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ABSTRACT

Shape control of metal nanoparticles has had a great deal of attention in the past decade
due to the enhanced catalytic properties based on structure and surface faceting. Numerous
methods haveden developed to synthesizarious nanostructurghat make more efficient use
of the active surfaces by tunipgrosity, shapes, sizesnd facets by adding foreign ions which
promote or restrict growth on specific sites; however, a fundamental meahansérstanding
of how and why iongnd other synthetic parametelisect growth resulting in specific shapes
and porosityhave only been hypothesized. Hereive first demonstrate the importance of
shaped metal nanoparticles in terms of active siteAuiricosahedra, which motivates a full
literature review of shaped Ranostructures The conclusions regarding need for understanding
towards growth systems tinates the study of both direct (wet chemical reduction) and indirect
(galvanic displacement)ysthesis techniques, which is then followed by the probing of
nanoparticle growth kinetics as well as mesopore expansion in silica. Synergistic capabilities of
computationallyguided synthetic routes as proposed by the Materials Genome Initiative (MGI)
are demonstrated by testing hypotheses, then utilizing experimental insight from platinum
systems to predict the growth of faceted palladium nanocrystals. Mechanistic insight on growth
kinetics can be elucidated by studying the role of directing ions danegyrowth process,
thereby obtaining a general fundamental understanding of directed nanoparticle formation. The
pore expansion mechanisms in mesoporous materials via hydrothermal treatments allows us to
understand pore sizes as a function of solutiaieg, thus giving rise to sizgependent
separation and sequestration applications. Understanding structure and activity relationships of
our resulting products will assist in the synthesis of next generation materials with enhanced
properties, therebydeancing the nanotechnology field from serendipitous materials disctver

intuitive materials design
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CHAPTER1 INTRODUCTION

1.1  Background and Significance

Research into the development of catalysts with applications in the fields of renewable
energy is of significant interest to the scientific community as it may yield materials which
directly contribute to reducing global dependence on fossil fuels, while simultaneously lowering
production of green house gases. Tlisiongst many other applications are important in
todayods wor |l d, and t heir i nvesti gat iistryn yi el
environmental sustainabilityand alternative energy resourck$. Metal nanostructures in
particular have been extensively researctied tothe variety of their unique sizeand shape
dependent chemical and physical propertftsRecent studieshatc har act eri zed «c @
shapes and exposed surfaces indicate that surface structures can be altered to tune catalytic
properties;® For example, it was recently demonstrated that selectivity can be tuned by
controlling particle shge in the case of promotingans olefin isomerization to theircis
counterparts using clogecked Pt (111), Pt (557and Pt (100) surfaces as opposed to a more
open Pt (110), which favors theans counterpartS. This isomeric selectivity is of critita
importance for many hydrogenation and dehydrogenation reactions, including ring opening
reactions. Elucidating the mechanisms by which the morphology of nanostructures may be
controlled thus allows catalytic activity of the nanostructures to be tunespécific applications,
such as the oxygen reduction reaction (ORR) used in fuel"¢&tls.

Unfortunately, theconversion process using thermochernal methods often times
require high pressures and temperatures which consumes large amounts of andrgg/,not
neutral in carbon footprint. Electr@and photecatalytic means can make use of renewable or
nuclear energy sources to maintain a green, cdileen footprint which is an attractive
concept? When designing catalyst materials, the followingtetia must be taken into
consideration fothem to bendustriallyviable

1) selectivity

2) activity (turnover frequency)

3) stability

4)  scalability

Selectivity, activity and stability of a catalyst are the three main factors essential for

industrial scale implementation. Selectivity can be tuned by material and/or reaction conditions



during thebond making and bond breakipgocess. Catalyst canthus be designed for specific
applicatiors, or the reaction conditions (electrochemical potentials, temperature, and chemical
environment) can be altered to produce desired end products. This concept would avoid
undesired or wasteful products. High activig essential for practical, effective conversion and
is determined by the number of molecules converted per catalytic site per unit time (turnover
frequency). A large number of active sites per gram of material is also an important factor
towardshigh activity. Catalysts also need to be stable under operating conditions. Stability is
measured by the rate of deactivation, resistance to poisoning, and residual activity post poisoning
(tolerance). For certain applications such as industrial scale consinflow reactions, the
durability of the catalyst is of greatest importance since halting the entire process to replace or
regenerate an inactive catalyst can be very costly. Stability can be improwechdlyilizing the
nanostructures onto different qugts, such as alumifid® or mesoporous silicE. Finally,
material cost is an important factor towards wédele implementation, however is not as large
of a concern compared to requirement't

Morphology control has been demonstrated for naniofest composed of goftd;*®
palladium?®*® silver?®?* and platinunf?® as well as other metals. Due to its importance in
catalyzing the ORR and other important reactidridt nanoparticles are of particular interest.
Both a fundamental understanding of how Pt catalyzes reactions and how to obtain specific
morphologies are necessary for intuitively designing and tailoring materials towards future
applications. Additionally integrating a mechanistic understanding of particle growth with
computational modeling will lead towards deliberate design of new materials, rather than relying
on theirserendipitousliscovery throughrial and error Herein we demonstrate the exeariof
a systematic process by which the integration of synthetic, computatiandlanalytical
techniques synergistically form the basiswands obtainng a fundamental mechanistic

understanding of particle growth.

1.2  Thesis Organization

This thesis adresses research performed regarding morphology control of nanoscale
metal particles for catalytic applications. The chapters are organized to present the eaotlition
progressiorof our understanding regarding the role morphology control plays on dajdigsv
it can be applied tward platinum nanoparticles, and hosuchunderstanding can be used to



model particle growth thereby yielding catalysts with improved activity, sekévity, and
durability e outlinedin Figure 1.1

Au Icosahedra
Chapter 2

}

Indirect synthesis of Shape control
shaped structures l \ Understanding pore structure

Spontaneous galvanic Direct synthesis of | Ptuseful for fuel Tuning pore size in

. shaped structures cell applications .
displacement (SGD) P - PP - mesoporous silica
Chapter 4 Pt review of shapes synthesized Chapter 6

by wet chemical reduction
Chapter 3

Scope of Work

Towards a fundamental understanding of growth

Computationally guided l Mechanism of
understanding shape direction

Ag mediated faceting of Pt/Pd NPs

Chapter 5

ya LN
e N
Pt facet dependent | £ i,re Work | Pdfacet dependent
product selectivity | Appications in catalysis product selectivity
Chapter 7 Chapter 7

Figure 1.1 Flow diagram peesenting progression of thesis work. Shape control via
investigation of Au icosahedra led to a review of existing Pt shaped materials. Shapes can be
synthesized indirectly using spontaneous galvanic displacement, or directly using wet chemical
reduction. Studies to elucidate the underlying mechanism of growth of shaped nanoparticles as
well as mesoporous silica were conducted.

A study of morphology control in gold icosahedra was conducted first to demonstrate that
shape control is both possible andidable, due to the increased specific activity of the particles.
Since the primary funding objective was directed towards fuel cell applications, applying shape
control to platinum catalysts was investigated by performing a review of shaped platinum
nangarticles in existing literature. From here, the nanoparticles can be synthesized via two
possible routes: spontaneous galvanic displacement (SGD) is used if the specific shaf®eca
directly synthesized. This expands the range of specific shapelatioum catalysts to include
any less noble shaped material. The second route is direct synthesis via WCR using ion
mediation or other directing agents. By systematically varying the parameters of the reaction to
control the kinetic growth of the pastes, a model for the development of facets on the



nanoparticles is constructed. This is the first step to developing a fundamental understanding of
the directing agentsdé role and how they alter
studiedthe growth of nonmetal systems such as mesoporous silica and found pore size could be
controlled by altering the hydrothermal treatment where pore expansion occurs, which can be
applicable to sizselective sequestration or separation of proteins, or othtarials
Chapter 2 is a published article in ChemCatChem that addresses shape and size control of
gold icosahedraia wet chemical reduction methods (WCR) first discoveredRlmhards and
coworkers then optimized by Jeremy Leanghe catalytic propes of goldbased catalysts
have been found to strongly depend on the particle shape asidenvironment*? In this
article, a novel and facile approach is presented for the synthesiedfinable gold icosahedra
of 30/ 250 nmby employing glucoseas the reducing reagent and sodium dodecyl sulfate (SDS)
as the directing agent. Due to the fact that this synthesis is conducted at room temperature under
Agreen conditionso ( inatenergyvuntenhsive oahighdyctaxie)ndurs t ha't
procedure fully adopts the f uffdbemnaalyticadtiviop r i nci
of the icosahedra for the reduction ehgrophenol by sodium borohydride is investigated using
novel poisoning experimentdeveloped and first reported byedng to elucidate that the
icosahedra not only have more active sites than gold spheres of the same size, but also show that
each site is more active than those of the spheres. The original poisoning experiment reported in
literature for bulk metal surfas€ is adapted towards nanoscale materials enabling us to
demonstrate the importance of shape direction towards metal nanoparticle design by proposing
that activity of other metal systems can be similarly enhanced by controlling their morphology.
Chapter 3s a published literature review in Applied Organometallic Chemisityning
methods for controlling morphology of platinum nanoparticles WCR methods.
Comprehensive findings from 2009 through 2013 are reported, including a review of shapes,
shape d@ecting agents, carbon and noarbon support materials, bimetallics, and applications in
catalysis. Synthetic route for WCR areoutlined as well as current methods of shape direction
and size control. WCR is a commonly preferred synthetic technigeetaliboth ease of
scalability and its capacity to yield nanoparticles of a wide variety of shapes and sizes via the
addition of directing agents. Exposure of different crystal facets can significantly alter catalytic
selectivity by changing chemical andle@ronic interactions, thereby governing the

nanoparti c P®eMasy direairagentyHave peen reported, including metal cations,



halides, peptide sequences, polymers, and organic compounds. Unfortunately, to date,
fundamental mechanistic uaitanding or hypotheses thereof has not yet been widely accepted
or agreed upon regarding how each shape is attaaneldthus we proposed theed to develop

anin depthunderstanding of growth mechanisms.

