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SUMMARY

Ruthenium (Ru)is an intriguing catalytic material for a variety of reactions.
However, its extremely lovbundancen the earth crustand evetincreasing price have
created a barrier to the largeale use of this met&ne solution to this issue is¢éngineer
the shape or surface structuae well as the crystal phase of Ru hanocrystaln attempt
to optimize their catalytic properties. This dissertation is focused on the development of
synthetic strategies for tHacile synthesis of Ru nanocrystals with a fa@ntered cubic
(fco) phaseand weltdefined surface structures. Basediom integration of seeshediated
growth and wet chemical etchinigiwvaswere able to fabricate Ru nanocages with a cubic,
octahedral,or icosahedral shape. The-sgnthesized nanocages were characterized by
ultrathin and porous walls (< 1.2 nm) as welwvaadl-controlled surface structurelglost
interestingly, theRu nanocages adopted dnc phase rather than the conventional
hexagonal clospacked (icp) structure typical of bulk Ru. Both tliec phase and surface
structures of the nanocagesutd be well peserved up to 300 CThe facetdependent
properties oftte fcc-Ru nanocages weevaluated towarthe reduction of 4nitrophenol
and hydrazine decomposition. Density functional theory calculations suggested the
enhanced catalytic performancé the fcc-Ru nanocagesoward N2 dissociation for
ammonia synthesis relative tcp-Ru nanopatrticlesl also developed a hydrothermal
approach to the synthesis fot-Ru octahedra with enhanced thermal stability using Rh
nanocubess the seedsn particular, thécc-Ru octahedra could retain both the crystal
phase and the octahedral shape up to 400 €. Wiemrchmarked against thep-Ru

nanoparticlesthe octahedral nanocrystashibited enhanceeent in terms of specific

XXii



activity toward oxygen evolution. In thedtproject,| developeda facile method for the
synthesis ofcc-Ru cuboctahedral nanoframeis the galvanic replacement between Pd
seeds and Ru(lll) precursorThe nanoframes could largeigtainthefcc phase and frame
structure up to 350 €Whenused as catalysts for hydrazine decompositimih the
activity and selectivityof the fcc-Ru nanoframesvere substantiallyimproved relative to

hcp-Ru nanoparticles

XXili



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 bi omed
applications require the use of noble metals infthe of nanocrystals with at least one
di mension in the range of 1 100 nm. Si mply
noble metals exhibit many fascinating properties tdaat not be achievely their bulk
counterparts [ 9 11]canb® foend inthmqubstardialy increasedx a mp |
surfaceto-volume ratio ofnanomaterialgor catalysis. For a certain amount of catalytic
materials, when the size shrinks from 10 ¢
by 1000 times. Since the sucaatoms 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.

Ancther 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 moshgtrik
featuresare the various colors displayed by the suspensions of Au nanopanities
differentsizes or shapesas shown in Figurgé.1[12]. The unique optical properties of Au
nanomaterials, known as localized surface plasmon resonance (LSPR)&laled enany
applications in chemistry and medicine, including sensing, drug delivery, image contrast

enhancement, and cancer theranostics [ 12



diameters less than 10 nm was found to show remarkable catalytic acvégd many

reactions such as CO oxidation and propylene epoxidation, opening new opportonities

this metal.
a Nanorods aSpeCt ratio -
SOnm l ! ' l ' ' ' .
b Nanoshells - shell thickness

140 nm

50 nm

Figure 1.1 Gold nanoparticles commonly appli¢al biomedical applications. (a) Gold
nanorods, (b) silic@gold coré shell 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)
aspectatio, (b) shell thickness, and/or (c) galvanic displacement by gold. (Reprinted with
permission fronj13]. Copyright 202 TheRoyal Society of Chemistry

Despite the intriguing properties of nobteetal nanocrystals, several obstadel

needto ovecome in order tapplythem tothe largescale use. The major issue lies in their



extremely low abundance in tlearth crust(typically pars per billion or ppb level) and
everincreasing prices [18]. To this end, one has to decrease the loadioigl@etals by

improving their performance, especially for catalytic applications. Howewergan not

rely on continuously decreasing the size of nanomaterials because the -catalytic
performance would be ultimately compromissdhe presence of increased foam of less
desiredcorner and edge atoms.g, Pt nanparticless f or oxygen reduct.
Additionally, when the patrticle size isducedthe sintering of nanopatrticles during leng

term operation became another issue. Therefore, there is an negehto explore new

strategies for the design of nobteetal nanocrystals with enhanced properties.

Figure 1.2 Examples of metal nanocrystals with different shapes, incluthoge with
singlecrystal, single and multiplytwinned, and nanocrystalsith staking faukllined
structures(Reprinted with permission from [22]. Copyright ZDAnnual Reviews



1.1.1FacetControlled Synthesis

One powerful method for enhancing the properties of notdéal nanocrystals to
engineertheir facets and thusurfacestructures 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 accomplishmentantrolling the synthesi®f noblemetal
nanocrystals with diversaternal structures arghapes. Typicaxamplaincludesingle
crystalandtwinned nanocrystals, as well as those with planer defects or stacking faults
The representative shapes contgihere, cubesuboctahedronpctahedron, decahedron,
icosahedron, right bipyramid, plate, rod, and wifegure 1.2) [22]. Significantly, the
properties of noblenetal nanocrystals show strong dependence on ititemal andar
surface structure. Our group have synthesized Pd wohasec bipyramids, octahedra,
tetrahedra, decahedra, and icosahedra (Fip3e f ) t o compr ehensi vel
correlation between thsurface structurand catalytic performance [23]. When used as
catalysts for formic acid oxidation (FAO), all tRel nanocrystals with wetlefined shapes
exhibited enhanced specific activity relative to the commerciablBdk catalyst. In
particular, the Pd{100} facets were found to be catalytically more active than Pd{111}
facets in catalyzing the oxidation of foilaracid molecules while the twin defects showed
superior performance than both 03 and{111} facets (Figurel.3g). In addition to
the catalytic activity, the surface structure alse daignificantimpad on the selectivity
of noblemetal catalysttoward 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, whigkre enclosed by a mix of {100} and {111} facets [24].
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a
F
"
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Specific activity
(mA cmp,2)

Pd
2+ black |

o i
Figure 1.3 TEM images and corresponding models of the Pd nanocrystals fested
formic acid oxidation (FAQ)(a) cubes; (b) right bipyramids; (c) octahedra; (d) tetrahedra;
(e) decahedra; and (fjosahedraThe scale bar in pan@) applies to all panels in ().

(g) Comparison of the activitypward FAObetween various Pd nanocrystals and against
commercial Pd black. (Reprinted with permission from [23]. Copyright 2017 Wiehy.)




1.1.2 PhaseControlled Synthesis

In addition to diverse surface structures, it was recently found that-mebée
nanocrystals could also take on a crystal phase distinctthath n b ul k [ 25 2 7]
phenomenon can be rationalized by the fact that when the size ofmetalis shrinks to
the nanometer scale, the surface energy would be dominant in the total energy [27]. As a
consequence, the nobieetal atoms may exhibit a different packing preference under
certain conditions such as pressure, temperature, apdetbencef template. Xia and co
workers found that the crystal phase of Pd nanocrystals would transit fromefaesed
cubic cc) to facecentered tetragondicf) after subjecting to a pressure of 24.8 GPa [28].
Zhang and cavorkers reported the fdeisynthesis of Au square shelkygemplating with
graphene oxide sheets, in which the Au nanosheets crystallized in a hexagonal close
packed licp phase rather than thec structure typical of bulk Au [29]. Since the
arrangement of atoms is strongly iated with the physiochemical propertiestiudse
metals, these demonstrationsopen the door to another avenue for enhancihg
optimization of the properties of nobheetal nanocrystals.

One representative example can be found in tHetfémetallicsystem, which adogt
body-centered cubicbicg andfcc structures in bulk, respectively. Sun andveorkers
reported the facile synthesis fifc Fe-Pt alloy nanoparticles, which thesened asa
precursor to the formation of fully orderéct Fe-Pt alloy ranoparticlesuponannealing
(Figurel.4, a and b) [30]. The ordering of thet Fe-Pt nanoparticles could be readily tuned
by varying the annealing time. When used as catalysts toward oxygen reduction reaction
(ORR), the fully orderefct Fe-Pt nanoparti@s exhibite®.3- and 3.7#fold, and11.3 and

5.3fold enhancements in terms of specific and mass activities relative focthe-Pt



nanoparticlesand thecommercial Pt/C, respectively (Figufied4, ¢ and d). Even after
20,000 cycles of accelerated durability test, no obvious loss of the performance was
observed for thdct Fe-Pt nanoparticles (Figuré.4e), demonstrating the outstanding
durability. Moreover, the FEt nanoparticles with differentrystal structures also
displayed distinctive magnetic properties. In contrast técitiee-Pt nanoparticles that are

superparamagnetic, tiiet Fe-Pt nanoparticles are strongly ferromagnetic (Figudd).

a b (111)
{
— | (001) | (200)
5 (110) \ 002) 220
s MJW /L (201) (112) ( 4
2 || fct-FePt (fully ordered)
2 A
% MJ \ ‘h\’\Mj
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20 30 40 50 60 70
20 (degree)
c 5 d 100 76 _
- Il Comm Pt I Comm Pt @
NE B fcc-FePt L <+ I fcc-FePt £
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Figure 1.4 (a) HAADFSTEM image of a representative fully orderéxt FePt
nanoparticles. (b) XRD patterns of the fully and partially ordéceBe-Pt nanoparticles.

(c) Specific activities of different catalysts at 0.9 V. (d) Mass activities of different catalyst
at 0.9 V. (e) ORR polarization curves of the fully ordefetd-e-Pt nanoparticles before
and after potential scans between 0.6 and 1.(R€printed with permission from [30].
Copyright 2015 American Chemical Socigty.



Thus far, phaseontrolled synthas has been accomplished for many noble metals
including Au, Ag, Ru, Rh, and Pd [ 2(fsc 27] .
or hcp) were achieved for each metal and a majority of the reported nanocrystals showed
poorly defined shapes. As sythe shape dacetdependent properties of the noble neetal
with a novel crystal phase remambiguousHow to engineer both the crystal phase and
surface structure of noblmetal nanocrystals is an interesting research subject that deserves

more studis.

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, Fischk€érr opsch synt hesi s, batteries,
Although shapeontrolled synthesis has been accomplished for many noble metals
includingPdPt , Ag, Au, andadrandcHhal@rge td dhgineer thd shapes st i
or surface structure of Ru nanocrystals. There are several reasons responsible for the
dilemma. First, distinct from the aforementioned metads @d, Pt, Ag, Au, and Rhipat
have arfccstructure, Ru crystallizes in d&eplattice. As such, the anisotropy in th@xis
of the intrinsic arrangement of Ru atoms (lattice consges.71A andc = 4.28A) would
lead to different growth pacedongthe a- and c-direction andthereby the preferential
formation of nanoplates and nanowires. Additionally, the cohesive and surface energies of
Ru are much greater than thasfePd, Pt, Ag, Au, and Rh [41, 42]. Asresult the Ru
atoms are required to overcome a high energy bamrierder to form nanocrystals with

diverse surface structures. Another challenge lies in the low reduction potential of Ru(lll)



ions (0.39versusthe standard hydrogen electrode or SHE fof*MRu) [43], making it
difficult to generate Ru atoms through ofieal reduction of Ru(lll) ions. Consequently,
it has beem challenging tasto manipulate the growth kinetics of Ru atoms as a means to

engineer the shape of Ru nanocrystals.

Figure 15. TEM images of Ru nanocrystals with varicglsaps: (a) nanoparticles, (b)
nanochains, (chanowires (d) nanoplates, (e) capped columasd(f) hourglass. Figure

1.4a was adapted from [44]. Copyright 2010 American Chemical Society. Figure 1.4b was
adapted from [45]. Copyright 2016 American Chemicati&y. Figure 1.4c was adapted
from [46]. Copyright 2013 American Chemical Society. Figure 1.4, d anc& adapted

from [47]. Copyright 2012 American Chemical Society. Figure 1.4f was adapted from [48].
Copyright 2013 American Chemical Sociéty.

Given these challenges, the synthesis of Ru nanocrystals typically involves harsh
reaction conditions. For the synthesis of Ru nanoparticles and nanowires (Fiyarand
b) [44, 45], a strong reductant ascorbic acid (AA) was used for the reductioiflbf Rns

to Ru atoms in an ethylene glycol (EG) solution while the reaction temperatuseintas



200 €, nearlythe boiling point of EG. To facilitate the reduction of Ru(lll) ions, Wong
and coeworkers employedH. as the reductant, which was generatedm the
decomposition ofodium borohydride (NaB#), for the synthesi®f Ru nanowiregFigure
1.5c)[46]. Another strategy is based on the solvothermal method, in which the sslvent
brought to temperatures above its boiling point in conjunction with ihcreased
autogenous pressure, thereby greatly increasing the reactivity of reactants.1FBduref
shows the nanoplates, capped columns, and hourglass synthesiggtie hydrothermal
method [47, 48]. Despite the accomplishments, the nanocrystaisted in literature
typically featured arncp structure and poorly defined facets.

Recently, Kitagawa and emorkersdiscoveed that Ru nanopatrticles with a nofe
structure could be obtained by employing an appropriate pair of the Ru precursor and
solvent [49], which provides a new stratdgythe optimization of catalytic properties of
Ru nanocrystals. However, similar to the repohieptRu nanocrystals, the -@ynthesized
fcc-Ru nangarticles were also characterized by poorly defined shapeatinga barrier
to furtherimprovement other catalytic performance.aken togetherthere is a pressing
need to develofacile synthetic protocols for the productiohRu nanocrystals withoth
well-definedcrystal phaseand surface structures, and thereby veiling thgiase and

facetdependent catalytic properties.

1.3 Homogeneous/ersusHeterogeneous Nucleation
For the Ru nanocrystals shown in Figirg they were all synthesizesing theone
pot approachyhichinvolves homogeneous nucleation and is expected to follow tHeila

model (Figurel.6a) [50]. Typically, metal precursors are reduced to generate zerovalent

1C



metal atomdirst and the concentratin 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 atordsops below the concentration of supersaturation. Afterwards,
the asformed nuclei will undergo growth and form nanocrystals with increasing sizes.
Although the ongoot approach hashownits versatility in the synthesis of nanocrystals, it
has several dwbacks. Since homogeneous nucleation is extremely sensdive
experimentakonditiors, one has to keep a tight control over the reagh@ammetes in

order to obtain desirable products with high quality and reproducibility. Another drawback
lies in thedifficulty to separate the nucleation and growth processes in theatne
synthesis, which is essenttalthe manipulation of growth kinetics of the generated metal
atoms and thus the formation of kinetically controlled products.

