocrystals became relatively 

rough. Based on the elemental compositions determined using ICP-MS, the calculated 

thicknesses of the Ru shells were approximately 6.2 and 7.8 atomic layers for the 


























































































































































































