Chapter4 is an article submitted to Nanoscal@ieh employs a WCR method targeting
specific morphologies by systematically introducing foreign ions during the growth process; a
divergence from the serendipitous experimental discovery that most studies have leveraged. The
effects of synthetic parameseion both the intermediate and final products are probed via
transmission electron microscopy (TEM), small anglay scattering (SAXS), and wide angle
x-ray scattering (WAXS) coupled with computational modeling techniques. The model defines
growth veloay as a function normab a particular facet, and proposes that a facet with greater
growth velocity than an adjacent facet will eventually grow out of existence from the
nanoparticle. Leongds role in thieetasdtPddy wa
nanocrystals for use in developing the models by Ciobanu and coworkers. The model was
successfully applied to the growth of platinum nanoparticles in the presence of silver nitrate, and
extended to the synthesis of palladium nanoparticles tistngame WCR procedure.

Chapter5 is an investigation of spontaneous galvanic displacement (SGD) synthetic
reactions, essentially the processes of electrodeposition and corrosion occurring concurrently.
Materials with the desired morphology are first thygsized from a template metal of low
nobility, that is, with low standard reduction potential. The template is then exposed to metal
cations of a more noble metal and is corroded as electrons are transferceatéotihe cations in
solution, dspladng the noble metal atoms onto the template materiaBoth the
macromorphologyand microstructureof the template are altered; pores fafrthe more noble
metal has a higher oxidation state than the cations of the template since atooiscarsoded
and deosited at a 1:1 ratioThis enables the synthesis of metal nanoparticles with morphologies
that cannot otherwise be directly synthesiztd, example Pt nanotubes from an Ag wire
template’® Synthetic parameters for the formation ddt;mum nanotubesia displacemenbf
silver nanowiresvere optimizedand the degree of displacement of the template matesisl
investigatedby Leongusing TEM imagingenergy dispersive ggtroscopymapping x-ray
diffraction, x-ray scatteringand atom probe tomographyX-ray scattering data was analyzed

using thdrena SAS analysis plugin for Igor Pt



Chapter 6 entails an investigation of the parameters for the synthesis of mesoporous silica
networks(MSN), a material commonly used as a support for metal nandpartiduning of
pore sizes is accomplished by varying addition of auxiliary spé&cimsfactant, silica sourcg,
acid types, solution temperatufeand hydrothermal treatment conditiofis. The synthesis of
~500 nm discret@article microporebridged MSN similar to that of our previously reported
MSN-10 is further studied exhibiting pore diameters that are tunable froh04nm. Pore
diameter is tuned by systematically varying the length of the-gymghetic hydrothermal
treatment between 0 and 2durs, corresponding to pore sizes between 4 and 10lLnem.o n g 6 s
role was to experimentally study the effects of hydrothermal treatment conditions on pore
expansion. The ability to synthesize M$ with tunable pore structure has the potential to
provide newmaterials for a variety of applications including catalysis, drug delivery, and
separations.

The thesis concludes with chapter 7, where the work performed is summarized, and
future outlooks towardapplications of synthesized nanopartic@esproposed.

Appendix A contains the permissions from the journals in which each chapter was

submitted, as well as permissions from alatthors to rese the papers in this thesis
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CHAPTER 2CONTROLLED SYNTHESIS OF NANOSCALE ICOSAHEDRAL GOLD
PARTICLES AT ROOM TEMPERATURE

A paper published in ChemCatChergproduced by license agreemeBd80300080561
with John Wiley and Sons DOI: 10.1002/cctc.20120023(article) ChemCatChen2012 4,
16621667
Lifang Chen G. Jeremy Leongylaxwell SchulzeHuyen N.Dinh, Bryan PivovayJuncheng Hu
Zhiwen Qi, Yunjin Fang,Sergey Prikhodko, Marta Pozuelo, Suneel Kodamb&san M.
Richards

2.1  Abstract

The shape of nanocrystals determines surface atomic arrangement and coordination,
influencing their chemical anghysical properties.We present a novel and facile approach to
synthesize gold icosahedra by employing glucose as reducing reagent and sodium dodecyl
sulfate as directing agent in the environmentally benign medium of water at room temperature.
The size bthe icosahedra can be controlled in the range ®230 nm by altering reaction
conditions. High-resolution microscopy and diffraction studies indicate the icosahedra are
composed of rotational twins thate likely an assemblage of tetrahedral unitsThe gold
icosahedra particles catalytic properties are probed in the borohydride reductipn of
nitrophenols and exhibit a siependence reaction proper@omparison studies with spherical
particles prepared by the Turkevich method, coupled with pimigaxperiments, infer that the
shape has a strong influence in the abundance of active surface sites as well as their activities.
The properties of nanoscale icosahedra parti@@gpromising applications for further catalytic
processes, surface enhament spectroscopic methods, chemical or biological sensing, and the

fabrication of nanoscale devices

2.2 Introduction

Metal nanostructures have been the focus of intensive research because of their unique
size and shapelependent chemical and physipabperties? In recent years, catalysis by gold
particles has become one of the most studied new topics in chemiojd-based catalysts
havedemonstrated vergromising activity and selectivity in many chemical reactiand the

catalytic properties have been found to stronglgpend on the particle shape, sizsnd


http://dx.doi.org/10.1002/cctc.201200230

environmenf® Many researchers have focused on rational ways to contrehtéiyge and size of
gold particles. Many efforts have been made past decades, to synthesize siaed shape
controlled® nanostructured metals including rgdS plates* spheres? and cage$® There are
some reports on the fabrication of galystals with cubic, octahedral, decahedral, dodecahedral
andicosahedral morphologies, which are Hygfaceted, with sharporners and edges, as well as

multiply twinned gold crystal&*®°

The shape of nanocrystals determines surface atomic
arrangement and coordination, further influencing their catalytic perfornfaffcdo date, the
reported goldrystals withthe highest proportion of corners and edges are icosaaedra few
papers have been published on these gold systelessahedral gold particles of 230 nm
diameter were preparedusing ethylene glycol at 280°C in the presence of
poly(vinylpyrrolidone) (PVP) as a directing agefit A similar methodwas used to produce
icosahedral gold particles of approximatel§O0 nm at 120°C in ethylene glycol with the
presencef PVP under hydrothermal conditioffsand particles oépproximately220 nmat 100

°C in the presence of PVP with a thermal proéésSize tunable icosahedral gold particles
rangirg from 10 to90 nm were produced by a semédiated growth approatrand 100 nnto 1

mm tunable particles were obtained when growing particles in pilesence of triblock
copolymers of poly(ethylene oxidejoly(propylene oxidé)poly(ethylene oxide}® These gold
particles may have some differephysical and chemical properties to those oftwimned
nanoparticles without sharp corners because ofr tir@rinsic structural characteristics
concerning surface energy and lattsygnmery. The previously reported synthesis methods for

icosahedral Aare summarized in TabRl.

Table 2.1 Summary of icosahedral gold literature

Authors Size nm Yield (%)

Chen and coworket$ 180-250 <80
Yang and coworket$ 230 >90
Han and coworkef3 11-87 (highly tunable) >95
Zhang and coworkets 160 80
Murphy and coworkef$ 100 (tunable shapes) 90
Han and coworker§ 100-1000 70
Geng and coworkef 4550 90
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The development of versatile, simple, and greener methods to prepare gold
nanostructures witktrongly facetted surfacesmd atomically abrupt edges remains a challenging
topic. Herein, we present a novel and facile approach to synth&@i250 nm goldcosahedra
by employing glucose as the reducmeggent and sodium dodecyl sulfate (SDS) as the directing
agent in the environmentally benign medium of watenoatn temperature.This method fully
adopts the fundamentplr i nci pl es o f .2 ivigreoses, thé sizeshoé thebtained y
gold icosahedra can be tuned and these gold nanoparticles showed high activity in the reduction
of p-nitrophenol by sodium borohydride.Additionally, comparisonstudies with spherical
particles and poisoningxperimentsdemonstrate the ingptance of shape on the catalytic

properties

2.3  Experimental Section

In a typical procedure, the starting solution was prepareadding glucose (0.63 g) to
water (20 mL). SDS (0.65 g) was theadded to the aqueosslution under stirring, resulting in
a whitesolution. After the SDS had completely dissolved, HARGH,O (25 mM, 0.211.0 mL)
was added to the solutiorAfter the reactiorproceeded for the desired time under continuous
stirring, thesample wagentrifuged and collected, and washed with distilkeder and ethanol
several times. Prior to examination and studthe sample was immersed in Vb NaBH,
solution in 1:1 HO/EtOH for 10 min, then rinsed with ethanol and watefhe catalytic
reductionreaction was performed in a standard quartz cell with a patim length and 3 mL
volume. The reaction procedures were as followsreaction mixture of water (2.8 mLp-
nitrophenol (0.1 mlof a 3.0x 10 M solution in water), and NaBHO0.1 mL of a 3.0x 10> M
solution in water) were combined in the quartz céthmediatelyafter addition of purified and
dried Au nanoparticle®.0167 or 0.0279 mmol of sample), the absorption spectra were recorded
by a VarianCary 300 Scan UV/Vis spectrophotometéth a scanning range of 28800 nm at
25 °C. Colloidal gold sphereprepared by the Turkevich synthesis were produced as follws
volume of 1.015 mL HAuG}3H,0 (25 nM) was added to refluxingater (94 mL) in a 250 mL
roundbottom flask, followed by 1%odium citrate solution (5 mL), and the solution was stirred
at reflux for 15 min. The solution was cooled, centrifuged, and Hanple collected and
dispersed in ethanol. For the C$ poisoning experiments, the above catalytic reduction

procedure was &sl with the addition of varying amounts ofx110“ to 1x 10° M aqueous CS
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(0.0 0.3 mL), keeping the total volume of the catl2.8 mL. Notably, fresh Cgsolutions
needed to be prepared eveigw hours to obtain consistent resultsFor concentration
determinationof the gold nanoparticle samples, aliquots were drieddagested in aqua regia.
Concentrations of gold in the samples wéoend using a PerkinElmer Optima 5300 DV

inductively coupled plasma optical emission spectrometer.