To addresghis issue, ne can introduce prdrmed seeds into the synthesis (the so
called seednediated growth). The presence of seeds allows ofmcts on the growth
stepwhile the seeds provide the primary sites for the newly formed metal aiomesleate
which is referrd to as heterogeneous nucleation (Fiduéb) [51, 52]. In particular, when
theseedsand deposited atoms share similar chemical identities, the depositextatdah
replicate the atomic arrangement of the underlying seeds. As sucbamreadily tune
boththecrystal phasandsurface 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 thedr homogeneous nucleatigRigure 1.6¢)and the correlation

can be expressed as following:

AN©)
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Figure 1.6 (a) Plot of the concentration of atoms as a functiaeactiontime, illustrating

the processes of atom generation, -selfleation, andgrowth. (b) lllustration 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 particleesibr homogeneous (yellow line) and
heterogeneous nucleation (blue lin€&jg@re 1.6a was modéd with permission fronb)].
Copyright 1950 American Chemical SocieBjigure 1.6, b and owas reprintedwith
permission fronj51]. Copyright 20X Wiley-VCH.)

where 30 and 30 stand for the energy barriers to homogeneous and
heterogeneous nucl eation, respectivel vy, w h
seed, defined by the Yong equati&@specially when d i s eaergylbagié&t ang]l
to heterogeneous nucleation is only half of that to homogeneous nucleation. Given these
advantages, seedediated growth has been widely leveraged for the synthesis of colloidal
nanocrystals and a variety of nanostructures has been fabdcats uch as cor e ¢
cor e f r amasveel as thasé formexd shrough asymmetric growth [51, 52]. One

typical example can be found in the fabrication ofoRt sed nanocages [ 5

conformally depositing a few layers of Pt atoms on Pd nares;ulrtahedrajecahedra,

12



or icosahedr a, our group reported the faci
with a cubic, octahedratiecahedralpr | cosahedr al slhjeatingthe [ 53 5¢
cor e s hel |toweachencal gtchibfyar thes selective removal of the Pd cores,

we obtained Pbased nanocages enclosed by sefined {100} and {111} facets as well

as different densities of wi n boundaries [56 58jworkeraddi t i c
demonstrated the synthesis of Au@Rhecors heat h nanori bbthem by t

4Hffcc-structured Au nanoribbon (the 4tk denotes the crystal phase that has mixed

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

were also crystallized in the 4fdé pha® rather than the conventioriet lattice typical of

bulk Rh [59].

1.4 Scopeof This Work

The aim of this dissertation is to explanew syntheticprotocok based orseed
mediated growtlfor the facile synthesis of Ru nanocrystals with controllable crystal phases
and surface structuresn an attempt to achieveroperties that are superior to those
associated with the conventionatp phase The dissertatiomainly focuses on three
categorie®of fcc-Ru nanocrystald) nanocages that are characterized by hollow interiors,
ultrathin (<1.2 nm) and porous walls, as well as wahtrolled surface structuras); solid
octahedral nanocrystalsith well-defined {111} facets; andii) nanoframeghat are
composed of only corners and edges. All ¢hies-Ru nanocrystals were subjected to
thermal stress for the evaluationtbérmal stabilityin termsof both the crystal phase and
surface structusg andexaminel as catalysts for the study of crygphase and surface

structuredependent catalytic properties.
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In Chapter 2, demonstrata p ol y ol met hod for the faci

shell nanocubes by templating with Pd cubic seeds, followed by the fabrication of Ru cubic
nanocagesia wet chemical etchingThe key to the success of this synthesis is to ensure
layerby-layer deposition of Ru atoms on the surface of Pd cubic seeds by controlling the
reaction temperature and the injection rate of a Ru(lll) precursor. Most importantly, the Ru
nanocages adopt dnc crystal structure rather than thepstructure observed in bulk Ru.

By tuning the growth mode of Ru atoms from laipgrlayer to island growth,found that

the atomic packing of Ru shells was switched fifomto hcp phase Density functional
theory DFT) calculations were also conductby collaboratordo evaluate the catalytic
performance ofhe Ru cubic nanocages toward dlissociation for ammonia synthesis.

In Chapter 3, ldemonstratea facile approach to the synthesis of Ruabedral
nanocages by integrating see@diated growth with wet chemical etching. The as
synthesized Ru octahedral nanocages are characterized kefuedid {111} facetsfive
atomic layers in thickness, and tunable sindher ange o f THeRuaf®s arem.
alsocrystallized in arfcc phaseandthe fcc phase in the octahedral nanocages could be
well preserved up to 300 €The Ru cubic and octahedral nanocages were used as catalysts
for studying thdacetdependetncatalyticpropertiesoward the reduction of-Aitrophenol.

DFT calculations wereonductedy collaboratorso disclose the role of Pd impurities left
behind in the nanocages during etching in enhancing the catalytic performance teward N
dissociation.

In Chapter 4, teporta strategy for the facile synthesis of Ru icosahedral nanocages

that feature welllefined {111} facets and twin boundaries, as well adcamphase. A

guantitative study was performed to -i nvest
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by-layer grovth of Ru atoms on the Pd icosahedral se@tie.thermal stability of the
icosahedral shape afat phase waalsoassesse@ndboth were found to be well retained

up to 300 €. 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 te 100} and {111} facets. DFT calculations
conducted by collaboratoedso suggest th superior performance éfc-Ru icosahedral
nanocages relative tcp-Ru nanoparticles towardxNissociation

In Chapter 5, tlescribe a facile route to the synthesis &u octahedral nanocrystals
with anfcc structure and an edge length of 9 nm. The suaddbss synthesis relies on the
use of Rh seeds because they can resist oxidative etching under the harsh condition for Ru
overgrowthitheycan be readily prepared as nanocubes with edge lengths below 5 nm; and
their atoms have a size close to that of Ru atddash the octahedral shape and tbe
crystal structureauld be well preserved up to 400 €, which is more than 100 € 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 tohcp-Ru nanoparticledt wasalso demonstratethat Ru{111} facetsveremore
active than Ru{100} facets in catalyzing the oxygen evolution reaction.

In Chapter 6,] demonstratea facile route tothe synthesis of Ru cuboctahedral
nanoframegrystallized in arfcc phase The synthesisvas built around Pd nanocubes,
which quicklyevolved into atruncated cubic shape upon mixing with a Ru(lll) precursor
owing to theinvolvement of oxidative etching. Afterwards, tigalvanic replacement
reaction between the Pd seeds and Ru(lll) precursoediok resulting in thdormation

of PdA@Ruc or e f r ame c ub o setedive @eposition df Re atame ontthie e
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corners and edgeBoth the frame structur@nd crystal phase of thiec-Ru cuboctahedral
nanoframes auld be preserved up to 35€. When benchmarked againgicpRu
nanoparticlesthe fcc-Ru nanoframes exhibited substantial enhancements in terms of

activity and H selectivity toward hydrazine decomposition.

15 Notes to Chapterl

Part of this chapter is adapted from the review artitld o w Affodiable and
SustainableUse ofPreciousMetals inCatalysis andNa n 0 me d i -@uthoredoby meo
and published ilMRS Bulletin[18], and AHoll ow Met al Nanocr )
Porous Wallsand WelCont r ol | ed Sur f ac e Adsanced Matetiaise s 0 p

[19].
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF RUTHEN UM
CUBIC NANOCAGES WITH A FACE-CENTERED CUBIC
STRUCTURE BY TEMPLAT ING WITH PALLADIUM

NANOCUBES

2.1 Introduction

Noble-metal nanocrystals with wetlontrolled shapes have received great interest
owing to their shapdependent properties in the context of catalpsig], electronicE3],
and plasmonic§4, 5], among otherdMany efforts have been devoted to their syntheses
over the past two decadps6 1. I8 particular, seethediated growth has emerged as the
most powerful and versatile approach in terms of experimental controls over composition,
size, shape, and structuf®, 10]. Compared to conventional methods based on
homogeneous nucleation, semddiated 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 nanostgls. Thus far, seadediated growth has successfully
produced many different types of nanocrystals, including those with4nanand multi
metallic compositiong 1 1 1. WHeh more than one metal is involved, seextliated
growth can beusedtoconvee nt | ' y produce nanocrystals wi
structures, as well as concave fagets 9 1. Zftéryvards, chemical etching may be applied
to selectively remove the cores, leaving behind novel nanocrystals, such as nanocages and
nanoframes, witha 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 weléfined facets or surface structufe® 6 1. 2 8 ]
Namocages have been fabricated from a number of noble metals crystals icerfered
cubic fcc) structure, including Pd, Pt, and Au, and further applied to electrocatalytic
applicationgd13, 14, 16].

Ruthenium and Rbased nanocrystals have proven todbegreat importance in
catalysis for their widespread use in an array of reactions, including aromatic
hydrogenation29, 30], CO oxidation[3 1 1]3aBnmonia synthesi§34i 36], and CQ
methanatior[37, 38], among others. The activity and selectivity of absed catalyst
strongly depend on the surface structure and thus the nanocrystal shape. Recently, Ru
nanoplate$39], nanowireq40, 41], hourglassef42], nanoframe$43], and several other
types of nanostructur§44i 46] have been reported. However, to the best of our knowledge,
the synthesis of Ru nanocages has not been demonstrated. Heegart a versatile
approach to the synthesis of Ru cubic nanocages based emeadiaded growth and
selective chemical etchinghe 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 afcc structure rather than the hexagonal clpaeked licp) structure of
bulk Ru[47, 48]. The transition from ahcpto anfcc 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 cubageaaith
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 éiffusorder to generate a

conformal, uniform shell.
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Ru

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@Rushetre
nanocubeand (2) formation of a Ru cubic nanocage by selectively etching away the Pd
core.

2.2 Results and Discussion

As illustrated in Figure.l, the synthesis of Ru cubic nanocage®lves two major
steps. In the first step, Ru atoms are deposited onto thersof a Pd cubic seed due to
the higher strain and/or lower coordination number at these sites, as well a5 itwasBr
chemisorbed on the side fadd®]. The Ru adatoms then diffuse to the edges and side
faces, resulting in the formation of a PA@Ru @1 s he | | nanocube. I n
Pd core is selectively etched away to generate a cubic Ru nandoagmuated Pd
nanocubes with three different sizes (Figdrg 6, 10, and 18 nm in edge length) to
understand how this parameter affects théase diffusion process. All samples of Pd
nanocubes showed slight truncation at the corners and edgesurAgroup has
demonstrated before, it is critical to manipulate the atom deposition rate relative to the
surface diffusion rate in order to contrioétgrowth mode and thus the shape or morphology

of the resultant nanocrystdls0]. For the present systemfound that a relatively high
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temperature of 200 € and a relatively slow injection rate of 1 rmtiere required to

ensure the formationofa@i s he |l | structur e.

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 io)(a

Figure 23 shows electron microscopy images and energy dispersiay XEDX)
mapping of Pd@Ru cor el shel-hmPdaubiosceds. e der i
transmission electron microscopy (TEM) image in Figu&a 2ndicates that the cubic
shape of the origindd seeds was largely retained during Ru deposition while the average
edge length was increased to approximately 12 nm.staeningtransmission electron
microscopy (STEM) images (Figure b and c) taken from an individualor ei s hel |
nanocube clearly shv 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 tihe atomdeposition. The lattice fringspacingof 1.9 A for
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Figure23.(a) TEM i mage of the Pd@Ru cor-ami shell
Pd nanocubes. ( b) HRTEM i mage of an indiyv

resolution image taken from the corner re
HAADF-STEMimageanE DX mappi ng (blue = Ru, red = Pc
nanocube.

.
. G

Figure 24. TEM images of (a) typical Pd@Ru nanocrystals prepared fremmiBd cubes
using the standard procedure without adding PVP into the Ru precursor solution, (b) Ru
nanocage produced after chemical etching of (a).
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the deposited Ru overlayers could be indexed to the {200} plankes Blu. It is welt
known for bulk Ru to adopt ancp structure. However, since the Pd and Ru have very
similar radii and the lattice mismatch be®wn Pd anéccRu is only 1.8% (3.89 As.3.82
A) [51], it is possible for Ru adatoms to follow the crystal packing of the underlying Pd
atoms due to the epitaxial deposition. Th
through EDX mapping (Figure&l). 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 nanoc
To achieveabettemud er st anding of the formation of
| also conducted a set of control experimehtfirst investigated the role played by
poly(vinylpyrrolidone) (PVP)n the synthesis, which has been widely used in the chemical
synthesis of collmal nanocrystal§52i 54], 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
comparativelystrong reducing power 6Fascorbic acid (AA andethylene glycol (EG).
Figure2.4a shows a typical TEM image of the nanocrystals obtained using the standard
procedure without the introduction of any PVP. In contrastto thedvellf i ned cor el s
nanocry$als shown in Figure.2a, | 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(lll) 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 nuclgzi&7]. Taken

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

Figure 2.5. TEM images of typical PdA@Ru nanocubes prepared fromni@Pd cubes
using the standard procedure except with different injection rates. (a) 2b)s mL
h'1, (c) 10 mL h?, and (d) 20 mL H.

| 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 thejéction 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®, 10, and 20 mL 'R, 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 sit@gjicating inadequate surface diffusion of the adatoms.
When the injection rate was increased, the increased deposition rate led to an island growth
mode.l could reduce the deposition rate of Ru(0) adatoms by instead slowing down the
injection rate of RU(l) precursor and thus achieve the deposition of ultrathin, conformal

Ru shells on the Pd cubic seeds.

Anot her critical par ameter t hat i mpact
nanocubes is the reaction temperature. Because surface diffusion is a thacthadted
process, it can be enhanced or suppressed by increasing or decreasing the reaction
temperature, respective]$8]. The diffusion coefficientld), which measures the rate of

diffusion of an adatom across a surface, can be expressed througlotlimg [50]:

0O 0QmAO TY'Y

where Do is the diffusion preexponential factorEqirr is the potential energy barrier to
diffusion, R is the ideal gas constant, aiids 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 powef AA and EG, as well as the relatively long period of time
allocated to the synthesisgan focus on the effect of temperature on surface diffusion. To

confirm this assumption,used ICPMS to analyze the elemental composition of samples
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prepared at vaosus temperatures. When the temperature was reduced from 200 to 175, 150,
120, and 100 €, 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 agument that the effect of temperature on reduction rate can be neglected.

Figure 2.6. TEM images of typical PA@Ru carghell nanocubes prepared from-id
Pd cubes using the standard procedure except at different reaction temperature &;
(b) 150 <C, (c) 125 €, and (d) 100C.

Figure2.6shows 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 € (Figure2.6a), the resultant macrystals were still largely cubic, but the

corners and edges became noticeably rounded while the side faces became corrugated. If
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the reaction temperature was further reduced to 150 €, some nanorods and irregular
nanocrystals appeared (Figitéb). This result can be attributed to asymmetric growth
induced by the slow kinetics associated with both reduction and surface diffa@jom
particular, when the temperature was reduced to 150 €, the surface diffusion of Ru
adatoms was greatly suppressedlevthe deposition rate was kept at a relatively stable
level, leading to asymmetric growth. When the reaction temperature was further reduced
to 125 € and 100 €, respectively, the proportions of nanorods and irregular nanocrystals

were increased (Figu6, ¢ and d).

Figure 2.7. (a) TEM image of a typical sample of Ru cubic nanocages prepared from 10
nm Pd cubes. (b) HAADISTEM image of an individual Ru nanocage. (c) Atomic
resolution HAADFSTEM image taken from the corner region of the Ru nanoce(f®).i

(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 diffd@dit Specifically, Pd is more
vulnerable to oxidation and etching than Ru. With the use of an apgsophemical
etchant] wasable to obtain Ru nanocages by selectively etching away the Pd cores in the
cor el s hel Il comdactedtheuchemisal etching in an aqueous solution at 100 €
using an etchant based on thé"fee?* pair in the presence of B[22]. The Pd cores can

be etched away based on the following reaction:

Pd + 2Fé" + 4Br f PdBw? '+ 2Fé&*

Figure2.7, a and b, show two typical TEM images of theohtained Ru nanocages. The
HAADF-STEM image in Figure.7c shows a lattice spacing of 1.9 A, which can be
assigned to the {200} planes fufc Ru, in agreement with what is shown in Figur8c2

This result indicates that the crystal structure of the Ru shells was well preserved during
the etching process. The aage 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 (Figuzerd). Compared to what is shown in Figa&d,

the Pd content in the coreaw substantially reduced after etching. This data verifies that
the major composition of the nanocages is IRalso conducted IGRIS to quantitatively
analyze the elemental composition before and after the etching probessiemental
compositionsfort e cor el shel | naweeanaysby|GPiME8,fromnanoc ag
which theweight 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 Runcreased to 91.2%, indicating a highly efficient Pd etching process.
These data confirm that the nanocages were essentially made of Ru.

My collaboratorperformed first principles, setfonsistent density functional theory
(DFT [61, 62], GGA-PW91 [63], seeexperimental sectiorior details) studies to gain
additional insights into the mechanisms by which these nanocages Tomy.first
evaluated the activation energy barriers f
Pd(100) surfaceaswouldace dur i ng the coreishell synth:¢
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 subsfféiey also evaluated the
energetics bRu adatom substitution into the Pd(100) surface, motivated by our previous
studyof lbased nanocage synthesis that showed
process is essential for etching and subsequent nanocage forfi2&fiodt low Ru
coverage (® monolayer)theyfound that Ru substitution into the Pd(100) surface has a
barrier of 0.57 eV and is exothermic ( pE
should be much more active than Ru hopping (by 5 orders of magnitude at 200 €). The
barrierof 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
|l ead to the formation of mixed Pdprétess over |
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 eitttied®d core to yield
hollow nanocages. The residual Pd (~8.8% fromM3®) 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 coniggd channel to the surface.

Figure 28 TEM i mages of ( a, b) Pd@Ru coreishell
with (a) 6nm and (b) and X8m cubes, and (c, d) the resultant Ru nanocages obtained
after selectively etching away the Pd cores.

| 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 Ildistgrce
for the Ru adatoms to diffugé4]. Figure 2.8, a and b, show the resultant PA@Ru

nanocubes prepared using the Pd seeds of varying lengths, which are uniform in size and
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shape. After chemical etchinigalso obtained Ru nanocages for both sam(legire2.8,

c and d). However, compared to thent® Ru nanocaged, observed that more Ru
accumulated on the corners and edges for thefd&u nanocages, implying less effective
diffusion of Ru adatoms on the larger Pd seeds. As such, Pd seeds witleasreare

bettersuited for the synthesis of Ru nanocages with flat side faces, while larger seeds can

lead to the formation of concave side faces.

Intensity (a.u.)

4.0 5‘0 SIO 7‘O 8IO 90
20 (degree)

Figure 2.9 XRD patterns of Ru nanocages prepared using the standard procedure. The
overall reaction volume was kept at 20 mL, wliiferent amounts of Ru precursor were

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

Bulk Ru crystallizes in arncp structure.Although fcc Ru has been reported for
nanoparticl es of[472 th&underlymgrmechanisi is atithedusiverIn
our work, seednediated deposition seems to be an effective approach to the formation of

Ru nanostructures with dcc structue. As shown by the lattice spacing in Fig@r&c, the
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Ru atoms in the shell are packed infemstructure, which is ideally retained when the Pd
cores are etched awayconfirmed this hypothesis by analyzing the Ru nanocages with
XRD. Figure2.9a showghe XRD pattern of the Ru nanocages prepared using the standard
procedure. The (111), (200), (220), and (311) diffraction peaks are characteristicof an
lattice formed as a result of the epitaxial overgrowth of RicoRd seeds. Since the lattice
mismatch between Pd aridc Ru is only 1.8%, the packing of Ru adatoms is dictated by
the underlying Pd atoms, forming &t structure for the first few Ru overlayers. Our
results clearly demonstrate that fle structure could be well retained for Ru skt at

least six atomic layers in thickness.

Figure 2.1Q TEM images of typical Pd@Ru nanocrystals prepared fromm@d cubes
using the standard procedure except with different amount of Ru precursor while keeping
the overall volume 20 mL. (a) 1 m{) 4 mg, (c) 10 mg, and (d) 20 mg.
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Figure 2.11 Typical TEM images of Pd@Ru nanocages prepared frommi®d cubes
using the standard procedure except employing different amounts of Ru precursor while
keeping the overall volume 20 mL. (a) 1 mg, (b) 4 (@10 mg, and (d) 20 mg.

| also varied the amount of Ru(lll) precursor while keeping the amount of Pd cubic
seeds and the total volume of solution fixed to seeah tune the wall thickness of the Ru
nanocages. When the amount of Ru(lll) precursas weduced from 2 mg to 1 mg, the
resultant corelshell nanocrystals maintain
surfaces (Figur@.10a). However, as the amount of Ru(lll) precursor was increased to 4
mg and 10 mg, the surface of theadtainechanocrystals became increasingly corrugated,
indicating the involvement of a laypiusisland growth mode. When the amount of Ru(lll)
precursor was further increased to 20 mg, the surface of each Pd seed was covered by a

high density of branched armsdinating the dominance of island growth (Fig@r&d).
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After selective removal of the Pd cores by etchinghtained Ru nanocages with a more
or less cubic shape, with the Ru walls becoming thinner or thicker relative to the standard
synthesis dependingn the amount of Ru precursor added (Figifel, altTc). When
amount of Ru(lll) precursor was too large, the Ru nanocages were covered by an extremely
corrugated surface and presented an irregular shape (Rigudg.

| also conducted XRD to analyze the crystal structure of the Ru nanocages (Figure
29 b1d). When the amount of RuUu precursor
nanocages still showed &gt structure. Compared to Figu2eSa, there was a slight $hi
for the peaks in Figur2.9, b and c. In particular, for the sample in Figaréc, a weak
peak was observed around 58¢ which can be assigned to the (102) diffractiop Ri1.
This result implies the eexistence of some Ru nanopatrticles witthepstructure, which
is consistent with the nanocrystals shown in Figui€c. Interestingly, when the amount
of Ru precursor was further increased to 20 mg, the crystal structure of Ru completely
changed tticp. Taken together, it can be concluded that thistal structure of Ru changed
from fcc to hcp as the injected amount of Ru(lll) 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 precursa low, the deposition rate of Ru atoms
was comparable to the diffusion rate and thus Ru adatoms followed thébyalgser
growth mode. For the first few layers of Ru adatoms, due to the similar properties of Pd
and Ru as well as the interaction betwdent, the arrangement of Ru adatoms followed
that of Pd atoms, leading to dcc structure. When the amount of Ru precursor was
increased, the growth of Ru adatoms was gradually dominated by deposition rate, which

followed the layetplusisland mode and fther island growth mode. In particular, if
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deposition rate was too high, selficleation of Ru could occur. The subsequently reduced

Ru atoms grew on the nuclei and formed Ru nanoparticles. These nanoparticles should
adopthcp structure[47]. Then, the dxiing force of minimizing the total surface energy
resulted in the agglomeration of these nanopatrticles or adherence to the small Ru islands
on the Pd surfaces. Therefore, the crystal structure of Ru was dominatesp Ru
nanoparticles, showing an overhtip structure. By varying the amount of Ru precursor
added through seedediated growthl can achieve Ru nanocages with bfsthandhcp

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 separatio
from the model surface.

Species hcp(0001) fcc-(111) fcc-(100) cage(100) cage(100p42 cage(100)kds

C 17.55 17.76 18.42 18.44 18.55 18.34
N 16.00 16.31 16.25 16.30 16.44 16.27
O 16.00 16.25 16.00 16.06 16.15 16.07
H 1291 12.92 12.88 12.87 12.94 12.89
CH 16.85 17.17 17.37 17.35 17.73 17.33
CHz 14.47 14.64 14.66 14.65 15.07 14.82
CHs 12.16 12.22 12.25 12.28 12.25 12.35
NH 15.14 15.40 15.47 15.46 15.74 15.48
NH2 13.04 13.13 13.49 13.50 13.50 13.55
NH3 10.75 10.76 10.93 10.85 10.86 10.90
OH 13.34 13.41 13.76 13.80 13.78 13.84
CO 11.89 12.01 12.07 11.99 12.20 12.05
NO 12.67 1291 12.85 12.82 12.96 12.89
N2 10.61 10.70 10.94 10.94 11.34 10.96
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To predict the catalytic properties of thesamthesized nanocagesy collaborators
performed DFT calculations (see details in #gerimental sectionto study the
adsorption of 14 industriallyelevant atomic and molecular species on six model surfaces.
These surfaces were selected to identify fundamental reasons for variatioralyiticcat
descriptorsi(e., binding energies and activation energies) resulting from incrementally
transforming the most stable clegacked facet oficp Ru to models representing the as
synthesizedcc Ru nanocages (these models are described in detaivtaeid in the
experimental sectignThe binding energies and preferred adsorption sites are provided in
Table2.1 and Table2.2, respectivelyThey observed that the binding energy of atomic
nitrogen, BE(N), on surfaces representative of the synthedizednanocages is
substantially stronger than that on the (0001) facetopfRu, suggesting thatc Ru
structures would be particularly interesting candidates in the context of ammonia synthesis.
Theytherefore chose to investigate dissociation on releant model surfaces in detail,
since this particular elementary step is widely recognized as thdetatienining step for
NHz synthesis on Ru catalygts6é 5 T;tlée &rergetics of this elementary step on all surfaces
studied are provided in Tab®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 ultratihicage structure) that contribute to the predicted catalytic NH
synthesis activities of the-@ynthesized Ru nanocages relative to tygicalRu catalysts.

Theyfirst calculate BE(N), BE(B, and activation energy of2Mlissociation (E) on
Ru(0001) (daotedhcp-(0001)), whichtheyconsider as a reference model for comparison

with fcc model surfaces. Importantly, the; Nissociation transition state drecp-(0001)
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Table 2.2 Preferred binding sites of atomic and molecular species on all model surfaces
studied. The sitedh-b denotes a Nmolecule adsorbed to the surface with both its nitrogen
atoms (bridge sites connectéd a hollow site).

Specieshcp-(0001) fcc-(111) fcc-(100) cage(100) cage(100kq2 cage(100kpqds3

C Hcp Hcp  Hollow Hollow  Hollow overRu Hollow
N Hcp Hcp  Hollow Hollow  Hollow over Ru  Hollow
0] 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
CHz Hcp Hcp  Hollow Hollow  Hollow over Ru  Hollow
CHs Fcc Fcc Bridge Bridge Bridge over Ru Bridge
NH Hcp Hcp  Hollow Hollow  Hollow over Ru  Hollow

NH:2 Bridge Bridge Bridge Bridge  Bridge over Ru  Bridge

NH3 Top Top Top Top Top Top
OH Fcc Fcc Hollow Hollow  Hollow over Pd  Hollow
CcO 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 thegjaase N, rendering N dissociation non
competitive with N desorptionTheythen calculated these same energetics on a model for
the Ru(111) surface witlficc packing (denotedcc-(111)), to determine the effect of
changing fromhcp to fcc crystal structure while maintaining a similar hexagonally
arranged surface structure. Aswiman Table2.3 theyobserve thaficc-(111) binds atomic

N stronger thamcp-(0001) by 0.3 eV, and that ks reduced by 0.24 eV. BEfNis also
stronger by 0.09 eV, which further lowers the transition state energy-fdisBbciation

relative to N desoption. A potential energy surface (PES) comparing the relative energies
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of adsorbed states on these model surfaces is shown in Ridixeé/olcano plots for
ammonia synthesis have predicted that ideal catalysts would bind atomic nitrogen
approximately 0.20.5 eV stronger thahcp Ru (subject to reaction operating conditions)

[ 6 7 1. Th@ylhus superimpose on the PES a region showing optimal binding of atomic
nitrogen (final state). Figur2.12shows that th@cpto fcc transition moves the energy of
adsorbed N* into the optimal region of binding, which together with the reducadde

the more efficient competition of dissociation againstddsorption on thdcc-(111),

predicts higher activity foicc-(111) compared thcp-(0001).

Table 2.3 Calculated binding energies of N* and*Nand activation energy barriers for
N2* dissociation on hcp and fcc Ru surface models. The difference between*the N
transition state energy for dissociation and th@&sphase energy is provided in the last
column, as a measure of competition betweghddsorption (undesired) and dissociation.
All values are in eV.

Model BE(N*) BE(Nz¥) Ea(N2* A 2N*)  Etsi Enzgas
hcp-(0001) 16.00 10.61 1.68 1.07
fcc(111) 16.31 10.70 1.44 0.75
fce-(100) 16.25 10.94 1.36 0.42
cage(100) 16.30 10.94 1.28 0.34
cage(100)q2 16.44 11.34 1.29 10.05
cage(100)pqg3 16.27 10.96 1.36 0.40

The assynthesized catalysts preferentially expose (100) facets, how€key.
therefore compartec-(111) to the analogousc-(100) slab model. Although the binding

energy of N* is slightly weakened (undesirably) by 0.06 eV, the activation energy barrier
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is further reduced oftc-(100) by 0.08 eV. Additionally, ) is stabilized by 0.24 eV, so

the resulting dissociation process becomes even more competitive with desorption than in
thefcc-(111) model. This suggests that the change in surface morphology frdotthe
(111) surface to the undercoordinatéxt-(100) suface will provide an additional
enhancement in activity (Figule).

Since the asynthesized catalysts are hollow, in contrast to traditionalhetiow
nanoparticles,they also considered the reaction energetics aage(100) models
representing hollowtructures (seexperimental sectiofor details on model construction).

The transition fronfcc-(100) tocage(100) lowers &by an additional 0.08 eV, despite
having rather marginal effects on binding energies of N* apd N2 dissociation is
thereforeeven more competitive with desorption than in any of the threebsisésd models,
suggesting thatage(100) should have superior activity to all of them ferdissociation
and NH; synthesis (Figur@.12).