2.4  Results and Discussion
2.4.1 Morphology and Crystallinity Studies

The gold icosahedra nanostructures, with different sizes prepanebm temperature
with a reaction time of 48 h, weanalyzed using field emission scanning electron microscopy
(FESEM) and TEM, as shown in Figuzd..

Figure2.1 a, b) Fieldemission scanning electron microscopy (FESEM) images of th2bALat
different magnifications. ¢c) FESEM image of the-A00. d) TEM image of the ABO; inset
shows the SAED pattern of thetee image

The labels Ae250, Aul100, and AeB0 in Figure2.1 and in the following sections
correspondo particles with average diameters of 250, 100, Zhaim respectively. The sizes
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of the gold icosahedra were controlled by varying the initialcentration of HAuCJ in the
solution The sizes of gold icosahedra increased as the initial concentration of HAaEI
increased, as shown in Tal@&. If the initial concentration of HAu¢ivas 0.06235 i (entry

1), no precipitate was observeelen after stirring for more than seven daysThe solution
maintained a clear color until a color change was observed shortly before 48 h. The observed
trends in color for this gold system were indicative of slow growth rates, which owed likely to
the weak redction potential of glucose. The color of the solution remained pink and there was
no further growth over 48 h. Smaller Au nanoparticles do not grow continuously, owing to low
concentrations of HAuG| and there was no additional supply of gold atomsfamntinued
precursor decomposition With increased HAuGlconcentration, icosahedlite Au partides
started to form (see Tab®2, entry 2). If initial HAuC} concentration continued to increase,
gold icosahedra nanoparticles formed (Tall@, entries 35). However, irregular Au
nanoparticles formed if the HAugCtoncentration was 2.275 mM. A large amount of precipitate
formed in a few minutes owing to the higher HAgCbncentration, which resulted in fast
nucleation and growth. Moreover gtleolor of the solution was transparent and indicated that all
of the HAuC}, was reduced to Au nanopatrticles in a very faduction process. In Figugla,

the sample was observed to contain numerous particles with sizes of approximately 250 nm. The
higher magnification FESEM image (Figurzlb) clearly revealed the 3D shape of the
icosahedral gold particles with a size of (25@0) nm. Detailed structural characterization of

the particles waperformed using TEM and selected area electron diffra¢8@\ED) pattern.
Figure 2.1d is a representative brigheld TEM image. We found that the asynthesized
samples containedanoparticles with several different polyhedral shapes of whiehmajority
(>60%) were icosahedra (from TEM)Some irregularlyshaped particles were also observed,
which were byproducts of the reaction. A typical SAED pattern acquired from the sample is
shown as an inset in Figueld. By indexing the diffraction pattern, we identified the structure
as face centered cubic (jcgold space groupFm3m (22), JCPDS No. 040784. Measured
interplanar spacings coincided with JCPDS valise® Table2.3), indicating that the powders
were phasepure and crystalline Au
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Table 2.2 Correlation between Au concentration and pasizée

Entry | Concentration | Aliquot | Size | Shape
(mM HAuCl,) | (uL (nm)
1 0.0623 50 2-5 | dots
2 0.124 100 20 | pentagonal
3 0.3086 250 30 | icosahedra
4 0.610 500| 100| icosahedra
5 1.19 1000| 250| icosahedra
6 2.27 2000| 500/ irregular particles

Table 2.3Measured interplanar spacings,\dextracted from the SAED pattern in Figure 2.2, in

comparison with JCPDS gdsalues.
Line dm (nm)  |di (nm) Intensity |{hkl} Error %
1 0.2405 0.2355 100 111 2.12
2 0.2079 0.2039 52 200 1.94
3 0.1463 0.1442 32 220 1.43
4 0.1258 0.123 36 311 2.26
5 0.1186 0.1177 12 222 0.74
6 0.1040 0.1020 6 400 2.04
7 0.0933 0.0936 23 331 0.25
8 0.0843 0.0833 23 422 1.26

Figure 2.2a is a typical highresolution (HR)TEM image of an individual gold
icosahedron with a diameter of 30 nm. From the lattice fringes seen in the image, we measured
the interplanar spacings of 0.21 and 0.24 nm, which corresponded to {200} and {111} planes in
gold, respectively. Arrows highligtihe Moiré fringes, which appear to result from overlapping
of multiple crystals. Note the presence of twin defects at the intersection of facets. All of these
structural features were observed in all the examined nanoparticles. E@jors an SAED
patern of the particle shown in Figu&2a. From the indexing of the diffraction pattern, we
found 6 {111} spots, labeledi & in Figure2.2b. This could only be explained by the presence
of multiple crystals and is discussed in detail below. The othets dabeled i@ represent
{200}, 107 14 to {220}, and 1521 to {222}/{311}.
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Figure2.2 a)HRTEM image of an Au icosahedroArrows highlight Moiré patterns observed
in the particle.b) SAED pattern of the particlee) Reconstruction of the reciprodattice of
multiply twinned icosahedron nanopatrticle.

From the analyse®f the diffraction pattern, we found thathe nanoparticle was
composedf multiple fcc Au crystallites.This is illustrated in Figur@.2c using a schematic of
the colorcodedreciprocal lattice. Sizes of the reciprocalpots in Figure.2c are representative
to tabulatedJCPDS) intensitiesThe green color spots denote reciprocal lapigits that result
from crystallites, all of which share th#l1] zone axis and are rotatbg 60° with respect to
eachother. These rotational variants, that is, twins, can be represdmyeithe orientation
relationship [Eq.Z.1)]:

{111}, []{111}, <011%||<011x (2.1)

in which the subscripts 0 and t represent orientations of dhiginal and twin crystals,
respectively. The red, purple, antllue colors denote three twins all of which share the same
[112] zone axis and are rotdtby 60 with respect to eacbther. Those rotational twins can be
described by a differemirientation relationship [Eq.4.2)]:

{111}, ||{112}, <0113 || <111% (2.2)

The multiply twinned structure of the Au nanoparticles wasfirmed by using TEM in
the darkfield mode. Figure2.3a isa brightfield TEM image of an individual Au nanoparticle.
Figures2.3.11 2.3.5 are darkield TEM images obtained using the diffractispots 15 labeled
in the AED pattern
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Figure 2.3 a) HRTEM image of the A0 particle with icosahedron shape5 are darifield
TEM images of the same particle. Images B2l 3 are obtained using {111} diffraction spots
labeled 13 while images 4 and 5 are obtained using {220} spots 4 and 5 in Figure 2.2c

The brighter contrast within each of these imagesrissalt of diffractionfrom one or
more crystallites that arddda gned t o scanditiossf Hhe tBangulgrgsidape of the
brighter contrast inmages 2 and 5 can be interpreted as the 2D projectian tefrahedral
crystal. The diamoneshaped contrasts in images3, and 4 are the 2D projections of tetrabedr
crystalliteswithin the icosahedron suggesting the presence of twirreéhgeen the two adjacent
tetrahedral crystallites. Multiply twinned Au icosahedra were previously obserasd the
existence of twings attributed to the arrangement of smalléraieedralunits with {111} facets
so that all 20 facets d€osahedronsire {111} planes®! Periodically alternating darker and
lighter grey contrast bands observed in the images 1 anda3reselt of the thickness variations
in 3D crystallites. Non-periodicfringe contrast observed, for example, in images 2 aamgpéar
as a result of strain in the crystallifés The above resultdemonstrate that icosahedral gold
nanoparticles can bebtained under a wide range of experimental conditiddewever, it is

challenging to provide a convincing formation mechaniemthe icosahedral gold particles at
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present.In previousliterature, most theories about the role of organic compoimmgly that the
organic compounds act as simple physical compatswerio control nucleation or to terminate
crystalgrowth by surface poisoning through selective adsorptioneotain planed®** In this
case, the large amount of SDS adsorlwed specific crystalline surfaces of gold could
significantly decrease theigrowth rates and lead to a high anisotragiowth and ultimately to
the final nanoparticles with icosahedsalape. The results discussed above indicate that the size
of the icosahedral particles prepared in this work can be contioltbéé range of @ to 250 nm,
suggeshg that the icosahedral gold particles were formed at an early stage in thenreactio

2.4.2 Catalytic Reduction gb-Nitrophenol

To ascertain if these particles possess catalytic activity, the icosalgetttaparticles
were employedor the catalytic reductionf p-nitrophenol by NaBll This reaction is simple
andrapid in the presence of metallic surfaces, which allows stutty whether size effects this
systen®”*' The mixture ofp-nitrophenoland NaBH did not occur in the alesice of a catalyst,
even after a period of two days, as reported elsewh&reHowever, the addition of a small
amount of icosahedral Aparticles to the above mixture (FiguPela andTable 2.4) caused
fading and ultimate bleaching of the yellow cotdrthe reactiommixture in quick succession.
Figure2.4a shows a typicdime-dependent UV/Vis absorption change of the reaction mixtyre
the addition of the icosahedral gold particles with a dian&t&0 nm. In these spectra, the
absorption op-nitrophenolat 400 nm decreased with a concomitant increafieed300 nm peak
of p-aminophenol within 25 min after the catalgstdition*>** Similar spectral changes pf
nitrophenol during its reductin were also observed with othé&osahedralAu particles,
including those of 100 and 250 nm in size in Figtésand2.6. These results indicated that
icosahedral Au particlesre able to successfully catalyze the reduction reattioin this
reduction process, as the concentration of NaBHthe reaction mixture far exceeded the
concentration of p-nitrophenol, the NaBH concentration remained essentially constant
throughout the reaction.The UV/Vis spectra also exhibited asobathic point between two
absorption bands indicating thahly two principal speciesp-nitrophenol andp-aminophenol
influenced the reaction kineticsTherefore, pseudo firgirderkinetics could be applied for the
evaluation of rate constant3he ratioA is of thep-nitrophenol absorbencies at tirnandat the