Theyfinally consider the role of Pd impuritie8.8%, from ICPMS) in the nanocage
structure, investigating the effect of Pd atoms in the second and third surface layers on
adsorption and Ndissociation kinetics (seexperimental sectiofor details on model
formulation). When Pd is in the third suréadayer €age(100)43, N* is further
destabilized by 0.03 eV, M is stabilized by 0.02 eV, andails increased by 0.08 eV
relative tocage(100). Consequently, the transition state is pushed 0.06 eV higher in energy
relative tocage(100), andthey predct that cage(100)»q43 will have somewhat inferior
activity to thecage (100) model without Pd (although still superior to any of the three slab
based models representing Auollow catalysts). In contrast, when Pd is in the second

layer cage(100)4), N* is stabilized by 0.14 eV, N is stabilized by 0.40 eV, and the
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activation energy is only higher by a negligible 0.01 eV (all relativatg(100)). Due to
the stabilization of b, the dissociation transition state ftage(100)q42is actually lower
in energy than the ggshase level of N(Figure 2.12, so N dissociation is actually
preferable to Wdesorption (in contrast to the other surfaces), which suggestsd{if0)
Ru nanocages with some Pd atoms in the layer right bibleyRu surface may be a very

promising NH synthesis catalyst.

N-N TS hcp-(0001)
fce-(111)
fcc-(100)
cage-(100)
cage-(100)

Pd2

Optimal N* binding

Figure 2.12 Potential energy surfaces for Nissociation on five model surfacdscp-

(0001) represents thep Ru(0001) slab modefcc-(111) represents tifec Ru(111) slab

model, fcc-(100) represents thdcc Ru(100) slab modelcage(100) is a model
representative of the ultrathin, hollow cage structure, G (100kq42 is a cage model

with Pd impurity in the second atomic layer of the cage. For cladtye (10043 is not

shown, alhough its energetics are provided in TaRl8 for comparison. All states are
referenced to gaghase N, denotedas g) . A * 0 represents adsork
energy of two adsorbed N* aNomS0 antepdrmddant
transition state energy of the-Nl 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* relativeatoon

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 theswy®hesized catalysts, should exhibit
substantially improved activity for ammonia synthesis relativiecip(0001). Depending
on the specific Pd position, surface sites bind atomic nitrogen between 0.3 and 0.4 eV more
strongly than théacp-(0001) model, binding N* in the previoustgalculated optimal range.
Further, the transition state energy ferdissociationwhich onhcp-(0001) was more than
1 eV above the ggshase energy for Nis reduced to 0.4 eV above or even slightly below
the gasphase energy (depending on the particular exposed site considering Pd impurities),
making N dissociation considerably n®rcompetitive with its desorption than bop-
(0001). These catalysts therefore exhibit great promise for ammonia syrnitla¢sisnote
that Kitigawaet al.have foundccRu nanoparticles to be stable up to 450 €, a temperature
typical of the HabeBosd procesq47]. While the stability of these nanocages at high
temperatures and reaction conditions has not been investigated, the fact that they are likely
mor e acti ve t-breakingthan RNmahbpatiolas chdicates their potential to
be not ony 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 sincezNs greatly stabilized on these surfaces, thuemally
making the energintensive HabeBosch process more competitive economically and

environmentally.

2.3 Conclusion

In summary] have demonstrated the semédiated synthesis of Ru nanocages with

anfccstructure. For the polyddased 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 layerby-layer overgrowth. Epitaxial growth on Pd nanocubes by manipgldtie
deposition rate and surface diffusion | e ¢
nanocubes with weltontrolled shape. Ru nhanocages can subsequently be easily achieved
through chemical etching. Most significantly, the resultant Ru nanocages shfm@ an
structure, which can be switched to bopstructure 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 resjobag also
achieves Ru nanocages withfan structure, which our DFT calculations show will bind
atomic N more strongly thamcp Ru(0001), leading to reduced activation energies for N
dissociation and potentially improved catalytic activities for ammegnthesisl 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.

24 Experimental Section

Chemicals and Materials.Ethyleneglycol (EG, 99%) was obtained from J. T. Baker.
Sodium tetrachloropalladate(ll) (BRAChL, 99.99%), ruthenium(lll) chloride hydrate
(RUCKAH20, 99.999%, poly(vinylpyrrolidone) (PVP, MWU 55000), L-ascorbic acid
(AA, 99%), potassium bromide (KBr, 99%ptassium chloride (KCI, 99%), hydrochloric
acid (HCI, 37%), and iron(lll) chloride (Fe£>B7%) were all obtained from Sigr#ddrich
and used as received. All agueous solutions were prepared using deionized (DI) water with

a resistivity of 18.2 Mq cm.
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Synthesis of 6nm, 10-nm, and 18nm Pd NanocubesPd nanocubes (6, 10, and 18
nm in edge length) were synthesized using protocols reported by our[@ddupor the
synthesis of 1vm Pd cubes, PVP (105 mg), AA (60 mg), and KBr (300 mg) were
dissolved in DI wagr (8.0 mL), and then placed in a vial and-peated at 80 € in an oil
bath under magnetic stirring for 10 min. Subsequently, 3 mL of aqueaBsiGlasolution
(19 mg ml'Y) was injected into the preheated solution in one shot. The reaction solution
was naintained at 80 € 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 rdispersed 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 KCI (185 mg), and KBr (600 mg), respectively.

Synt hesi s of Pd @Ru  @noar seamdarth €y/mtHesis dfaRd@Ruu b e s .
coreishell nanocrystal s, redssolveshqn 8 MAEGaThd 100
resulting solution was preheated at 200 € under magnetic stirring for 10 min in a three
necked flask. Then, 1 mL of a suspension ehi®Pd cubes (2 mg mt) was added into
the flask and kept at 200 € under magnetic stirrifog 1 hour. Subsequently, 2 mg
RuCbkAH.0 and 250 mg PVP were dissolved in 20 mL EG and injected to the flask at a
rate of 1 mL h! using a syringe pump. The reaction was allowed to continue for an
additional 10 min to complete. The resultant product e@kcted by centrifugation,
washed once with acetone and twice with water, and thdispersed 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 afirf and 18&hm Pd nanagbes were used as seeds

respectively and 3.64 mg and 1.04 mg R&EI.O 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 thert(Pd@Ru cube syhesis.

Formation of Ru NanocagesChemical etching was conducted in an acidic agueous
solution to generate Ru nanocages. Typically, KBr (300 mg), PVP (50 mg},(66@hg),

HCI (0.3 mL, 37%), DI water (5.7 mL), and 1 mL-pg epared Pd@Ru <cor
nanarystals were mixed together in an-if vial. The mixture was transferred into an

oil bath heated at 100 € under magnetic stirring for 3 h. After that, the product was
collected by centrifugation, washed three times with ethanol, and trispersed irDI

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) image® vaequired on a Cs
corrected FEI Titan 80/300 kV TEM/STEM microscope at Oak Ridge National Labprator
(ORNL). All high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) images and energlispersive Xray spectroscopy (EDX) data were
acquired using an aberratigorrected Hitachi HER700 200 kV STEM equipped with a
Briker Quartax 400/ST7 STEM EDX detector at Georgia Institute of Technology.
Inductively coupled plasma mass spectrometry {M¥, NexION 300Q, PerkinElmer)
was used for a quantitative analysis of metal content in the samplay. Kffraction
(XRD) patterns were dbai ned wi t h a PANal-Y diffractameterXé Per t
using 1.8 kW Ceramic Copper tube source.

DFT Calculations. Periodic, seHconsistent density functional theory (DFT)

calculations were performed using the Viemtainitio Simulation Package (VASRode
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[72, 73]. Projector augmented wave (PAW) potentials were used to describe eleatron
interactions, and the generalized gradient approximation (B®/A1) was used to define
the exchangeorrelation functiongl 6 1 . @uBchlculations expand the veafunction 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
2X2 unit cell, corresponding to 1/4 monolayer (ML) cowggaexcept for studies of Ru
surface diffusion and substitution, where both 2X2 and 3x3 unit cells were used as
explained below). At least 13 A of vacuum were used to separate periodic images in the
direction, to avoid interactions between images. TiseBrillouin zone was sampled using
a (6>6x1) MonkhorstPackk-point mesl74]. Geometric optimization was performed until
the HellmanaFeynman forces on all atoms converged to less than 0.01 eV/A. We
calculated the binding energies (BE) of surface adgesbaccording to:
BE = Botall sids1  gdephase adsorbate

where ol is the total energy of the metal slab with the adsorbatg,i€the total
energy of the slab excluding the adsorbate, ag@pfase adsorbatdS 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{{EB) method75], in which initial and final states
were connected with seven interpolated images that were each converged to forces less
than 0.1 eV/A. Vibrational frequency calculations were performed to confirm a single
imaginary vibrational mode for the calculateatsition states. The vibrational frequencies

of translational, vibrational, and rotational modes assumed a quantum harmonic oscillator,
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and were estimated by seceodler numerical differentiation of forces, using a step size
of 0.015 A,

Surface diffusiorand 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 A, in
good ageement with the experimental value of 3.8J54]. In addition to performing
calculations in a 2xX2 unit cellmy collaboratorsalso performed these diffusion and
substitution calculations in a 3X3 unit cell, corresponding to 1/9 ML coverage, to gauge the
effect of surface coverage on the calculated energetics. All parameters for the 3x3 unit cell
were kept the same as for the 2xX2 unit cell (including 6>&fhoint mesh).

Theyperformed calculations on six model surfaces to evaluate variations in catalytic
activity resulting from the substantial structural differences between the méméedhcp
(0001) Ru structure and the-synthesizedcc-(100) Ru nanocage$hey calculated the
lattice parameters of bulicpRu to be a=2.729 A and c/a=1.577, in close agrent with
the experimental values of a=2.706 A and c/a=1[582 These parameters were used to
construct théncp-(0001) slab model, which is used as a reference state for tradhigmal
Ru catalystsTheyalso calculated the lattice constant of Ru in the fadkrystal structure
to be 3.821 A, from whictheyconstructed twslab models to gauge the effect of changing
the structure ohcp-(0001) Ru to clos@ackedfcc-(111) and undercoordinatédc-(100)
surfaces. All three of these slab models utilized-fayer 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 asynthesized Ru catalysts are hollow, feterding structuresthey
constructed additional models in a similar fashion to tthey used recently for modeling
PtPd nanocagel®8]. In particulartheymodeled the asynthesized siayer nanocages
as a sidayer membrane with a (100ke surface armagement of atoms and all atoms
relaxed. The interatomic distance within layers was optimized; for the model consisting of
pure Ru {.e., thefcc-(100)-cage), the interatomic distance within each layer was 2.685 A.
They note that these optimized interatordistances were slightly constricted relative to
thefcc-(100) slab, which possesses an interatomic distance of 2.702 A. Finally, in order to
model the synthesized structures most accurdtetyexchanged two Ru atoms in the cage
model with Pd atoms, yiding a mass ratio of 8.7% Pd, consistent with the 8.8% Pd in the
nanocages characterized by H8FS. The optimized interatomic distance for this structure
is 2.690 A. As in our previous worl28], they assumed that all Pd in contact with the
etching agenshould be removed during the etching procestheptherefore included no
Pd in the exposed top or bottom layers of the membimey instead chose to disperse
the two Pd atoms in the slab, placing one in the second membrane layer from the top
(denoteccage(100)42) and one in the fourth membrane layer from the top (i.e. third layer
from the bottom, denotechge(100)43). Theynote that this arrangement of Pd atoms in
the membrane structure yields two different surface profiles in our membrane mualel (o
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 thetslajptherefore performed
calculations on both exposed surfaces (one at a time) of the aregibney expect that
the Pd is dispersed somewhat randomly in the interior of the true nanocage structures due

to the intermixing of Pd and Ru dihey ng
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therefore do not attempt to determine the minimum enpagjtion 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 nde,theyobserve that although 4d transition metals which Ru belongs
T do not show magnetism in their natural bulk crystal structures, changes to those crystal
structures could impart ferromagnetigid6]. In fact, different phases of Ru have been
studed computationally for the sole purpose of investigating their magnetic propénies
Theyhave performed test sppolarized 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 correspondingespinted
calculations (consistent with the previous computational workcfoRu) [77]. As such,

all results presented in this work were calculated withoutgplarization.

2.5 Notes to Chapter 2
Part of this chapter is adapted from the pa
Nanocages with a Face nt er ed Cubi ¢c Structure by Temj

published irNano Letterg78§].

52



2.6 References
[1] Corma, A.; Concepcion, P.; Boronat, M.; Sabater, M. J.; Navas, J.; Yacaman, M. J.;
Larios, E.; Posadas, A.; Lop€uiintela, M. A.; Buceta, D.; Mendoza, E.; Guilera, G.;
Mayoral, A.Nat. Chem2013 5, 77571 781.
[2] Xie, J.; Zhang, Q.; Gu, L.; Xu, S.; Wang, By, J.; Ding, Y.; Yao, Y.; Nan, C.; Zhao,
M.; You, Y.; Zou, Z.Nano Energy2016 21, 2471 257.
[3] Smith, P. A.; Nordquist, C. D.; Jackson, T. N.; Mayer, T. S.; Martin, B. R.; Mbindyo,
J.; Mallouk, T. EAppl. Phys. Let?200Q 77, 13991 1341.
[4] Mulvihill, M. J.; Ling, X. Y.; Henzie, J.; Yang, Rl. Am. Chem. So201Q 132,
2681 274.
[5] Mahmoud, A. M.; EiSayed, A. MJ. Am. Chem. So201Q 132, 12704711271
[6] Vinod, C. P.; Kulkarni, G. U.; Rao, C. N. Rhem. Phys. Letl998 289, 3291 33
[7] Sreedhala, S.; Sudheeshkumar, V.; Vinod, QN\é@hoscale2014 6, 74961 7502.
[8] Tian, N.; Zhou, Z.; Yu, N.; Wang, L.; Sun,5Am. Chem.So201Q 132, 758071 7
[9] Nikoobakht, B.; EiSayed, A. MChem. Mater2003 15, 195711962.
[10]Xia, X.; Zeng, J.; Oetjenk. L.; Li, Q.; Xia, Y.; J. Am. Chem. So@012 134,
179311801.
[11]Jana, N. R.; Gearheart, L.; Murphy, CChem. Commur2003, 7, 61771 618.
[12]Zeng, J.; Zheng, Y.; Rycenga, M.; Tao, J.; Li, Z. Y.; Zhang, Q.; Zhu, Y.; Xid, Y.
Am. Chem. So201Q 132, 5855271 85
[13]Fan, FR.; Liu, D.; Wu, Y.; Duan, S.; Xie, Z; Jiang, Z; Tian, Z.Am. Chem. Soc

2006 130, 694916951.

53



[14]Habas, S. E.; Lee, H.; Radmilovic, V.; Somorjai, G. A.; Yandy&. Mater 2007, 6,
6921 297.
[15]Kobayashi, H.; Lim, B.; Wang, J.; Camargo H.C. P.; Yu, T.; Kim, J. M.; Xi&hém.
Phys. Lett201Q 494, 2491 254 .
[16]Xue, C.; Millstone, J. E.; Li, S.; Mirkin, C. AAngew. Chem. Int. EQ007, 46,
84361 8439.
[17]Jdin, M.; Zhang, H.; Xie, Z.; Xia, YEnergy Eniron. Sci2012 5, 63521 6357.
[18]Wang, Y.; Wan, D.; Xie, S.; Xia, X.; Huang, C.; Xia, WCS Nano2013 7,
45861 4594.
[19]Park, J.; Zhang, L.; Choi, S.; Roling T. L.; Lu, N.; Herron, A. J.; Xie, S.; Wang, J.;
Kim, J. M.; Mavrikakis, M.; Xia, YACS Nan®?0159,26 351 26 4 7 .
[20]Wang, X.; Vara, M.; Luo, M.; Huang, H.; Ruditskiy, A.; Park, J.; Bao, S.; Liu, J.;
Howe, J., Chi, M.; Xie, Z.; Xia, YJ. Am. Chem. So2015 137, 1503611504
[21]Wang, X.; Choi, S.; Roling, T. L.; Luo, M.; Ma. C.; Zhang, L.; Chi, M.; Liu, JeXi
Z.; Herron, A. J.; Mavrikakis, M.; Xia, Wat. Commun2015 6, 75941 7601.
[22] Xie, S.; Lu, N.; Xie, Z.; Wang, J.; Kim, J. M.; Xia, ¥ngew. Chem. Int. EQ012 51,
10266110270.
[23]Wang, C.; Vliet, D.; More, K. L.; Zaluzec, N. J.; Peng, S.; Sun, S.; Daikhgoiyang,
G.; Greeley, J.; Pearson, J.; Paulikas, A. P.; Karapetrov, G.; Strmcnik, D.; Maekovic,
N. M.; Stamenkovic, V. RNano Lett2011, 11, 9191926.
[24]Mazumder, V.; Chi, M.; More, K. L.; Sun, 3.Am. Chem. So201Q 132, 78481 7
[25]Zhang, H.; Jin, M.Wang, J.; Li, W.; Camargo, C. H. P.; Kim, J. M.; Yang, D.; Xie,

Z.; Xia, Y.J. Am. Chem. So201, 133, 60781 6089.

54



[26]Skrabalak, S. E.; Au, L.; Li, X. D.; Xia, Wat. Protoc2007, 2, 218271 2190.

[27]Zeng, J.; Zhang, Q.; Chen, J.; Xia,Nano Lett2010 10,3 071 3 5.

[28]Zhang, L.; Roling, L. T.; Wang, X.; Vara, M.; Chi, M.; Liu, J.; ChoklSPark, K.;
Herron, J. A.; Xie, Z.; Mavrikakis, M.; Xia, YScienc&015 349, 41271 416.

[29]Nakatsuka, H.; Yamamura, T.; Shuto, Y.; Tanaka, S.; Yoshimura, M.; Kitamuda, M.
Am.Chem. So2015 137, 813818149.

[30]Westerhaus, A. F.; Wendt, B.; Dumrath, A.; Wienhofer, G.; Junge, K.; Beller, M.
ChemSusChe2013 6, 100111005.

[31]Liu, K.; Wang, A.; Zhang, TACS Catal2012 2, 116571 1178.

[32]Su, F.; Lv, L.; Lee, F.; Liu, T.; Copper, A. I.hdo, X.J. Am. Chem. So2007, 129,
14213114223.

[33]Jo0, S. H.; Park, J. Y.; Renzas, J. R.; Butcher, D. R.; Huang, W.; SomorjaiN@naé.
Lett 201Q 10, 27091 2713.

[34]Honkala, K.; Hellman, A.; Remediakis, I. N.; Logadottir, A.; Carlsson, A.; Dahl, S.;
Chrisensen, C. H.; Norskov, J. Kcienc&005 307, 55571558,

[35]Aika, K.; Hori, H.; Ozaki, AJ. Catal.1972 27, 4241 431.

[36]Jacobsen, C.; Dahl, S.; Hansen, P. L.; Tornqgvist, E.; Jensen, L.; Topsoe, H.; Prip, D.
V.; Moenshaug, P. B.; Chorkendorff, L. Mol. CatalA Chem200Q 163, 1971 26.

[37]Kim, H. Y.; Lee, H. M.; Park, J. Nl. Phys. Chem. €01Q 114, 71281 7131.

[38]Sharma, S.; Hu, Z.; Zhang, P.; Mcfarland, E.JMCatal 2009 266, 921 97.

[39]Yin, A.; Liu, W.; Ke, J.; Zhu, W.; Gu, J.; Zhang, Y.; Yan,LAm. Chem. So2012

134, 20479120489.

55



[40]Koenigsmann, C.; Semple, D.; Sutter, E.; Tobierre, S.; Won§CS. Appl. Mater.
Interfaces2013 5, 551815530.

[41]Ghosh, S.; Ghosh, M, Rao, €.Cluster Sci2007, 18, 9771 111.

[42]Watt, J.; Yu, C.; Chang, S.; Cheong, S.; Tilley, RAm. Chem. SoQ2013 135,
6061 609.

[43]Ye, H.; Wang, Q.; Catalano, M.; Lu, N.; Vermeylen, J.; Kim, J. M.; Liu, Y.; Sun, Y.;
Xia, X. Nano Lett2016 281212817.

[44]Ge, J.; He, D.; Bai, L.; You, R.; Lu, H.; Lin, Y.; Tan, C.; Kang, Y.; Xiao, B.; Wu, Y.;
Deng, Z.; Hang, W.; Zhang, H.; Hong, X.; Li, YJ. Am. Chem. SoQ015 137,
14566114569

[45]Koenigsmann, C.; Wong, S. Bnergy Environ. Sck011, 4, 11611 1176.

[46]Zhou, X.; Gan, Y.; Du, J.; Tian, D.; Zhang, R.; Yang, C.; Dai).ZPower Sources
2013 232, 3101 322.

[47]Kusada, K.; Kobayashi, H.; Yamamoto, T.; Matsumura, S.; Sumi, N.; Sato, K.;
Nagaoka, K.; Kubota, Y.; Kitagawa, H. Am. Chem. So2013 135, 54931549

[48]Brink, V. M.; Peck, A. M.; More, L. K.; Hoefelmeyer, D. J. Phys. Chem. @008
112, 12122112126

[49]Zhang H.; Jin, M.; Xiong, Y.; Lim, B.; Xia, YAcc. Chem.Re013 46, 178371 17

[50]Xia, X.; Xie, S.; Liu, M.; Peng, H.; Lu, N.; Wang, J.; Kim, M. J.; Xia,Pfoc. Natl.
Acad. Sci. U.S.A2013 110, 66691 667 3.

[51]Lide, D. R,CRC Handbook of Chemistry and PhysiCRC Press, 96th ed2015

[52] Xiong, Y.; McLellan, J. M.; Chen, J.; Wiley, B.; Xia, ¥. Am. Chem. So2005 127,

17118117127 .

56



[53]Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser,Stienc00Q 287, 198971 1
[54]Chen, J.; Herricks, T.; Xia, YAngew. Cem. Int. Ed2005 117, 26451 2648.
[55]Yin, Y.; Alivisatos, A. PNature2005 437, 6641 670.
[56]Wiley, B.; Herricks, T.; Sun, Y.; Xia, Wano Lett2004 4 , 173311739.
[57]PastorizaSantos, I.; LizMarzan, L. M.Nano Lett2002 2, 90371 905.
[58]Xia, Y.; Xia, X.; Peng, HJ. Am. Chem. So2015 137, 794717966.
[59]Peng, H.; Park, J.; Zhang, L.; Xia, ¥.Am. Chem. So2015 137, 664316652
[60]Romanenko, A. V.; Tyschishin, E. A.; Moroz, E. M.; Likholobov, V. A.; Zaikovskii,
V. l.; Jhung, S. H.; Park, Y. &ppl. Catal. 20022 2 7 , 1171123.
[61]Blochl, P. EPhys. Rev. B994 50, 17953117979.
[62]Kresse, G.; Joubert, Phys. Rev.B999 59, 17581 17765.
[63]Perdew, J. P.; Wang, Phys. Rev. B992 4 5, 132447113249.
[64]Xia, X.; FigueroaCosme, L.; Tao, J.; Peng,;Hiu, G.; Zhu, Y.; Xia, Y.J. Am. Chem.
Soc 2014 136, 10878110881.
[65]Rod, T. H.; Logadottir, A.; Norskov, J. K. Chem. Phy00Q 112, 53431534
[66]Vojvodic, A.; Medford, A. J.; Studt, F.; Abiléedersen, F.; Khan, T. S.; Bligaard, T.;
Norskov, J. KChem. Phys. Lett014 598, D 81 11 2.
[67]Logadottir, A.; Rod, T. H.; Norskov, J. K.; Hammer, B.; Dahl, S.; Jacobesen, C. J. H.
J. Catal.2007], 197, 2291 231.
[68]Dahl, S.; Sehested, J.; Jacobsen, C. J. H.; Tornqvist, E.; Chorkendrd@fatal.200Q
192, 3911 399.
[69]Jacobsen, C. J. H.; Dal8,; Boisen, A.; Clausen, B. S.; Topsoe, H.; Logadottir, A.;

Norskov, J. KJ. Catal.2002 205, 38271 387.

57



[70]Dahl, S.; Logadottir, A.; Jacobsen, C. J. H.; Norskov, Appl Catal. A2001, 222,

191 29.

[71]Jdin, M.; Liu, H.; Zhang, H.; Xie, Z.; Liu, J.; Xia, Warmo Res2011, 4, 8371 91.

[72]Kresse, G.; Furthmuller, Phys. Rev.B996¢ 54, 1116971 11186.
[73]Kresse, G. Furthmuller, Comput. Mater. Scil996 6 , 1571 50.

[74]Monkhorst, H. J.; Pack, J. Phys. Rev. B976 13, 518815192.

[75]Henkelman, G.; Uberuaga, B. P.; Jonsson].lChem. Phy200Q 113, 99011

[76]Watanable, S.; Komine, T.; Kai, T.; Shiiki, K. Magn. Magn. Mater200Q 220,
2771 284.

[77]Kobayashi, M.; Kai, T.; Takano, N.; Shiiki, K. Phys.: Condens. Matter995 7,
183511842.

[78]Zhao, M.; Figuero&osme, L.; Elnaawy, A. O.; Vara, M.; Yang, X.; Roling, L. T.;

Chi, M.; Mavrikakis, M.; Xia, Y Nano Lett2016 16, 531015317.

58

99



CHAPTER 3
FACILE SYNTHESIS OF RUTHENIUM -BASED OCTAHEDRAL
NANOCAGES WITH ULTRA THIN WALLS IN A FACE -

CENTERED CUBIC STRUCTURE

3.1 Introduction

Shapecontrolled synthesis of noblaetal nanocrystals has received great interest
in recent years due to the remarkable performance of these nanocrystals in various
applications related to catalygis 4], photonics[5,6], electronicq 7], and medicing8i
10]. Many different methods have been developed for generating-nwibd nanocrystals
with diversified shapes and thereby different types of facets on the surface, in addition to
diverse structure®(g, coreframevs.coreshell or solidvs.hollow) [11i 14]. Among these
methods, seethediated growth has emerged as probably the most versatile and powerful
approach in terms of experimentantrol over the shape and structure, as well as the
particle size[15i17]. To this end, nanocrystals of various quositions have been
successfully prepared with cefimme and corashell structuregl8i 21]. Significantly, one
can selectively remove the cores through wet etching, generating highly open structures
such as nanoframes and nanocdg8#&s25]. For nanocages, in particular, they are of great
interest to catalysis owing to their high utilization efficiency of atoms and thedeftlied,
controllable facets or surface structures. In a set of recent studieggroup have
synthesized Pbased nanages with cubic, octahedral, decahedral, and icosahedral shapes
and demonstrated their enhanced performance toward the oxygen reduction [2action

25]. Remarkably, when a second metal with a different crystal structure is involved, seed
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mediated growthlao offers a simple and straightforward method for the preparation of
coreshell nanocrystals with an unusual atomic packing for the g&#I28]. 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 Rbased nanocrystals have been widely used in an array of
catalytic applications such as hydrogenation reactid®s ammonia synthesig0, 31],
and CO oxidation32]. Recently, several groups have reported the synthds&aio
nanocrystals with various shapes and different crystal structures, and further explored the
facet or structuredependent catalytic properti¢33i 35]. Since the discovery of face
centered cubid¢c) Ru[35], chemical synthesis of Ru nanocrystaldwitis 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 hexagonapeldsed icp) Ru.
To this end,l have demonstrated the successful syighes fcc-structured Ru cubic
nanocages by templating with Pd nanocul3&}. Based upon density functional theory
(DFT) calculations, th&cc-structured Ru cubic nanocages were found to possess promising
catalytic properties toward ammonia synthesis. Mdule, another group has also
synthesized Ru nanoframes in tlee structure, together with higher catalytic activities
toward the reduction gd-nitrophenol by sodium borohydride and the dehydrogenation of
ammonia boranf87]. Lee and ceworkers have repted the ongot synthesis of hollow
Cudoped Ru octahedral nanocages viamsitu generated metastable Cu nanoparticle
templatg38]. However, the asynthesized Ru octahedral nanocages todicpstructure
with bumpy surfaces where the facets were not well defined. To our knowledge, there is

no report on the synthesis of Ru octahedral nanocages witlt atructure enclosed by
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smooth{111} facets. When combined with the Ru cubic nanocages reporteur 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.

Herel report the successful synthesis of PA@Ru octahedral nanocrystals based on
seedmediated growth and their transformation into-fised octahedral nanocages
through wet chemical etching. The nanocages were enclosed byefiektd {111} facets,
together with an ultrathin wall thickness of about five atomic layers. InterestinglRuthe
nanocages adopted &t structure rather than the conventiohap 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 tempthtdgferent sizes.

The thermal stability and shapependent properties toward the reductionoitdbphenol

were investigated, together with the figinciples, seHconsistent DFT calculations to
extensively evaluate the catalytic activity of théabedral nanocages toward ammonia

synthesis.
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Figure 3.1 TEM images of Pd octahedra with different edge lengths: (a) 12 nm, (e) 18 nm,
and ()26 nmT he scale bar in panel a applies to

e
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Figure 3.2 (a) Typical TEM image of th®d@Ru coreshell nanocrystals synthesized
from 18nm Pd octahedral seeds. (b) HRTEM image of a singlestwk octahedron. (c)
Atomic-resolution image taken from the region marked by a box in Panel (b). @PRA
STEM image and EDX mapping (red = Pd,are= Ru) of two corashell octahedra.

3.2 Results and Discussion

Characterization of Pd@Ru Coreshell Octahedra and Ru Octahedral
Nanocagesl! evaluated Pd octahedra with three different edge lengths (Rdure2, 18,
and 26 nm) and all of them showslkight truncation at the corners. FiguB&a shows a
typical TEM image of the products derived from then8 Pd octahedr&henanocrystals
took a welldefined octahedral shape with awerageedge length of about 20 nm,
indicating the deposition of Rshells. Figure3.2b shows HAADFSTEM 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 A
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(Figure 3.2c), which correlatesvell with the {111} planes ofcc Ru. Although bulk Ru
adopts an hcp structure, the small lattice mismatch betige@ud andicc Ru (3.89 A vs.