start,A; and Ao, respectively. The A, and Ao were measureffom the relative absorbance values
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at 400 nm ofp-nitrophenolataon. The linear relations of IA versus time were observéat all
catalyst particles, indicating that the reactions folloypseéudofirst-order kinetics. The rate
constants were estimaté@m diffusion-coupled firstorder reaction kineticasing the slopes of
straight lines in Figur@.4b and shown iTable2.4. The rateconstants varied from 0.0031 ©
0.00066 & as the gold iosahedraliameters increased froB0 to 250 nm.We found that the
rate constantsk() of different goldicosaledral particles catalyzed borohydride reductiainp-
nitrophenol were different with different amount of gosdmples. Thus, for coherent
comparison, the catalytic activityf different gold icosahedra are presented in terms of the
normalizedrate constant¥(,), which are obtained by normalizinige k.. values with respect to
the total amount (mmol) afatalysts usedséeTable2.4). Interestingly, the,o, value forsample
Au-30 was almost 8 times higher in magnitude ttreat obtained for At250 and was 180 times
higher than thaof Au spheres prepared by Turkevich metfo® It was reportedthat a
decrease of thparticle size led to an increasetle fraction of low coordination metal sites such
as vertices,edges, and surface area, which could promote adsorptidheofeactants and
facilitate the reactionThis was observed famall particles of less thanmn diametef* but our
catalysts, in the range of >20 naid not show a significant increase aftive surface atom
fractions. Instead, we believe that the hightivity of small particles originated from their large
surfacearea and surface roughness,observed in the TEM images (Figugekd, 2.2, and2.3).

The stepwise etching of the metal surface increased surface roughness, generated more defect
sites on the surface, and increased the reaction rate
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Figure2.4 A) Successive UWis absorption spectra of the borohydride reduction of p
nitrophenol catalyzed by the AR0 sample. B) Plots of In A versus time for the reductionof p
nitrophenol catalyzed by different gold icosahedron samples: a) 0.0167 mmoi3&X, Bu
0.0167 mmol of Ael00, c) 0.0279 mmol of A@50.
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Table 2.4Catalytic data for borohydride reduction ehjgrophenol by different Au icosahedron

samples
Sample Au used | K Knor
(mmol) | (sh (mmol™* s

Au-30 0.0167 |3.1x10° |0.186

Au-100 0.0212 |1.1x10° | 0.052

Au-250 0.0279 | 6.6 x10" | 0.024

Au sphered | 0.0167 |1.7 x10° | 0.001

®Prepared with trsodium citrate as reducing agent in HAu&3lution.

Time (min)

Absorbance

| ! 1 ! | !
300 350 400 450 500
Wavelength (nm)

Figure2.5 UV-vis absorption spectra of the borohydride reductiop-witrophenolcatalyzed by
the Au100 sample
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Figure2.6 UV-vis absorption spectra of the borohydride reductionwtimmphenol catalyzed by
the Au250 sample

2.4.3 Quantification of Catalytically Active Sites by €Boisoning

Quantitatively determining the numbef active sites is a reliablsomparison of catalyst
activity and was pursued here poovide insight regarding the role of shape on the catalytic
properties. Following a C$ poisoning method reported Ifjnke and ceworkers® the catalytic
reduction ofp-nitrophenolwas used to probe the number of active sites on icosalgddahnd
was compared with that of colloidal gold prepabsdthe Turkevich metho Multiple gold-
catalyzed reductioexperiments were performed, each with varnangounts of Cghaving been
added beforehandBy relatingthe relative amounts of G&dded to the relative reaction rate
(see Figurs 2.7 and 2.8), the minimal amount of G30o completelypoison and terminate all
catalytic activity could be determinéor a sample.In the control experiments reported Byke
and ceworkers it was demonstrated that the presaicégand stabilizers reduces the rate of
catalytic activity butmay not affect the number of active sites able to be poisoned
catalyst™®*® However, vaiation of the C$ to metal atonratio can occur between systems

depending on reaction conditiorstich as presence of ligand stabilizers, temperature, and
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pressure.Therefore, the quantification of active sites by poisorlogs not absolutely identify
the location or quantity ofactive sites and is viable only as a comparative approacthifor
systeni® The amount of CSrequired to completelpoison a sample was normalized to the
amount of gold in thesample (as determined by ICP)t was found that the ratio &$ to
completely poison the 40 nm icosahedral gold relatvwiel5 nm gold spheres (see Figar8)
prepared by the Turkeviamethod was approximately 27Therefore, it is showuantitatively
that the gold icosahedrave nearly 30 timesiore active sites per mole gold than spherical gold
nanoparticlesand each active site is between five and six times actree on icosahedral gold
than sphericabold, as evidencethy the rate constants ihable 2.4. Notably, the shperical
particlesare much smaller in diameter and the comparison is gineatly in favor of the
spherical system.The higher activity oficosahedral nanoparticles infers that the growth of
{111} facetspromoted by SDS produces a more active cataytixs on icosahedral gold than on
spherical gold. Notably, investigations of stabilizer effects on poisoning to clarify poison to

metal ratios are ongoing

lcosahedral Au CS, Poisoning
1.2 1

y =-1.0249x + 1.0253
R2 =0.9837

Relative Reaction Rate
(@)
(o))

0 0.2 0.4 0.6 0.8 1
Relative Degree of Poisoning

Figure2.7 Plot relating relative reaction rates to relative degree of poisoning of 40 nm
icosahdral gold in the catalysis @knitrophenol reduction. A relative degree of poisoning value
of one corresponds to a completely poisoned catalyst. A relative reaction rate of zero occurs at a
value of 8.4456 mol G#nol Au.
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». Spherical Turkevich Au CS, Poisoning
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Figure2.8 Plot relating rel@ve reaction rates to relative degree of poisoning of 15 nm spherical

Turkevich gold in the catalysis pfnitrophenol reduction. A relative degree of poisoning value

of one corresponds to a completely poisoned catalyst. A relative reaction rate@faesoat a
value 0f0.3117 mol C@mol Au.

Figure2.9 15 nm gold spheres synthesized by the Turkevich procEdisiag the sodium citrate
reduction of HAuC/ in refluxing water
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25  Conclusio

We have demonstrated experimentally the direct synthesis of icosahedral gold particles
with well-defined shape and tunable sizesi@® 0 nm) by a Agreeno p
temperature. The icosahedra have been characterized byebahtion microscopy and
electron diffraction that demonstrated they are composed of rotational twins that are probably
attributable to the assemblage of tetrahedral units. The gold icosahedron particles were probed
for catalytic properties in the borohydride reductiorpafitrophenols, which exhibited a size
dependent reaction property. The catalytic properties of nanoscale icosahedron particles have
been examined by poisoning studies that have revealed that as compared to spherical particles
prepared by the Turkevich methadthe icosahedra have a 30 fold increase in the number of
active sites per mole of gold. Furthermore, these sites demonstrate activities 5 fold higher than
the spherical particles. This study strongly infers the influence of shape on the abundance and
strength of catalytic sites
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CHAPTER3 SHAPE DIRECTED PLATINUM NANOPARTICLE SYNTHESIS:
NANOSCALE DESIGN OF NOVEL CATALYSTS
A paper published inApplied Organometallic Chemistryreproducedby license
agreement 3400300142493vith John Wiley and Son$OI: 10.1002/aoc.3048Review)Appl.
Organomet. Chen2014 28, 1117
G. Jeremy Leong, Maxwell C. Schulze, Matthew B Strand, Davitbing, Sarah L. Frisco,

Huyen N. Dinh, Bryan Pivovar and Ryan M. Richards

3.1  Abstract

Platinumbased catalytic materials have received significant attention, particularly in the
shape and size control of faceted materials for catalysis. More redbetly,has been a rapid
increase in the number of reports of successful preparations in this field; however, a fundamental
understanding of controlled growth towards catalytic material design is essential for future
implementation and broad application. thms review, we provide an overview of the recent
findings reported since 2009, focusing on methods for shape control as well as the effects of

exposed surface facets on select catalytic reactions.

3.2 Introduction

In an effort to reduce the global degence on fossil fuels and lower greenhouse gas
emissions, research into the development and improvement of new catalysts and their
applications in the chemical and renewable energy fields is of significant interest to the
worldwide scientific community. Miny of t hese applications are i
their investigation yields new methods for use in green chemistry, environmental sustajnability
and alternative energy resourck$. Pl at i numés activity towards a
applcations makes it one of the most important materials in the field of catifysihile
surface science coupled with modeling has provided comprehensive understanding of the
fundamental catalytic processes that occur on specific crystalline facetgwfdet ultrahigh
vacuum), this knowledge has been difficult to translate into more typical working conditions
such as elevated pressures and temperatures. One of the reasons for this is that the catalysts
typically employed for industrial processes asmnoscale (to enhance active surface area) and

generally polycrystalline. Recently, a bridge for this gap has begun to emerge in the form of
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shapecontrolled nanoparticles that possess specific faceting. This review will focus on the
preparations and pperties of Pt nanoparticles with controlled shapes.

When platinum was first discovered, it was mistaken for silver impurities and not
recognized as a valuable metal in itself until the 1780she reason for its current expense is
twofold: first, platnumi s scarce, with a relative abundance
By comparison, silver is 0.08 ppm. Secondly, there is a high demand for platinum, \idBa35
of all platinum produced used in catalytic converters, 18% used for petroleumlassd g
production andanother 35% for jewelry. Platinum metals are predominantly mined in Russia,

South Africa and Canada.

An important property of platinum is its extreme resistance to chemical attack; for
example aqua regia is the only mineral acid shtoveffectively dissolve platinum. However it
does interact with many substrates, resulting in its wide use in the field of catalysis. The study of
nanoscale platinum catalysis began when Johann Wolfgang Dobereinerl@d@0found that
finely divided platinum promoted the oxidation of alcolfolT 0 d a y |, pl atinumbs hi
strong incentive to increase the surface area and catalytic activity. For this reason much research
was performed in synthesizing platinum nanocrystals to maximize the watalsface area and
minimize the total material used.

Shape control of metal nanoparticles has had a great deal of attention in the past decade.
The enhanced catalytic properties and large scope of catalytic activities that platinum possesses
are basean the tunable electronic structure of surface faceting that is exhibited with size and
shape contrdl.’ Exposure of different crystal facets can significantly alter catalytic selectivity
by changing chemical and electronic interactions, thereby gogernint h e nanopar:t
reactivity!?*® Other factors that influence reactivity include the presence of surface defects on
the nanoparticfe'***?*and the capping agent used to stabilize nanoclut&ts Numerous
methods have been developed to syntieegarticles that use active surfaces more efficiently by
tuning shapes, sizeandfacets.

The control of shape and size during platinum nanoparticle synthesis is an essential part
of designing and studying catalyst materials with improved activity ahects/ity. Recent
studi es whi ch characterized catal ystsod shape
structures can be altered to tune catalytic propetfiés. It was also shown that high index

facets on a catalyst surface may exhibit higheivities than lower index facets for certain
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reactions due to the decreased coordination of step edges and Hefedtsit these sites can

also be detrimental to other reactiGhsThe shapes of the nanoparticles can be controlled during
the synthesigprocess to produce certain physical and chemical properties. Common synthetic
methods include chemical vapor depositibfY,a aerosol assisted depositfGrelectrochemical

reduction>2°2936

electronbeaminduced reductiod’®® flame synthesi&**° galvanic
displacement** and incipient wetness methdd4’ in which platinum is deposited and reduced
directly onto a support. The incipient wetness procedure utilizes metal salt solutions that are
adsorbed onto the surface of supports then thermadlyced. This process is still commonly
used industrially due to its ease of scalability; however, the resulting nanoparticles suffer from a
lack of size monodispersity since the method has limited parameters for directingd‘sf&pe.
Electrochemicateduction is also common due to the exact control of the reduction potential and
current waveform, both of which can direct shape and*8@s well as the ease of deposition
directly onto a support of choié’?® However, scalability via electrbemical reduction
remains a challenge.

Colloidal synthesis through wet chemical reduction (WCR) has shown the highest
potential for catalyst design by providing a way to tune particle size and shape during growth.
WCR has become one of the most commoralgst preparation methods due to the vastly
controllable synthetic parametersEarly reports of this method go as far back as ¥8%7and
can be used in systems of goftf® palladium® 2 cobalt® and silve?*®®> Some of the earliest
reports ofPt shape direction using WCR were reported in 1941 by Rampino antf Hocdthen
later by EtSayed in 19987 but modifications and variations of these syntheses are still being
developed today to design catalyst materials with enhanced properties.

WCR involves the reduction of a homogeneous platinum precursor in solution by the
following steps: nucleation, growth, ligand capping/stabilizateordfinally immobilization on a
catalyst support: Since WCR yields reproducible morphologies, it has been tosedrrelate
the dependence of structure morphology on growth kinetics. A general mechanism for the
control of size and shape of the nanoparticles has not been established, but it is generally
accepted that kinetics is the primary driving force. Contfoleaction conditions causes a
change in kinetics, thereby altering the rate of redutf§r® or the growth along a specific
facet’Y ”® Controllable reaction conditions include the addition of organic or inorganic ligands

which bind to the surfacesf the growing nanoparticles and direct the growth of specific shapes
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by altering nucleation or growth kineti€*’® The organic ligands also act to stabilize the
nanoparticles after growth to prevent particle agglomeration into bulk platinu.
comprehensive mechanism of platinum crystal growth would potentially optimize experimental
design for synthesizing desired shapes.

A major area of research involving platinum is fuel ¢8f&2°336:39.779 gince platinum
is the most important catalysorfthe oxygen reduction reaction (ORKY. Proton exchange
membrane fuel cells (PEMFC) have been considered by many as a prime candidate for both
mobile and stationary alternative energy sources; however, the principal limiting factor for
efficiency in el cells is the ORR. Platinum materials are also used to catalyze many different

ﬁ§220,24,69,75,95|'

chemical processes, especially hydrogenati6i 19 Hydrogenation reactions are

%916,101

used to prepare chemicals of industrial significaifé satuate fats, manufacture vitamins

}OZ,lO3

in the food industry? produce biofue and catalyze ring opening reactions for fuel

processing® Isomerization and dehydrogenation reactions can also be catalyzed with
platinum/®*%”and oxidation reactions cdre used in the production of organic a&fds’or the
oxidation of carbon monoxide in catalytic convert®r&*!% Additionally, platinum has
applications in photochemical solar energy harvesfihgvater treatment®’*®® and chemical
sensing®? |t has also been shown to effectively decompose aromatic compSumntish
may have applications for alleviating environmental pollution.

There have been periodic overviews of platinum nanoparticle syntfi@si¥’®' put
the last full revew papers were published in 2699° and a mini review was published in
2010*° Since then multiple techniques for synthesizing platinum nanoparticles with controlled
size and shape have been reported and thus enough new advancements in the fiedrhave
made to necessitate a new review of the recent literature. Investigation of these new methods in
this review will help to summarize size and shape control and provide insight towards the
systematic design of application specific catalysts. It shbaldoted that recent papers have
reviewed the synthesis and applications of noble metal nanocri/Stdi$however this review
focuses exclusively on platinum.

This paper will focus specifically on the most recent method of WCR, in which platinum
saltsare reduced in solution using different chemical reducing agents. Although there is not as
much control over the reduction potential as with electrochemical methods, varying

temperatures, solventandreducing agents can yield a large diversity of sees$ shapes. The
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primary advantage of this method is that there is a high degree of size monodispersity for the
nanocrystals and many parameters, such as the addition of foreign ions, can be altered to control

the size and shape of the particlég?®24°07172120.121

3.3  Wet Chemical Reduction/Colloidal Synthesis
WCR has been reported to be very powerful for the synthesis of nanoscale metals
because of its ability to produce narrow size distributions of shaped nanoparticles that are

8970122 The kinetics and mechanisms of this method were

reproducible atlarger scale
elaborated in 1997 by Finke and coworkéfsas well as by Bénnemann and coworkers?
The steps of the mechanism are illustrated in Fi@ueeach of which will be introduceahd

referenced throughout the paper: salt to seed, seed to nanopanitianoparticle to bulk.

pet _ Ki p0 K o ks o,
L ———3 Nano —— 3 Bulk
Salt Seed Particle
V=
+
NN a —

AR criisel |

2 Cl |

Figure3.1 Schematic representation of the general mechanism of nanoparticle formation by the
wet chenical reduction methofteprinted with pemission fromFinke et al, 1997+%* and
Bénnemanret al, 200143

3.3.1 SalttoSeed
The first step of the wet chemical reduction method involves the formation eValermt

metal atoms in solution by reduction of a platinum salt. These free metal atoms form small
clusters by either metal atom collision or autocatalytic reduction of the platinum salt, as can be
seen in Figure3.2>** However, these clusters are not stable and can redissolve back into
isolated metal atoms unless the cluster has overcome aalcniidius, becoming more
thermodynamically stable as a group rather than isolated metal Hfoffisis process is known

as nucleation and produces platinum seeds. During this nucleation period, control of the
reduction rate of the precursor is essentkalin Figure3.1). Precise control allows for the

formation of a specific concentration of seeds in solution that results in a narrow but controllable
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size distribution and high shape selectivity after grotReaction parameters that affegikll

be discussed later, along with size control methods.

Collision of
Metal Atoms Stable Seed
Reduction

— O Nucleation
Reox1dat10n \
C@ Autocatalytic

Pathw ay (1rrever31ble)

Figure3.2 Nucleation of platinum salt precursors into stable seeds by either metal atom collision
or autocatalytic growth (reprinted with permission from Bénnenerah, 2016°).

3.3.2 Seedto NP

Ideally, the initial seed formation and growth stage of nanoparticle synthesis should be
separated to prevent formation of new seeds during the growth process. Without this separation,
particles may start growing at different times, resulting in a pghgdse size distribution of the
nanoparticles in the final solution. Surfatagalyzed reduction of the metal precursor onto
existing seed particles by an autocatalytic growth mechanism similar to that in Biguras
faster kinetics (kin Figure3.1) than free solution reduction into new zement metal seeds, so
the majority of the available precursor is used in the growth of existing seeds rather than the
formation of new seed$**?®

The nanoparticle growth period is the most important synthétigesfor tuning the
nanoparticle morphology. Various reaction parameters, including the use of auxiliary directing
agents, can be changed to yield a wide range of morphologies by a number of proposed
mechanisms. Further understanding of the mechanisnshépe control would help in future
experiment design To date, there has not been a consensus on what causes the formation of
different morphologies. Such an agreement may be a long time in coming due to the variety of
functional groups utilized as @icting agents, ranging from peptide sequefi¢és other metal
atoms’™ It is likely that the morphology control mechanism of particles is unique for each
system. Previously reported shape control parameters will be further discussed along with a

review of shape control examples in literature.
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3.3.3 NP toBulk

Fully grown nanoparticles are bound by stabilizing agents that decrease spontaneity and
rate of particle agglomerations(kn Figure3.1) into bulk metal by minimizing the high surface
energy  the nanoparticle$? Little research has been reported on nanoparticle agglomeration
to bulk formation since this is typically not the preferred end product and efforts are made to
avoid such an outcome. Agglomeration occurs when insufficient peastadddization is present
during the synthesis or a suitable support material is absent.

Many shapeirecting agents, especially polymers and organic ligands, prevent particle
agglomeration in addition to directing particle shape during growth. Wherct@oteith these
stabilizing agents, the nanoparticle can still be used in catalytic applications because a porous
structure in the layer of capping agents allows reactants to reach the metal ‘Strféceever,
it has been shown that stabilizing agemhogal methods can improve catalytic activity. To
prepare heterogeneous catalyst systems, colloidal nanoparticles are deposited on a support before
the capping agents are removed by various methods. This process has been extensively studied
by Bonneman and has been ter m&dStudidsdavedheen @uraueddoo r ¢ c
identify effective capping agent removal methods while maintaining particle size and shape, and

hence activity and selectivity dsscussed later.