3.82 A, 1.8% mismatcHB7], 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.
Figure3.2d shows the EDX mapping of two particles, further confirming the formation of
a Pd@Ru corshellstructure. 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 Figure3.2 (b) HAADF-STEM image of the Ru octahedral
nanocages. (c) Atomiesolution HAADFSTEM image taken from the region marked by

a box in Panel (b). (d) HAADISTEM 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 towad the oxidative etching process. By exposing the structures to the
Fe**/Br' pair, the Ru will remain unreacted while the Pd cores can be etched away through

the following reactiorj20]:

Pd+2F&+4BFfY P d?BH2Fé"

Figure3.3 a and b, shows typical TEM and HAAESTEM images of the asbtained
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 HAADFSTBEM image shown in Figurg.3c, the lattice spacing of the Ru shell was 2.2
A, which can be assigned to the {111} plane$cofRu, in agreement with what is shown
in Figure3.2c. Thefcc structure of the Ru octahedral nanocages was further confirmed by
XRD analysis, as illustrated in FiguBed. The (111), (200), (220), and (311) diffraction
peaks can all be assigned to tbeRu, in agreement with the data shown in FigRiZe
and Figue 3.3c. EDX mapping was used to examine the elemental composition of the Ru
nanocageFigure3.3d shows thathe Pd core was selectively removed while the Ru shell
was weltpreservedDifferent from what is shown in FiguB2d, Ru became the dominant
elenment in the products after chemical etching. 4B measuremenivas conducted to
guantitatively analyze the elemental compositions before and after Pd etching. After

etching, the weight percentage of Pd dropped from 73.5% in theskelieoctahedra 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 KOFS data is consistent with what is shown in
Figure3.3d, confirming that the resultant nanocages was dominated by Ru. Taken together,
these results clearly establish that seestliated growth is a powerful method for

generating nanocrystals with unusual crystal structures.

fcc-structured
Ru nanocages

111

Intensity (a.u.)

20 (degree)

Figure 3.4 XRD pattern of the Ru nanocages derived from thenrh8Pd octahedra,
indicating the formation of aficc crystal structureBlue bars: JCPDS no. 83333 fccRu).
Red bars: JCPDS no. @563 ficpRu).

Investigation into the Mechanisms Involved in the Synthesislo investigate the
mechanism involved in the formation of Pd@Rcoreshell octahedrd, conducted a set
of control experimentsSince the Ru shellsould be welpreserved during wet chemical

etching, the nanocrystals before and afteat chemicaletching were compared to
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Figure 3.5 TEM images of (a, b) the coghell nanocrystals and (c, d) their corresponding
nanocages prepared from-&i81 Pd otahedra using the standard procedure, except for the
use of different injection rates for the Ru(lIll) precursor: (a, ¢) 5 rhard (b, d) 20 mLh

1 respectively.

guantitatively elucidate the mechanism involved in the synthedisst examined the
impact of the injection rate of the Ru(lll) 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
the surfaces of the abtained products were caeel by plenty of small particles (Figure
3.5a). Along with the increased injection rate, the deposition rate of Ru atoms was also
increasedhccodingly and even became greater than the surface diffusion rate. As a result,
the growth mode of Ru atoms on e octahedral seeds was switched from Koyelayer

to layerplusisland, leading to the formation of a rough surface. Witferther increased

the injection rate to 20 mL selfnucleation also appeared (Figudgb). After selectively
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etching awayhe Pd cored,could clearly resolve the distribution of Ru atoms in the parent
coreshell nanocrystals, as shown in Fig@tg, ¢ and d. The surfaces of the resultant Ru
nanocages were also covered by abundant small particles, consistent with those shown
Figure 35, 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 reddtbjitAs shown in
Figure 35d, the Pd cores could not be completely removed from some of thesloelte
nanocrystals, which could be attributed to the larger proportion of Ru in thestoelie
nanocrystals. Compared to the Pd@Rnanocrystals obtained wug the standard
synthesis, the weight percentage of Ru in the nanocrystals prepared with an injection rate
of 20 mL h!was higher (31.5%s.26.5%). The thicker Ru shells made it harder to remove
some of the Pd cores completfg].

The introduction of Br and the use of a proper reaction temperature were both critical
factors contributing to the successful synthesis of Pd@ Rest@ieoctahedra. Previously,
our group has demonstrated the successful synthesis of Ru cubic nafidéhdeferent
from the reaction conditions used in that wdrldded KBr into the growth solution before
injecting the Ru(lll) precursor. As an effective additive in the syntheses of Pt nanocages
with different shapef23i 25], KBr can slow down the reduction rate of Pt(llepursor
and promote the formation of conformal Pt shells. Héralso conducted a control
experiment to investigate the role of KBr in the synthesis. Figuea and bshows the
asobtained Pd@Ru nanocrystals and Ru nanocages prepared using the gtaogaiure,
except for the absence of KBr. The resultant PA@Ru nanocrystals all possessed rough

surfaces (Figur&.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 siukigaee 38.60),

which was consistent with the original cesleell nanocrystals (Figur8.6a). This
observation indicates inadequate surface diffusion for the Ru adatoms during the deposition
process. Since the reaction temperature was kept the same’at &t 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 solutionl could achieve a favorable surface diffusion kinetics over atom

deposition, enabling a layry-layer growth mode for the Ru atoms.

&
% o . ®®e O

50 nm

Figure 3.6. TEM images of(a, b the coreshell nanocrystals and the corresponding Ru
nanocages prepared from-at Pd octahedra using the standard procedure (atG00
except for the absence of KBr in the reaction solution, and (c, d) thelweltenanocrystals
obtained using the stdard protocol but at other temperatures: (c) 175, and (df@50
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 thid atsdy varied the reaction
temperature to investigate its impact on the synthesis. Figiérec and d, shows TEM
images of the corshell nanocrystals prepared using the standard procedure except for the
use of different reaction temperatures. In both cases, even though the terapeestu
reduced from 200 to 17% and further to 156C, the resultant PA@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 rgdagant. Based on
the ICRMS data, the weight percentages of Ru contained in thesbete nanocrystals
dropped from 26.5% to 16.2% and 5.6%, respectively, when the reaction temperature was
reduced from 200 to 175 and 1%D. Accordingly, the thickness &u 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 atimposition.

| also varied the amount of the injected Ru(lll) precursor while keeping all other
conditions unchanged to seé dan tune the wall thickness of the Ru hanocages. As shown
in Figure3.7, a and bwhen the injected amount of Ru(lll) precursaas increased to 0.8
mg, the aobtained Pd@ R nanocrystals still maintained a good octahedral shape while
their surfaces became slightly rough. As the injected amount of Ru(lll) precursor was
further increased to 1.2 mg, the surfaces of the resubiaoicnystals became much rougher.
According to the ICAMS data in Table3.1, the weight percentages of Ru in the
aforementioned corshell nanocrystals were 30.8% and 34.3%, corresponding to

approximately 4.9 and 5.7 atomic layers, respectively. Chemiiching was then applied
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Figure 3.7. TEM images of (a, b) the comhell nanocrystals and (c, d) their corresponding
Ru nanocages prepared fromi® Pd octahedra using the standard procedure except for
the addition of different amounts of Ru(lll) precorrsnto 20 mL of EG: (a, ¢) 0.8 mg and

(b, d) 1.2 mg, respectively.

Table 3.1 Comparison of the elemental compositions for Pd@Rusloe# octahedra and
Ru nanocages prepared using the standard procedure except for the use of different
amounts of Ru(l) precursor.

RuClkxH 20 Percentage of Pd Percentage of Ru
0.8 69.2 30.8
Before etching
1.2 65.7 34.3
0.8 9.2 90.8
After etching
1.2 44.6 55.4
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to these samples to selectively remove the Pd cores. As shown inFifgithe 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 inigpasition rate caused
by the increase in Ru(lll) concentration.

For the sample with 5.7 atomic layers of Ru in the shell (Figuied), about 40% of
the Pd cores could not be removed. According to our previous[@éfkihe wet etching
is initiated by the oxidation of tHedatoms 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 b#iclilt 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 Figlreere
approximately 5.7 atomic layers, they wewe 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 TaBld. For the sample with 4.9 atomic layers of Ru, the
weight percentage of Pd decreaseanfr®9.2% 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 Figures.7d.

| havealso 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 covel3.Bjgure

and b, shows the resultant Pd@Roctahedra using t2and 26nm Pd octahedral seeds,
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respectively, both of which exhibited good uniformity in terms of size and shape. After wet
etching,| also obtained Ru nanocages from both samples (F&8re ard d). Both of the
nanocages maintained a wd#fined 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 reagexcwith different sizes.

Figure 3.8. TEM images of (a, b) the ceshell 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, ¢) 12 nm and Ji®&inm, respectively.

Thermal Stability Evaluation. The thermal stability of Ru octahedral nanocages was
investigated usingn-situ XRD. Figure 3.9 shows the spectra collected at different

temperatures ranging from 200 to 4%D Thefcc structure of Ru octahedral nanocages
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was stable at 308C, demonstrated by the distinctive peakdaufstructure. When the
heating temperature was increased to ®50n addition tdcc-(111) peak, the appearance
of hcp(101) peak was also observed, icading the initiation of crystal structure
transformation frondcc to hcp. As the temperature was further increased to 400 and 450
°C, the characteristic peaksfot structure disappeared and the intensity of characteristic

peaks ohcpstructure kept iareasing drastically, verifying the complete crystals structure

transformation froniccto hcp.

© Ny« o™
o fos) C
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Figure 3.9. The in-situ XRD patterns of thefcc Ru nanocages measured under Ar
atmosphere in the temperature range between 200 af€A8owing the transformation

of crystal structure frorfccto hcp. The characteristic peaksfet andhcpRu are labelled
using blue and red colors, respectively.
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Figure 3.10 Comparison of the catalytic activities towards teductionof 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 -itrophenol as a function of time for both cubic and oaleddecages.

(d) Line plot comparing thdn(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 4Nitrophenol. The
reduction of 4nitrophenol was used as model reaction to evaluate thedapendent
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 thainof 12
Ru octahedral nanocagg®6]. For the reduction of -ditrophenol, the kinetics can be
conveniently monitored by measuring the absorptionmtrdphenolate anions which has

a distinctive peak located at 400 nm. Fig8r&0, a and b, shosthe 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 pro¢essnormalized

absorbance at 400 nm is plotted as a function of reaction (frigure3.1Cc), indicating

faster decay in absorbance when the octahedral nanocages were used as the catalyst. As the

reduction of 4nitrophenol follows pseudbrst-order kinetics[37, 39], the plot of -

In(absorbance) vs. reaction time is linear. FegBurld shows the rate constants derived

from these linear relationships. The rate constant of the octahedral nanocages was

measured to be 0.111s1.22 times higher than that of cubic nanocages (099 s

confirmingthe superior performance of {111} faks toward the reduction ofriftrophenol.
Understanding N2 Dissociation using DFT Calculations.To evaluatethe

performance of thécc Ru octahedral nanocages toward heterogeneously catalyzed

reactionsmy collaboratorgerformed a seltonsistent DFT (GGAW91] 40] study of

the atomic and molecular adsorption of 14 distinct reaction intermediates relevant to a

wide range of industrial applications (see Tahand Table3.3). Theyperformed these

calculations on a rmaber offcc Ru(111) cage models with selected amounts of Pd

impurities as observed in experiments. To isolate the effect of Pd impghagycompare

the results on these surfaces to those on a pure Ru nanocage. Additibegbpmpare

the results on hthese surfaces to those onkanp Ru(0001) slab model, which represents

the typical Ru nanoparticles with the conventiomgp structure. Given that Ru has been

extensively investigated for ammonia synthefi®y choose here to elaborate on N

dissociaibn, the ratedetermining step of ammonia synthestsatomic nitrogen on each

of our models, along the same lines of our previous work on Ru cubic nan{8&jgébe

dissociation of adsorbed molecular nitrogen*)Nlo atomic nitrogen (N*) has been
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Figure 3.11 Potential energy surfaces for Nissociation on three model surfacksp-

(0001) represents dtppure Ru(0001) slab as a model for conventional Ru nanoparticles;
cage(111) is a cage model of pure Ru exposing the ghasked facet in aftc stacking;

and cagg111)Pdrepresents a cage model exposing the {111} facet with two Ru atoms

in the i mmediate subsurface | ayer exchang
adsorbed state, 2N* is the energy of two N* adatoms adsorbed at infinitatsmpaand

ANN TS0 refers to t h*&onthreaking evéni. The enardiea ofell o f t
the states are referenced to that of theplese nitrogen, denoted ag@). The activation

energy barrier (E values on all surfaces are tabulatadTable 3.4) is the difference

between the transition state energy and the energy*oasl depicted by the blue double

arrowed line. The model cag@l11)Pd 1 among all other surfacésoffers the strongest
stabilization of NN TS, which is depicted ithe middle graphic of the inset, in between

the left graphic that depicts an initial state of Bdsorbed vertically atop a Ru atom and

the right graphic that depicts an N* at infinite separation from the second N* adsorbed on
anhcpsite. In the insef) is represented by blue spheres, Pd is represented by red spheres,

and Ru is represented by green spheres.

described as the ratetermining step for ammonia synthesis onlfased catalystglOi
43], and hence studying this step could allow us to prettiiet suitability of the Ru

nanocages in catalyzing this industrially important reaclibeyspecifically 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 Ndissociation (NN TS). Table3.4 lists this metric along with

other quantities, and Figufe11 depicts a potential energy surface for the dissociation
process on: the putecp Ru(0001) slab model, the puiec Ru(111) cage model, and the

fccRu(111) cage model with Pd impurities that stabilizBl IS 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.

Specie: hcp cage cage  cage cage cage cage  cage
(0001) (111) (111pdsz (111pa2s (111pgsa (111pd24 (111pdz.2 (111)pgas
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
@) -6.00 -6.01 -6.22 -6.23 -6.28 -6.10 -6.02 -6.05
H -291 -2.86 -2.84 -2.86 -2.89 -2.90 -2.93 -2.90
CH -6.85 -691 -6.78 -7.14 -7.12 -7.05 -7.08 -6.95
CH, -4.47 -438 -4.52 -4.57 -4.56 -4.47 -4.51 -4.39
CHs -2.16 -2.08 -2.11 -2.17 -2.16 -2.18 -1.99 -2.10
NH -514 -517 -5.36 -5.42 -5.39 -5.30 -5.28 -5.20

NH, -3.04 -2.94 -2.98 -3.08 -3.03 -3.07 -3.19 -2.95
NHsz -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
coO -189 -1.82 -1.93 -1.92 -1.81 -1.88 -2.04 -1.86
NO -2.67 -269 -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
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Table 3.3 Preferred binding sites of 14 atomic and molecular species on all surfaces

studied. In the contextofclogeacked f acets, the symbol At o
to bridge sihtpsj t 8 h o an d fc@siedOntrs@facesrwherad is

present, a symbol could be suffixed with i
For exampl e, Af/ Pdo means t hat fdcséiterathper ef er r

than the Ruccsite.