3.4  ShapeControl

Much workhas been performed to achieve different morphologies of metal nanoparticles,
including gold™?"*?® palladium®®*3 rhodium®32134 and silvert®12%139137  An extensive
investigation of pre2008 literature has been reported elsewfEr&lemental platinum forms a
facecentered cubic crystal structure and as such {100}, {1Hdd{111} are common low
index facets on platinum nanoparticles. Cubic particles are made up entirely of {100} facets,
octahedral particles are made entirely of ¥1¥acets, and rhombic or regular dodecahedra
possess only {110} facets. Cuboctahedra are also commonly made and are the rectification of
cubes and octahedra, possessing both {100} and {111} facets. The surface energies of the facets
increase in the orde ;119 < p@y < @y, Where higher index facets have even higher
energies’’® Many other Platonic and Archimedean shapes can be formed, including tetrahedra
and truncated polyhedra. It has been shown that variations in shapes (and hencesatiats) r

very different catalytic properti€$' #194121 Selectivity in particular is a primary attribute of
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catalysis and it is likely that research towards enabling shape control of the shape of platinum
nanoparticles may yield transformative results

Nanoparticles form facets in early growth stages in an attempt to minimize the total
surface energy of the partici& however, optimal control of shape during synthesis occurs
during the autocatalytic growth stage of WCR. During this stage, direafjlegts such as
organic ligands, ionic salteandpolymers can be added to bind to specific facets, resulting in the
tuning of the final particle shape. The chemical additives can also tune shapes by altering
reduction kinetics to result in either thermadyic or kinetic growth conditions.
Thermodynamic growth is defined to be growth favoring the creation of the lowest energy facet,
and is typically associated with faster reduction. Slower reduction conditions allow time for the
shapedirecting agents tanteract at the particle surface, making them more effective at shape
direction in what is known as kinetic growth conditiGhS.

Another effect of decreasing the rate of reduction is the formation of fewer seeds during
nucleation, resulting in a higheoncentration of precursor relative to seeds in the growth period.
A high precursocto-seed ratio leads to larger particles, as will be discussed with size control, but
it can also change the morphologies of the final particles. Such a ratio resoMsrgnowth
conditions where metal cations are reduced to-zakent metal atoms at the corners and edges
of the nanocrystal, forming branched and dendritic structdr@s.Growth occurs through a
diffusion-limited process where the platinum precursarainding the particle is depleted as the
particle grows, resulting in a concentration gradient directly around the growing particle.
Protrusive particle features such as edges and corners are exposed to a higher precursor
concentration and therefore hawore favorable growth conditions than face®%® The
overgrowth morphology caused by this concentration gradient is represented in FRjure 3
Parameters that induce changes in the formation or longevity of the concentration gradient will
amplify morphology caused by overgrowth. Such changes are commonly accomplished by
decreasing the rate of reduction of the metal precursor by replacing the complexed anion with
one that slows reduction rate, such as iodi&.The concentration gradient theasythe first of
two commonly invoked theories to explain shape direction. It stands to reason that this
mechanism could give rise to porous and dendritic structures since it results in a more random

growth pattern.

34



High Precursor Concentration
Low Precursor Concentration

4
S

®.0.60.0.0606.00
‘.’.’.‘.‘.‘.’.‘.‘. .0
’.’O’.’.‘.’.‘.*.*. J
Podatetatetede

0. 0.0.0.6.06.0.06.000

U
‘.

kD

202
2828
26
2624

3
o
DO

.‘.‘

X

-
*
*

®

(J
o
$P

SRR S A AN NDDNDNNDE
tetetetele Overgrowth oleleteteleteteleteteletete
‘.‘.‘.’.‘. > .‘.‘.’.‘.‘.’.‘.‘.‘.‘.’.‘.‘.
§.‘.¢.¢.‘. .* ‘.‘.’.‘.‘.‘.‘.*.‘.*.*.‘.
'§.’§ *.‘.”. Q.’.*.".".Q".’*.".’*.‘.‘.’.
S0 P X 05 8 78 28 28 A8 38 At A A K X A E 2

®.0.0.0.0 0. 0.0.60.0.0.060.0.00000

S
¢S
28
R
¢S
'
s
S
"
S
S
<
2%
4
S
2%
R
¢S

®.0.0.0.0 0 0.6.00.6.00.06060000
4t tated: QA A AN
.*0*.§Q‘. (J .*.§.§.*.*.§.‘.*.§.¢.*.*.‘.

%
‘.
S
®
®
‘O
L)

®
28

‘
2

Dendritic
Growth

Figure3.3 Overgrowth conditions causéy a sufficiently high precursor to seed ratio leads to
the formation of a concentration gradient around a seed, resulting in faster growth on surface
features like corners and edges that are exposed to higher precursor concentrations. Overgrowth
can ocur on nanoparticles to result in shapes with protrusive corners and edges and can also
result in the formation of random dendritic nanoparticles, where surface growth occurs rapidly
on exterior features rather than on interior pores of a nanopatrticle.
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A second paradigm for explaining shape control involves facet stabilization using
additives. The addition of species that selectively stabilize specific facets slows the growth of
those facets, causing it to be more prevalent on the surface of the fioglaniacle. Figure.4
shows the transition of shape tuning by facet stabilization usirigiohg stabilizing a {111}
facet as an example. The chemical additives used for shape direction include inorganic salts,
small organic ligandsandpolymers. Forgjn ions can bind selectively to surfaces of the growing
nanoparticle to promote or inhibit growth along facets as well as alter reduction kinetics of
platinum precursors. Common metal cations that have been previously reported to influence

20,120139,140 Silver,73’75’%'14]‘142 pa”adiuml43 and cobalt

shape directiorinclude copper? iron,
(1. These are often added to the system as salts with halides or polyatomic anions. However,
shape direction being influenced by hydrogen chloffdé!® bromide®©9132148147 jqdide " "® and

nitraté’® anions has also been reported, so the effects of both cation and anion must be taken into

account when adding inorganic salts to tune shape.

Figure3.4 A schematic representation of shape direction by surfab&ization. In this case
silver ions bind to and stabilize {111} facets on a growing {100} surface, inhibiting its growth
until the entire particle is bound by {111} facets forming an octahedron.

Small organic ligands typically bind to the nanoparticke sur f aces al ong
through amino functional groups in aliphatic and aromatic amines; carboxyl functional groups in
citrates, polymers or organic acids; and thiol functional groups in tfblsThese organic
ligands often have long hydropghic hydrocarbon tails trailing away from the nanoparticle that
act to repel any nearby nanoparticles, thereby preventing agglomeration. Previously reported

examples of organic ligands include trimethyl ammonium bromides (TTAB/CPRB)?>14910
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hexaecylamine (HDA) and hexadecanethiol (HDTcysteaminé? as well as oleylamine and
oleic acid (OA) 129122151 polymers bind to nanoparticle surfaces by similar functional groups
but wrap around the nanoparticle, binding at multiple sites to dygmeetth while preventing

agglomeration. Some common polymers used for this directing method include

polyvinylpyrrolidone (PVPﬁ,20,36,62,69,73,7591,95|'97,125141144146,149,152,153 block Copolymer§2’154’155
and even short peptide sequen@dd. Other directing agents which also act as stabilizers
include sodium citrat&® sodium polyacrylatg*"?%7>1941%6 and sodium succinafe?

In addition to stabilizing nanoparticles, ligands also affect the catalytic performance. For
example a studsevealed that TTAB was the least detrimental to CO oxidation, followed by PVP,
HAD, andlastly HDT as indicated in Tablg.1.}* Another study showed that PVP is more
detrimental to catalytic activity than TTAB in a number of other reactions. The eff¢bt
capping agent is dependent in part on its size; for example TTAB possesses shorter alkyl chains
which allows reactants better access to the metal surface, resulting in increased *activity.
Oleylamine was shown to be highly detrimental to catalgttivity of CO oxidation due to the
poisoning properties of the amine grolipwhile the effects of capping agents can be minimized
after repeated washings, it is evident that capping agent selection has a lasting impact on

catalytic activity.

Table3.1 Measured turnover rates and activation energies of nanoparticles capped with various

ligands showing how the ligands can affect catalytic actidity
Types of capping layers TTAB PVP HDA HDT
Chemical structure |
,&NJE WOO N, | RSB,
12 = 017 2 14 14
Br
Turnover rate (Pt site/s) at 24G 4.7+ 0.3 4.0+0.2 3.5+0.2 3.2+0.2
Activation energy (kcal/mol) 27.5+£0.9 26.7+£ 1.1 27.2+0.8 28.1+ 0.7

Removal of capping agents before using the Pt nanocrystals in catalysis is another
common practice. Figui@5 shows how their removaly a process known as thermal annealing
allows the surface of the catalysts to be more readily accessed by sub&tradasa on the
effectiveness of these removal procedures outlined in FRjGrdicate that thermal annealing
is the best ORR catalygiretreatment for capping agent removal, followed by acetic acid
washing, while UVozone treatment was the least effecttfe The cleaning processes did not

cause a noticeable change in the morphology of the nanoparticles.
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Figure3.5 The thermal anneialg process removes surfactants from the nanoparticles by
degrading them in the presence of oxygen (reprinted with permission fretalLi2012%9.
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Figure3.6 Measurements illustrate the relative effectiveness of surfactant removal techniques on
Pt/C catalysts: (a) cyclic voltammograms, (b) ORR polarization curves, (c) Tafel plots at 20
mV/s, 1600 rpm, 20 C, (d) specific activity (0.9, @ndspecific surface area (reprinted with

permission from Lkt al, 201229
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3.5 Literature Reviewof Shapes

Many welldefined platinum nanoparticle shapes with varying catalytic properties have
been reported usi nanted Eubic struetlratendstainmost sasilly @Eradece
low index facets such as {100}, {111}Jand {110}. Under purely thermodymaic growth
conditions, a growing platinum nanoparticle will minimize its surface energy to take on an

amorphous shape; however, kinetic growth conditions where precursor reduction rate is reduced

and directing agent concentration are controlled allow fphesdcal?>104126139151158

cubic ’7,10,62|67| 74,96,104,120,125,13941,142145147,149152157,158 tetrahedra 10,67,72,104,121

octahed raf,(),7l|73,104|121,139,141,160 branChed?,lZl,139,144,146,155p|ate_"ke’75,160 36,63,75,139,149

U@'50’74161’162

wire-like,
and poro nanostructures to be created.

Well-controlled cubic, cuboctahedralndoctahedral particles have been produced by a
polyol reduction of HPtCk with PVP as a stabilizing agent and AgihN&® a shapdirecting
agent’> Ag® bindsto and stabilizes {111} facets, so by increasing the concentration of AgNO
the particles can be tuned from a cubic shape with all {100} surfaces, to a cuboctahedral shape
with both {100} and {111} surfaces, to finally an octahedral shape with all {111}asas.
Concave polyhedra have been produced by the reductionRt€CEl by a polyol method in the
presence of methylamine with PVP as the protecting &gehthigh density of {411} crystal
faces is present and it was proposed that the methylamine toifd4.1} facets during the
nanoparticle growth, allowing all other facets to grow, resulting in a high number of exposed
{411} facets on the final stdike particle shape as seen in Fig&®&° Further investigation
showed that the methylamine was es$iséifor the formation of the concave morphologies in this
particular procedure; without methylamine, a variety of amorphous particles were made, and at
low concentrations the {411} facets were less pronounced. The same morphologies could be
obtained usig N, instead of methylamine, which suggests that the nitrogen atom can also be
used to bind to the surfaces and direct growth.
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Figure3.7 Transmission electron microscopy (TEM) images and graphical representations of
concave Pt nanocstals resulting fron the use of methylamine as a shdpecting agent, which
selectively binds to and stabilizes {411} facests (reprinted with permission from Huiahg
2017D).
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Dendritic structures have been produced via the reductionRifCH by ascorbic acid in
the presence of block copolymer Pluronic FIPEQoPPQsPEO)." It was hypothesized
that the PEO of the copolymer forms croetherlike cavities that bind around the growing
particle, causing the formation of dendritic strucsur@luronic F127 has also been used to make
extended branching witéke structures through a polyol reduction offtCk.*>> While PEO
segments formed crowetherlike cavities that act as nucleation sites during the initial reduction,
the PPO segmentsrm a dendrite structure in solution connecting the PEO nucleation sites. PPO
also stabilizes metal surfaces during growth to promote connections between the isolated seeds at
the PEO sites to produce the branched wires. Nanowires were also synthesizetlligtep
polymerfree proces$. Borohydride reduction of #PtCkin a waterDMF-toluene solution with
excess NaBland triethylamine produces borohydrskabilized Pt nuclei. NaBHcan be
oxidized off of the surface of the Pt nuclei with air, allowithe nuclei to begin agglomerating
together into particles. However, a strong adsorption of DMF onto {111} surfaces allows only
growth perpendicular to the <111> direction, which results in nanowire formation.

Biological polymers have also been used pmduce polyhedral shapes. Peptide
sequences are able to direct the final morphologies of the platinum particles during the growth
phasé:"?by first finding peptide sequences that adhere most strongly to the desired facet on pre
synthesized shapes. @nthe desired sequence is found, the peptide is used as the stabilizing
agent in other syntheses, where it directs the growth by the facet stabilization mechanism
discussed earlier and as seen in Fig@8e Parameters can thus be rationally chosen td the
particle morphology desired and, since the peptide sequence serves as both the stabilizer and
directing agent, it removes an extra variable that must otherwise be taken into consideration. For
example, directing with silver nitrate requires an agash step to remove silver chloride from
the final product to prevent it from poisoning the cataly&is*
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Figure3.8 (a) Use of presynthesized shapes with defined facets to determine selectively binding
peptide sequences. (b) Use of the selectively binding peptide sequences as shape control agents
to synthesize nanoparticles with specific fa%eﬂgmmed with permision from Chiuet al,
2011").

Semibranched multioctahedral particles were synthesized by an overgrowth mechanism
in an aqueous environmefitHere, PVP acts as the reducing and stabilizing agent while; FeCl
controls the reduction rate. The*Fepecis in solution has the ability to reoxidize Pt atoms or
even nuclei back to P slowing the overall rate of reduction. The slower reduction rate results
in the formation of fewer seeds during nucleation, which in turn creates overgrowth conditions
where additional polyhedra were overgrown onto the corners and edges of existing particles,
yielding the sembranched particles seen in Figl®. In a similar kinetically controlled
reaction, cubes were produced by reducing Pt(acac)-octadecene using @t acid as the
reducing agent and oleylamine as a stabilizing agent. To produce cubes, the nucleation and
growth rates are slowed through the addition of Fef{C@ausing thermodynamic growth
conditions where platinum grows along the <111> directionerathan the <100> of the
polyhedral nuclei due to the higher surface energy of {111} surfaces. This preferential growth
results in the formation of {100} bound cub®8®® Reduction rates can also be controlled with
norriron-containing species. For axple, overgrown polyhedra as shown in FigBud® have
been made in a polyol reduction offHCk with PVP as a stabilizer and Nak@s an auxiliary
kinetic control agent. The addition of Nahl@ the system slows reduction rate during
nucleation, resulg in a large precursdo-seed ratio during the growth stage, which induces

overgrowth conditions and produces octahedra and tetrahedra with overgrown ®orners.
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Figure3.9 Semibranched multioctahedral particles produced from fet@diated overgrovat
conditions (eprinted with permission from Liret al, 2008°).
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Figure3.10 Highresolution (HR)TEM images and graphical representations demonstrating
overgrowth conditions where Pt atoms grow preferentially onto protrusive corners of polyhedra
(reprirted with permission from Herriclet al, 20045).
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lodine has received growing interest recently for its capability to direct shapes by binding
more strongly to platinum than many other halides and anions, a phenomenon that decreases the
reduction rateof platinum bound with iodide. Platinum cubes under 3 nm in size have been
made by H reduction of KPtCl,with sodium succinate as a stabilizing agent in the presence of
Nal.”® The time at which the Nal is added into the reaction plays a role in tshape and size,
as shown by the reaction schematic in Figutd. If the Nal is added long before the reduction
begins, formation of more slowly reducing Pighly” complexesleads to a decrease in the
number of nuclei produced which are polydispenssize. These nuclei grow into larger cubes
of various sizes due to the relatively high abundance of precursor to nuclei. Addition of Nal just
before hydrogen introduction results in reduction of most of the,Ptplior to the ligand
exchange and prodtion of a large number of monodisperse nuclei, resulting in the formation of
small monodisperse Pt cube®endritic nanoflowers were created by a polyol reduction of
H,PtClk using PVP for stabilization and Kl for additional shape directforigain, tre iodine
replaces the chloride to complex with the platinum, slowing the reduction and forming fewer
seeds during nucleation, which leads to dendritic overgrowth conditions that can be seen in
Figure3.12. UV-visible and extended-pay absorption fine aficture (EXAFS) confirmed that
the iodide was in fact replacing the chloride in the reactinranother iodine mediated synthesis,
cubes were created by,Heduction of KPtCl in an agueous solution containing sodium
polyacrylate as a stabilizer and Nalhe Nal was suggested not only to slow reduction of the Pt
precursor, but also bind preferentially to {100} surfaces, resulting in the growth of cubic $hapes.
Increased concentrations of Nal slowed the reaction rate further to result in overgrows shape
due to a high precursto-seed ratio from slow nucleation. Additionalbther NaX saltsvere
found to be largely ineffective in changing the shapes of the final particles due to weaker binding
between the other halides and the platinum, thuaffetting the reduction rate significantly.
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Figure3.11 A schematic representation of how the timing of addition of Nal as a directing agent
affects the final product size and monodispersity: (a) early addition of Nal; (b) addition of Nal
just prior to eduction (reprinted with permission from Miyabayashal, 2011°).

Nucleation

v

@) e '%@
WX Growth
Q

opt e°cCl- <I- 7\/ PVP
Figure3.12 A schematic representing the replacement 'obgI' in a Pt precursor ion to alter

reduction kinetics as well as direct growth by binding to specific facets on a growing
nanoparticle (reprinted with permission from ‘énal,, 20129).
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Figure 3.13 shows a number of shapes including spheres, cuboctahed+i#e, and
branched particles that were produced in a-seediated synthesis using a Pt(agguecursor
and oleylamine as a stabilizing agéfit.Altering the precurseto-seed ratio resulted in different
shapes: at a low ratio, growth occurs onsalifaces at an equal rate, resulting in spherical or
octahedral particles, while higher ratios resulti@ndriticovergrowth conditions where growth
occurs preferentially along {111} faces. The tuning of shapes without the use of any auxiliary
directing agent in this synthesis is significant because it emphasizes that many shape control
mechanisms stem from kinetic factors during growth. Many auxiliary directing agents tune
shape by altering kinetic factors such as reduction rate during both nuckeadignowth.