Species hcp cage cage cage cage cage cage cage
(0001) (111) (111pass (111pazs (111pdza (111pd24 (111pg22 (111)pgaa
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 i i f
CH h h h h/Pd h@ h/Pd h/Pd h
CHz h h h' h/Pd h@ h/Pd h/Ru h
CHs f f f/lPd f/lPd f/lPd f% h/Pd f
NH h h h h/Pd h@ h/Pd h/Pd h
NH> b b b/Ru b’ b’ b b’ b
NHs t t t t* t@ t tr* t
OH i i fIRu h/Pd h@ f% b” f
coO t h " h/Pd b h/Pd i h
NO h h h' h/Pd h@ h/Pd h/Pd h
N2 t t t t* t e (il t

I one adjacenficc site is occupied by Pd.

Il two adjacenfcc sites are occupied by Pd.

# none of the adjaceftdc or hcpsites are occupied by Pd.

* one adjacenhcpsite and an adjacefdc site are occupied by Pd.
** one adjacenhcpsite is occupied by Pd.

*** two adjacenthcpsites are occupied by Pd.

@ the adjacerftcsite(s) are (is) not occupied by Pd.

% the adjacerticpsite(s) are (is) not occupied by Pd.
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Theyfirst present our results drcp-(0001) which is represented by lacp pure Ru
slab model. The transition state energy is 1.07 eV higher ti(@h Making N* desorption
far easier than its dissociation on that model surface. Switching to th€lddgemodel,
which represents an octahedral nanocageapbure Ru, doesot make N* dissociation
easier. With respect toecp-(0001), thefcc cage(111) destabilizes N by 0.08 eV, and N
N TS by 0.09 eV, while marginally stabilizing N* by a mere 0.01 eV.

Theythen turn our attention to the Rage models with Pd impuritieshweh are more
representative of experimental reality. Tabkshows the positive impact of Pd impurities
on No* dissociation. With the exception of cafel1)kd44 all surfaces stabilize the-N
TS relative to puréhcp Ru(0001). Specifically, cag@l1ll)ypd22 reduces theea for No*
dissociation by 0.31 eV with respecthop Ru-(0001). These results fércp-Ru(0001),
fcc-Ru cage(111), and cagélllkq-are plotted in Figur8.11 It is interesting that the
bestperforming surface (cagd 11429 hasboth 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 contige®dssites to exist after etching
(Pd is rather randomly distribked within the Ru nanocage, as shown in Figu8d), the
improvement offered by cag@ 1142 2represents 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 atorie sub-surface of
the Ru nanocagetjeywill create an avenue by which the catalytic properties of the Ru
nanocages can be systematically improved. However, at thighieyare unabled utilize
our synthesis method to control these critical aspectshbystrongly 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(M)), activation energy barriers for the dissociation ef td N*
(Ea(N2*F 2 N*), see Figure.11for definition), and the difference between transition state
energies of A dissociation and gaphase nitrogen @ 1 En2,gad, as a reasure of
competition between the desired dissociation and the undesired desorptigh 84N
values are in eV. Binding Energies (BE) are referred to the respective gas phase species.

Model BE(N¥) BE(N2*) Ea (mf; Y2 g Enz,gas
hcp-(0001) -6.00 -0.61 1.68 1.07
cage(111) -6.02 -0.53 1.68 1.16

cage(111)ds3 -6.21 -0.65 1.66 1.02
cage(111pdz,3 -6.21 -0.56 1.51 0.95
cage(111)pd3.4 -6.29 -0.59 1.62 1.04
cage(11lypdz,a -6.08 -0.52 1.47 0.96
cage(111)pdz.2 -6.04 -0.66 1.37 0.71
cage(111)pda,a -6.04 -0.52 1.66 1.14

Erdlis the energy of the transition state. The last column offers insight into the competition
between N* desorption (undesired) and its dissociation to 2N*. The lower this difference

is, the more competitive the dissociatimecomes.

To summarize, our modeling results indicate that €4d4) models with Pd
impurities, which most faithfully represent theagthesized Ru octahedral nanocages,
should generally improve catalysis for ammonia synthesis as compared to th&icoave
hcpRu nanoparticles. The reducEgfor N> dissociation on the nanocages would provide

more efficient competition against molecular desorption pfttdnslating into decreased
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reactor pressures, and would allow for milder temperatures of the-Babeh 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 pressureatygithe HabeBosch process.
These constitute potentially major improvements and energy savings for the-energy
intensive HabeBosch processlheyalso note that past literatureportshave found that

fcc Ru nanoparticles can retain th&rc structureup to temperatures as high as 300 C,
which makes these nanocages potentisiiiple catalysts for ammonia synthesis,
especially given that they preferentially expose the stable, -piodeed {111} facet.
Finally, they note that our previous study of ca@®0) surface$36], representing cubic
nanocages, predicted more improved performance kt@(0001) toward ammonia
synthesis relative to the current study of octahedral nanocages. Specifically, on-the best
performing cubic nanocagewith Pd impuritiesn the immediate subsurface layethe
transition state energy of;Ndissociation is 0.05 eV lower than the energy efg\l which
indicates that Bf dissociation is favorable over desorpti@®]. This superiority of cubic
nanocages is an expectexult, and can generally be attributed to electronic factors such
as the enhanced binding (og)Nand lower activation energy barriers for besreéaking
events on the more open and less coordinated {100} facets. Additionally, a geometric factor
exists inthe way N* adsorbs on either surface. While*Nwdsorbs dis to the {100} facets

of the cubic nanocages in a bridigellow-bridge configuratiorj36], it prefers to adsorb
vertically on a top site on the {111} facets of octahedral nanocages. Thereftire {&fh1}

facets, the BF needs to tilt first to a horizontal position before theNNoond breaking

event takes place. This tilting process has been found to be endothermicily b8/
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across our surfaces, a significant energy cost which could omhcieased by additional

kinetic barriers for the tilting process.

3.3 Conclusion

| have demonstrated the synthesis of Ru octahedral nanocages Yatsancture
through seednediated 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 depositmotbf,
uniform, and conformal Ru shells. This approach was successfully applied to Pd seeds with
different edge lengths ranging from 12 nm to 26 mwsitu XRD analysis indicates that
the fcc structure of Ru nanocages can be stable aP@0Bor the evduation of catalytic
activity, {111} facets exhibited enhanced performance tHa@0 facetstoward the
reduction of 4nitrophenol.l andmy collaboratorslso assessed the promise of tHese
structured nanocages toward ammonia synthesis using DFT calculations, and derived the
activation energy barriers 9, dissociation, as well as the stabilization of molecular and
atomic nitrogen. Our calculations show that the Pd impurities in the nasgagerally
play a synergistic role in stabilizing and activating nitrogen, thus allowing the octahedral
nanocages to potentially be more promising than the conventicpdRu catalysts. In
whole, this work provides an effective strategy towards thensgig of active and atom

efficient hollow nanocages with precise facet structures and sizes.

3.4 Experimental Section
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Chemicals.Sodium tetrachloropalladate(ll) (BRdCL, 99.99%) potassium bromide
(KBr, 99%), poly(vinylpyrrolidone) (PVP, MW 55000),formaldehyde (HCHO, 36i5
38%), Hascorbic acid (AA, 99%), ruthenium(lil) chloride hydrate (Ri#120, 99.99%),
potassium chloride (KCl, 99%), hydrochloric acid (HCI, 37%), sodium borohydride
(NaBHs, 99%), 4nitrophenol CsHsNOs, 99%), and iron(lll) chlode (FeC4, 97%) were
all obtained from Sigm&ldrich 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 Mq cm at room t

Synthess of 6, 10, and 14nm Pd CubesFor the synthesis of 40m Pd cubepi4],
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 € in an oil bath under magnetic stirring for 10 min.
Subsequently, 3 mL of aqueous RdCk (19 mg mL 1) was injected into the preheated
solution in one shot. The reaction solution was maintained at 80 € under magnetic stirring.
After 3 h, the product was collected by centrifugation, washed three timesvatii to
remove excess PVP and ionic species, and thdispersed in wateor further use The
concentration andjuaity of Pd cubes in the suspension were determined using a
combination ofinductively-coupled plasma mass spectrometry (K@8) and eleton
microscopy analysis, respectivellfor the syntheses of- @nd 14nm Pd cubes, the
procedure was essentially the same except that KBr (300 mg) was replaced by a mixture
of KBr (5 mg) and KCI (185 mg), and KBr (500 mg), respectively.

Synthesis of 12 18 and 26nm Pd Octahedra.In a typical synthesig!5], 8 mL of
an aqueous mixture containing 315 mg of PV

seeds (61m cubes for 1:hm octahedra, 26m cubes for 18 m octahedra, or 3Am cubes
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for 26-nm octahedrajvas placed in an oil bath and heated to°60for 10 min under
magnetic stirring. Then, 3 mL of an aqueous solution containing 175 nRRdShA was
injected into the reaction solution in one shot. After 3 h, the product was collected by
centrifugation, wdsed twice with water, and then-déspersed 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 PA@Ru Core&shell Octahedra. In the stadard synthesis of 18m
coreshell 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 batth la@ated at 200C under
magnetic stirring. Subsequently, 0.6 mg of Ri&E1,0 was dissolved in 20 mL of EG and
injected into the growth solution at a rate of 1 mtusing a syringe pump. The reaction
was allowed to continue for an additional 2 h to clatg The final product was collected
by centrifugation, washed once with acetone and twice with water, and tdepeesed
in water for further use. The procedure for the syntheses -0ari® 26nm coreshell
octahedra was similar except that the am®@ofiRuCkAHO introduced weradjused 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 Nanocagesn a typical procesg86], 300 mg of KBr,

30 mg of Fe(d, 0.18 mL of HCI, 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 &9ihder magnetic stirring.

Afterwards, an aqueous suspension of theyashesized corshell octahedra (~0.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 operated120 kV. All highresolution transmission
electron microscopy (HRTEM), higangle annular dark field scanning transmission
electron microscopy (HAADISTEM) images and energiispersive Xray spectroscopy
(EDX) data were acquired using an aberratorreced Hitachi HD2700 microscope
operated at 200 kV. IGRIS (NexION 300Q, PerkinElmer) was used to quantitatively
analyze the metal content in a sampleaX diffraction (XRD)patterns were obtained with
a PANal ytical X6 Pert PRGQGraydsoufcé. U\Wis absomton e r
spectra were recorded using a Pefkimer Lambda 750 UWis-NIR spectrometer.

In-situ XRD measurements.The thermal stabilityf fcc Ru octahedral nanocages
was investigated bin-situ XRD. High temperature XRD patterns wexalected with an

Anton Paar XRK hot stage over d=RB®and98nge

and the patterns were analyzed with HighScore Plus, a software package provided by

PANalytical. An ethanol solution containing Ru octahedral nanocagsslispersed onto

a square silicon wafer before high temperature XRD measurements. To avoid sample

oxidation, a stream of ultdaigh purity Argon was passed through the hot stage. Each
pattern was collected for an hour to obtain sufficient signals eve?¢ 5@ith a heating
rate of 5°C/min.

Reduction of 4nitrophenol by NaBHa. The reaction was conducted with an aqueous

20

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 tiMSIdRta.
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Afterwards, 1 mL of agueous NaBKRO mM)was mixed with 1 mL of 4itrophenol (0.2
mM) in water, and the colorless solution turned yellow immediately. Then, 0.5 mL of the
agueous suspension of Ru nanocages was quickly added into the aforementioned solution.
The reaction kinetics was monitoredings a UV-vis spectrometer, which recorded the
absorption peaks of the reactant and product in the cuvette over time.

DFT Calculations. The Viennaab initio Simulation Package (VASP) code was used
to perform periodic, selfonsistent DFT calculatiofg6, 47]. The exchangeorrelation
functional was described by the generalized gradient approximation @331) [48],
and the electroion interactions were described using the projector augmented wave
potentials (PAW]49,50]. The wave function was expandeda basis set of plane waves,
truncated at 400 eV kinetic energy cutoff. All calculations were performed on (2X2) unit
cells, corresponding to 1/4 ML coverage of adsorbates, with (6>6x1) MonkiRaskk-
point mesh sampling of the first Brillouin zoftl]. Adsorption was allowed on a single
surface of a slab at a time, with energies corrected for dipole moments. Hefexamman
forces on all atoms were made to converge to 0.01 eV/A during geometric optimization.
Calculations were tested for spdolarization, and total energies were found to be
negligibly affected, in accordance with the computational literaturecoRu [52]. As
such, all results presented here are -spstricted.My collaboratorsdefine the binding

energy (BE) of an adsorbate as:

BE = Exsomatel Esurfacel Eadsorbate,gas

where EdsorbatdS the total energy of the species adsorbed on the surface magdeki&
the energy of the clean surface, andsémate,gatS the energy of the adsorbate in the gas

phase at infinite separatiorom the surface.
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cage(111pds;3 cage(111pd2;3 cage(111pdz.2 cage(111pdz.4

cage(11lpdz 4 cage(11llpgsa
2.695 A 2.690 A 2.687 A 2.687 A
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 A. The bold values beneath each image are energies relative to the most
stabk structure (leftmost), in eV. Caggll)pqssrepresents a surface with two Pd atoms

in the third layer, cagél11)»q4. 3represents a surface with a Pd atom in the second layer
and a Pd atom in the third layer, ce@&1)yq34represents a surface wittPa atom in the

third layer and a Pd atom in the fourth layer, cfEL b4 2represents a surface with two

Pd atoms in the second layer, cd@i21)pq4,4represents a surface with two Pd atoms in the
fourth layer, and cag€l11)yd24represents a surfacdttva 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 $yanore negative binding energies indicate stronger adsorption. The
climbing image nudged elastic band {IEB) was used to calculate activation energy
barriers for N dissociation53]. The method interpolates the initial and final states with
seven intanediate images, and forces on each image were converged to less than 0.1 eV/A.

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 weratestim
using seconarder numerical differentiation of forces using a 0.015 A step size, within the
framework of a harmonic oscillator.

The lattice parameters of buticp Ru were calculated as a=2.729 A and c/a=1.577,
which agree well with experimental data=2.706 A and c/a=1.582)54]. These
parameters were used to constructitte(0001) slab models with four metal layers each;
the bottom two layers were fixed at their bulk positions while all other atamguding
the adsorbatéswere allowed to fuif relax. The hollow, frestanding Ru nanocages were
modeled with five layers of Ru atoms exposing the (111) facet, and posseskingjkan
structure. The optimization of the interatomic distances within a metal layer was done with
all atoms of the systn allowed to fully relax. Using this method, the optimized interatomic
distance within a layer for a fiviayered pure Ru nanocage (cg@é1)) was calculated as
2.687 A

To model the Pd impurities in the-agnthesized Ru nanocag#dsyreplaced two Ru
atoms in the nanocage with Pd atoms, so as to yield a 10%Rua concentration, which
was close to the 9.9 wt.% of Pd obtained by-M@®. Importantly, no Pd atoms were
allowed in the exterior layers (topmost and bottommost), with thergsson that the
etching agent would only fail to extract Pd atoms from the interior of the nanocage, along
the lines of our previous woifR4, 36]. Theydeveloped four models, each representing a
different configuration of the Pd impurities within the Ranocage. These models cover
all possible combinations of Pd atoms in the subsurface layers. Bid2@epicts 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 seapeetpgether 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 positionsthey decided to study all the surfaces provided by our models.
Specifically,theyperformed calculations on surfaces with: both Pd atoms in the third layer
(cage(11lpd39, a Pd atom in the second layer and a Pd atom in the third layer (cage
(111)423, a Pd gom in the third layer and a Pd atom in the fourth layer (a@&)pds 4,

a Pd atom in the second layer and a Pd atom in the fourth layer({ddges. 4, both Pd

atoms in the second layer (ca@d.1kq429, and both Pd atoms in the fourth layer (cage
(111)pds,9. 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 abovenéadelall

(slab and nanocage), a minimum of 13 A of vacuum was used to separate vertical images

to avoid unphysical interactions along thdizection.

3.5 Notes to Chapter 3
Part of this c¢hapt erFadlesSynthdss pftRBated@ctaleednal t he p
Nanocages with Ultrathin Walls in a FaCentered Cubic Structtbe publ i shed

Chemistry of Material§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 nanocrystalfiave found widespread use in an array of applications
ranging from catalysis to photonics, sensing, imaging, and mediciieIn recent years,
many efforts have been devoted to controlling the shapes of-matéd nanocrystals
because of the correlations between the properties and shapes and thus surface structures,
with typical examples including cubes, cuboctahedra, octahethahddra, bipyramids,
decahedra, icosahedra, and pléfe$1]. Among them, nanocrystals with one or more twin
defects, often referred to as multiinned particles (MTPs), have received considerable
interest because the associated strains can give risaigmented properties. For
icosahedral nanocrystals, they are comprised of 20 songital, apex and facsharing
tetrahedral subunits interconnected through 30 twin defects to give a shape enclosed by 20
triangular {111} facets. Due to the presenceadfrge 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 applicafidhi$5]. Besides,
icosahedral nanocrystals can seryseeds to realize the epitaxial growth of a second metal
and thereby the formation of coreishell n
smooth surfacg¢l16]. Subsequently, icosahedral nanocages of the second metal can be

obtained through selective renal 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
then Ptbased icosahedral nanocages of about six atomic layers in wall thickness, together
with a surface enclosed by both {111} facets and twin bounddri@sCompaed with the
commercial Pt/C, the Rtased icosahedral nanocages exhibited god7and 16fold
enhancements in mass and specific activities, respectively, toward the oxygen reduction
reaction (ORR).

As a member of the platinugroup metals (PGMsRuhasa hexagonal clospacked
(hcp structure distinct from the fagmentered cubicf¢c) structure of other PGMSs,
including Pd, Pt, Rh, and Ir. In recent years,dRd Rubased nanocrystals have received
great interest because of their great performanceriausaapplications such as ammonia
synthesiq18, 19], FischerTropsch synthesig0], and CO oxidatiorf21], among others.
In addition to the reports on Ru nanocrystals with the conventimpedtructure[22, 23],
synthesis of Ru nanocrystals withfanstructure has recently emerged as an active subject
of researct24]. To this endKitagawaand co-workers reported the synthesisfof-Ru
nanoparticles with tunable sizes by optimizing the combination of solvent and metal
precursor[25]. However, they wre unable to obtaificc-Ru nanocrystals with well
controlled shapes and surface structures. Xia andockers combined seadediated

growth with wet chemical etching for the facile synthesis of Ru octahedral nanoframes in
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anfcc structure. When benchmat againshcp-Ru nanowires, the nanoframes displayed
greatly enhanced performance toward both the reduction-rafraphenol and the
dehydrogenation of ammonia bord@6]. Additionally, our groups have demonstrated the
syntheses ofcc-structured Ru cubi 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 synthe$lg, 28].

Herein | 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 fat atructure
differing from the conventiondicpstructure found in bulk Ru. Based imnsitu XRD, the
fce structure could be retained up to a temperature as high a¥C300 addition, the
icosahedral shape of the Ru nanocages could be largely preseavegrgierature up to
300°C. | further evaluated the shapee pendent catal ytic activi
nanocrystals and tifec-Ru nanocages using two model reactions based on the reduction
of 4-nitrophenol and decomposition of hydrazine. Our results indicated that Ru nanocages
di spl ayed superior activities than their
both the reductio 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 theirpotential toward ammonia synthesis,and my collaboratorsalso
performed periodic DFT calculations to evaluate the capability of the Ru icosahedral

nanocages to dissociate molecular nitrogen and founddtiatructured Ru icosahedral
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nanocages with Pdanipurities in the subsurface are more promising than the conventional

hcp-Ru nanoparticles in catalyzing ammonia synthesis.

Rus3+

+3e

diffusion Ru

Ru®
Deposition of Ru Etching of Pd
AA, KBr,PVP, FeCl,, KBr, PVP,
EG,200 °C

HCI, H,0, 100 °C

Figure 4.1 Schematic illustrating the twoainsteps, together with the reaction conditions,

involved in the formation of PA@Rwa eT s hel | i cosahedra and Ru
i) the deposition of Ru atoms on Pd icosahedral seeds in eblgieyer growth mode and

i) the selective removal of Pd cores through wet chemical etching

4.2 Results and Discussion

Characterization of Pd@Ru Cord Shell Icosahedra and Ru Icosahedral
Nanocages.As illustrated in Figured.l, 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 selgetremoval of Pd cores through wet chemical etching.
The synthesis started with the preparatioR@ficosahedréFigure4.2a), which served as
seeds for the conformal deposition of Ru shells. Based on the histogram of size distribution
shown in Figurel.2b, the Pd icosahedra had an average size of 12 £3nm. AftePAXR
and KBr had been dissolved in EG and then mixgk a suspension of the-agnthesized
Pd icosahedral seeds, the mixture was heated to 200 € in an oil bath under magnetic
stirring. Susequently, an EG solution of Ru&iH20 was titrated into the reaction mixture

at a rate of 1 mLi™. After completion of titration, the reaction was continued for another
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two hours. Figurd.2cs hows t he TEM i mage of a telpical
icosahedra, which took a wealkfined icosahedral shape and a uniform size. As evident

from the HAADRSTEM image shown in thénset the icosahedral shape and twin
structure can be well recognilzeanducted EBX conf i
mapping to differentiate the distribution of Pd and Ru in the nanocryataliistrated in

Figure4.2d 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, demonstratilgma e 1 s hel | st r
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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
corq shell icosahedra synthesized fromra Pd icosahedrdheinset shows the STEM
image of an individual PA@Ru corghell icosahedron (scale bar: 5 nm). (d) STEM images
and EDX mapping (green = Pd, red = Ru) of an individualisirell icosahedron.
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To obtainRu icosahedral nanocages, the Pd cores were selectively removed through
chemical etching. During the etching process, Fafdl KBr worked together as an etchant
while HCI was added to prevent the hydrolysis of both* B&d Fé' ions [29]. The

chemical eaction involved in the etching process can be summarized as:

Pd + 2Fé"+ 4B rYE P d?B-RFe*

Figure 4.3 (a) TEM image of the Ru icosahedral nanocages synthesized from B
icosahedra. (b) HAADFSTEM image of an individual Ru icosahedral namgacand (c)
atomicresolution image taken from the edge marked by a box in panetyeglingthe
twin boundary.

Figure4.3a showsTEM image of the Ru icosahedral nanocages after chemical etching,
where the Pd cores were effectively etched away whdadbsahedral shape of the Ru
shells was well preserved. Based on the HAASTEM images shown in Figurdsdb 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 measurememrasconduced to quantitatively analyze the elementahpositions

of the Pd@Ru coreishell i cosahedra and Ru
weight percentage of Pd dropped from75.0wti n t he cor el she%l|l i cos
in the nanocages, demonstrating the sufficient removatabres thragh wet chemical

etching. Meanwhile, the weight percentage of Ru increased from 230 wtthe
coreishell I ¢ 0% iatheendmoaages, mdic8tirig the dominance of Ru in

theicosahedrbnanocages.

fcc structure

111

Intensity (a.u.)

30 40 50 60 70 80 90
20 (degree)

Figure 4.4 XRD pattern of Ru icosahedralanocages synthesized from 12 nm Pd
icosahedra, demonstrating thieic structure. Blue bars: JCPDS no-3833 fcc Ru). Red
bars: JCPDS no. 68663 ficpRu).

Seedmediated growth has been reported asraightorward and versatilenethod
for generatinghoblemetal nanocrystals with unusual crystal strud(i2d].Recently,by
templating with Pd cubes and octahedra,cubic and octahedral nanocages withf@an

structure have been successfully prepg2&c28]. Here,l also conducted XRD analysis

10C



to determine the crystal structure of the Ru icosahedral nanocages. £#sh®ws an

XRD pattern of the Ru nanocages prepared fromrZ2Pd icosahedra. The characteristic
peaks offcc-structured Ru, including (111), (200), (220) and (311), could aiébselved.

Due to the small lattice mismatch between Pdfao&u (~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. Tagether, the Ru adatoms

in the shells would crystallize in doc structure, where both the {111} facets and twin

structure could be well preserved.

50 nm

Figure 45. TEM images of typical Pd@Ru nanocrystals prepared from 12 nm Pd
icosahedra using the standaprocedure except (a) in the absence of KBr; and (b)
decreasing the amount of Ry@ 0.48 mg; (c) collecting the product after 5 h injection;
(d) in the absence of KBr, decreasing the amount of R0d.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
coreishell i ¢ 0 s a h-bydayea depositiort for the Rusadatoms, \ahich ay e r
can be realized by controllingahate of atom deposition relative to surface diffu$aty.

In order to achieve preferential surface diffusion over atom depoditintroduced KBr

into the growth solution, which has been proven to be an effective additive in achieving
conformal coatig 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 coatinfd.7]. Figure4.5a shows the resultant Pd@Ru nanocrystals
prepaed 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,
| investigated the reduction kinetics by measuring the instantaneous concentétions

unreacted Ru(lll) ions in the reaction solution at different time points (FigGag.

10 0.6

a —e— 0.6 mg RuCl,, KBr b —e— 0.6 mg RuCl,, KBr

= 5 [=— 0.6 mg RuCl,, No KBr 0.5 |—=— 0.6 mg RuCl,, No KBr -
E [——0.48 mg RuCl,, No KBr —a—0.48 mg RuCl,, No KBr
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Figure 4.6. Quantitative analysis of the conversion of Ru(lll) ions to Ru(0) atoms during

the synthesis of Pd@Ru <coreishe.l(d Thecos ahe
instantaneous concentration ofreacted RuGl in the reaction solution. (b) The
accumuléedmass of Ru(0) atoms throughout a synthesis, as derived from the data shown

in (a). The Ru(lll) 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 kineéinalysis of seethediated growth
[31], when Ru(lll) precursor was introduced by dropwise addition, the Ru(lll) ions should
be gradually accumulated in the growth solution as the number of drops is increased in the
initial stage. Afterwards, the concentaatiof Ru(lll) ions will reach a steady state and only
fluctuate in a narrow range defined iy andniew, corresponding to the upper and lower
limits, respectively, for the number of precursor ions normalized to the number of seeds.
Specifically, during lte steady state, the number of Ru(lll) ions will promptly increase
from niow to Nyp upon introducing a new drop of Ru(lll) precursor, and then exponentially
decay frommyp to niew until the addition of the next drgB1]. For both samples synthesized
with (denoted standard synthesis) and without KBr, the concentrations of Ru(lll) precursor
in the reaction solution increased dramatically during the first 5 h and themdec
relatively stable in the following 15 h, in agreement with our previously reportei@limo
[31]. After all the precursor solution had been injected, the concentration of the Ru(lll)
precursor dropped a little and then became relatively stable. In the case of no KBr, the final
concentration of Ru(lll) precursor was lower than that of thedstahsynthesis, indicating
a higher conversion of Ru(lll) ions to Ru(0) ato(84.5 wt.% Ruintheas bt ai ned Pd
Ru nanocrystals)Figure4.6b shows the accumulated masses of Ru(0) atoms during the
syntheses under different reaction conditions, also moimfg the higher conversion of
Ru(lll) 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(lll) conversion conditiohsgduced the amount of Ru(lll) precursor
to 048 mg while keeping all other reaction conditions the same as the standard procedure.

The product islenotedby sample/0.48, and a TEM image is shown in Figu8b. 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(lll) precursor took the same trend as the
standard synthesis, but the value was lower due to the decrease in concentrdltien fo
Ru(lll) precursor (Figurd.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 illustrat€igure 4.6b.
Especially, for sample/0.4&he 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. Figuregt.5c and d show TEM images of the standaanple and sample/0.48,
respectively, collected after the Ru(lll) precursor had been injected for 5 h. Notably, the
nanocrystals in the standard sample possessed alefigled icosahedral shape with a
smooth surface, while those in sample/0.48 took alr@ugface due to the presence of
plenty branchesThis result confirms that the Ru adatoms in the standard synthesis and the
sample/0.48 followed different growth modes in the initial stage:{aydayer and island,
respectively. Taken together, the oduction of KBr was critical in enabling a layley-
layer growth pattern for the Ru adatoms throughout the synthesis, leading to the formation
of conformal Ru shells.

| also investigated the roles wijection rate the amount of Ru(lll) precursor, and
reaction temperature; all of which could affect the atom deposition and/or surface diffusion.
| first studied the effect of injection rate, which is directly related to the atom deposition
rat e, on the formation of Pd QRed.7.0Mhen¢the s hel |

injection rate of Ru(lll) precursor was increased to 5 rildnd further to 20 mLk?, the
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surfaces of the agbtained Pd@Ru nanocrystals became rough and were covered by plenty
of branchlike particles (Figured.7a and b, respectivelypfter selective removal of the

Pd cores, the resultant Ru nanocages showed rough surfaces, indicating insufficient surface
diffusion (Figures4.7c and d, respectively), in agreement with their initial Pd@Ru
nanocrystals. As the injection rate was inceglashe resultant Ru nanocages were covered

by more small particles and cracks on the surface, and more Ru adatoms were confined to
the corners and edgdsis because, during the epitaxial growth, Ru(0) atoms preferred to

be deposited on the lewoordindion atoms first, in our case, atoms on the vertices and
edged32]. If the deposition rate was greater than the surface diffusion rate, more Ru atoms

would aggregate at the vertices and edgeseratinghon-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, ¢) 5 m2h(b, d) 20 mL H.
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Figure 48. 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 RuCWhile keeping the overall volume of injected
solution at 20 mL. (a, €).8 mg, (b, d) 1.2 mg.

| also varied the amount of RU( precursor while keeping the total volume
unchanged to see whetheran tune the thickness of the Ru shells. Figdrgsand b show
TEM images of typical Pd@Ru nanocrystals prepared usingahdastd procedure except
increasing the amount of Ru(lll) precursor to 0.8 and 1.2 mg, respectively. The sizes of
resultant PA@Ru nanocrystaisew to approximately 14.5 (Figuré.8a) and 15.5 nm
(Figure4.8b), respectively. However, the surfaces of thes®ouorystals became relatively
rough. Based on the elemental compositidetermined using IGRIS, the calculated

thicknesses of the Ru shells were approximately 6.2 and 7.8 atomic layers for the
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