The prevwously reported procedures used for shape tuning of nanoparticles effectively
illustrate the different techniques and parameters available for one to synthesize desired shapes,
and are summarized in Tal#&£. However, vastly differenhorphologies have been obtained
using the same shajérecting agents in different systems, showing that universal shape
direction procedures are not trivial. It is the hope that by examining the use of various shape
direction techniques to produce aiesy of morphologies, the mechanism of such techniques can
be elucidated and used to intuitively design syntheses which control the shapes produced
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Figure3.13 TEM and HRTEM images of Pt nanocrystals with different morphologies achieved
simply by altering the molar ratio of Pt precursor to seeds in a seed mediated synthé#As) (Al
0; (B B3) 10; (C1IC3) 15; (DID3) 17; (EIE3) 20; (F1F3) 30. Note that dtigher ratios
dendritic morphology occurs due to overgrowth conditioapr{nted with permission from
Gonget al, 20132Y.
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Table3.2 Summary of syntheses resulting in shape controlled Pt nanoparticles

Shape Precursor Reducing Agent Solvent Stabilizing Agent  [Other Additives |Ref.
Concave H.PtCk Ethylene glycol @ |Ethylene glycol PVP Methylamine 6
polyhedral 160°C
Cubes K2PtCl, H, gas Water Sodium polyacrylatgNal 7
Nanowires H.PtCk NaBH, Water, DMF, Toluen¢Excess NaBhl TEA 7
Dendritic K2PtCly Ascorbic acid Water Pluronic F127 12
Quastoctahedral [H,PtCl PVP Water PVP FeCk 20
Dendritic H.PtCk Ethylene glycol Ethylene glycol PVP Kl 50
Overgrown H.PtCk Ethylene glycol Ethylene glycol PVP NaNGs; 51
polyhedral
Cubes K2PtCl, H, gas Water, DMF Sodium succinate |Nal 70
Cubes K2PtCl, NaBH, Water Peptide sequences |pH 7 buffer 71
Pt(NHs)4(NOs),
Cubic, tetrahedrgH,PtCl NaBH, for nucleation|Water Peptide sequences 72
Ascorbic acid for
growth
Cubes, H.PtCk Ethyleneglycol, Ethylene glycol PVP AgNO; 73
Cuboctahedra, refluxing
Octahedra
Polyhedral, Pt(acac) 200°C in an autoclavOleylamine Oleylamine 3 nm Ptseeds |120
branched
Branched wires |H,PtClk Water @ 100C Water Pluronic F127 137
Cubes, truncatedPt(acac) Oleic acid 1-octadiene Oleylamine Fe(CO} 148

cubes, polyhedra




3.6  Methodsof Size Control

The size of nanopatrticles dramatically influences the catalytic properties of a system as
well as optimization of itspecific surface area. Pt nanoparticles have showrdszendent
catalytic activity; thus understanding and tuning the size of particles can maximize catalyst
effectiveness. For example, the optimal Pt particle size for oxygen reduction reactions were
reported to be 2.2 nfi? Particles larger than 2.2 nm have lower suda@sato-volume ratios
and particles smaller than 2.2 nm possess an overabundance of edge sites with lower
coordination atoms, which bind oxygen too strongly for the reaction to.odtese two effects
compete and give rise to the trendFigure 3.14. Other reports demonstrate stapendent
product selectivity for a number of reactions catalyzed by 1.7 to 7.1 nm Pt nanoparticles on

SBA-15%% providing applicatiorspecific taget sizes.
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Figure3.14 The dependence of both specific activity and mass activity for the ORR on the
nanoparticle size. Mass activity peaks at about 2.2 nm, providing a size objective for
maximizing catalytic activity of the ORR. Open blue and open red data correspogad to th
activities for stateof-the-art 2.5 nm Pt/C from TKK (TEC10E50E, 46.7 wt %) (reprinted with
permission from Shaet al, 2011°%.
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Controlling initial reduction kinetics during nucleation is one of the best ways to control
size. An initially fast preasor reduction results in many seeds, which will grow into many
smaller particles, while a slower reduction of the precursor results in fewer seeds, which will
lead to larger particles, as depicted in FigBrE5®® The total number of seeds is effectivel
fixed after the initial seed formation process, so the sizes of the final particles are determined by
the amount of precursor remaining after nucleation and the number of seeds onto which the
precursor is reduceld>*** The reduction kinetics duringucleation can be controlled through

reaction temperature’’:163168

'68 ,69,139

concentration of reactants, oxidation state of the Pt

precurso type of reducing agent, solution pff and type of anions bound to Pt precursor

complex®®’® These factors dve also been reported to affect the formation of other metal

nanoparticleg?®130134136137

Nucleation Stage Growth Stage
Precursor Control Temperature Control
%] %] % Smaller Cub
t maller Cubes
o pL— 5 7 7
Faster °°ai'. —_—
Nuclel Slower %’@:@ Smaller Polyhedra
Ptlons
\ Faster | ]I Bigger Cubes
Slower i —
®g —

o> AR LCNEN s
Nuclei Slower ‘éﬁ; @]&@ Bigger Polyhedra

Figure3.15 Control of the reduction rate during seed formation and growth can be used to tune
shapes and sizes of nanoparticlepfinted with permissiondm Tsunget al, 2008°).

Reaction temperature has been shown to influence reduction potential, which in turn
influences the reduction rate and ultimately the particle’size Polyol and aqueous systems
have shown temperatudependent particle sizes, where higher temperatures result in faster
reduction to give smaller particlé®® The oxidation state of the platinum salt, either Pt(ll) or
Pt(IV), is also a factor in redtion rate and therefore particle size. Pt(IV) salts reduce to form a
Pt(Il) intermediate species before being fully reduced to Pt(0), making the overall rate of
reduction to Pt(0) slower for Pt(IV) than Pt(fP). The reduction rate, and therefore thetipke
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size, can be further tuned by mixing Pt(IV) and Pt(Il) in various ratios as seen in Figure
31651 |n addition to the Pt oxidation state, modification of the anions complexed with the
platinum cation can also influence size by altering rednatede. For example, iodide binds

more strongly to platinum than chloride, so addition of an iodide salt to hexachloroplatinic acid
(H2PtCk) produces a platinuniodide complex (HPtls) with a relatively slower rate of reduction,

resulting in larger parties®
T R e

o {0

Figure3.16 HRTEM images of Pt nanopatrticles: (a) 9 nm cube, (b) 7 nm cube, (c) 6 nm cube, (d)
5 nm cube, (e) 5 nm polyhedron, (f) 3.5 nm nucleus. The different sizes were achieved through
control of the initial seed concentration (larger culessilting from fewer seeds) by simply
altering the ratio of Pt(IV) to Pt(Il) éprinted with permission from Tsuegal, 20089).

The pH of the system also affects particle size, as was demonstrated by the addition of
urea to solutiot® A higher pH esults in a decreased particle size due to steric contraction of
the platinum precursor as hydroxide anions substitute coordinated chloride anions or water
mol ecul es, reducing the precursorbds ionic raf
size as the replacement of water with hydroxide results in a larger negative charge; these trends
can be seen in Figu®l7. Size has also been controlled through the timing and concentration
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of capping agent addition. Delaying the addition of a cappiegtai@r longer periods of time
after the start of reduction results in sequentially larger particles, with a time delay of sufficient
length eventually resulting in agglomeration of the formed nanopariiclasa similarly nor
traditional application ofNCR, stabilizing agents were substituted with a purge of CO/Ar gas
through the solution, CO acting as a surfatabilizing agent. The final particle size decreased
as the CO composition in the gas mixture increased due to the CO inhibiting agglonration

and growth onto the formed nucfg?.

- Irea solution

=g==Pt salt + urea solution
='w== Pt jonic cluster
=== Pt nanoparticles

Particle size (nm)

0 200 400 600 800 1000 1200

©C = N O o O O N O®
T L) L) L) I L) L] L) T
A1 l
© = N WO o OO O N ©®©

Urea amount (mg)

Figure3.17 Size of Pt(IV) complex species, metal nanopatrticles and pH values versus amount of
urea added éprinted with permission from Famgal., 2009169).

3.7  Metal Support Interactions

Metal nanopatrticleare typically supported on a substrate material before being subjected
to catalytic reactions. This binds the nanoparticles to a larger structure and allows for easy
addition and removal of the catalysts from reaction solutions. While on a support, the
nanoparticlesd size and morphology are retair
nanoparticle surfaces to improve catalytic performance with minimal effect on size and

morphology of the nanoparticté® However, the supports may interact with the aprticles
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and affect performance either beneficially or detrimentally. Some common supports include
various amorphous carbons, mesostructured silica such aslSB%d more recently, carbon
nanotubes (CNTs) and graphene.

Despite the disadvantagestbé incipient wetness technique, one advantage is shown by
the ease of final implementation since the nanoparticles are synthesized on a support.
Additionally, the particles can be highly dispersed and a recent study indicated a higher
utilization of thenanoparticlesd6 active sites and bettel
improved dispersiof®”®> The particlesd monodi spersity was |
the synthesis, as was previously discussed.

There have been a few examples of ghlaming using the incipient wetness procedure,
where advantages of both incipient wetness and shape control are present. For example,
platinum cubes grown directly onto a silica surface avoided the use of capping or stabilizing
agents, which could be dighental to catalytic activity> Cubes have also been grown onto a
carbon support using cysteamine anchors, again showing a shape control process of growing
particles directly onto a suppdft.

Carbon supports are among the most widely utilized supportsnany Pt catalysis
applications. Typically, amor phous carbon
nanoparticles, then treated to remove stabilizing agents. However, some alternatives such as
morphological or functionalized carbons have been pusly used. The decoration of

6precursord Pt molecules ont o¥

hP¢ nanopaltitles o f (
supported on CNTSs via electrochemical methods showed promising electrocatalytic performance.
Another group reported the impregnatioina functionalized CNT with a Pt precursor followed

by reduction to produce very walispersed Pt nanoparticles within the CNT, showFRigure

3.18, which demonstrated good electrochemical activity for fuel cell applicdffbnsAn
electronbeamdriven reduction process allowed for Pt to be reduced in controlled and even
patterned manners onto a CRITA chemical vapor deposition method of Pt nanoparticles onto

CNT was also reported and suggests that rndtied CNTs may be gerior to carbon black

supports for fuel cell applicatiofs. Platinum nanomaterials supported on carbon nanofiber
through oxygert ont ai ni ng functional groups on'the fi

Electrodeposition of Pt NPs was shown tgbssible on polypyrroléunctionalized graphen.
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Figure3.18 Pt nanopatrticles well dispersed on CNTs are shown in (afidetklEM of the
CNT wall. Also seen is bright field TEM of (b) CNT wall (c) CNT end (d) lattice images of
Pt/CNT (reprinted wih permission from Haldest al, 2009°").

Non-carbonbased supports such as silicas, alumiaasla number of novel materials
have also been reportdd!’? A glassy carbon electrode modified with poly(l,5
diaminonaphthalene) was reported to improetividy and stability of a RPbased fuel cell
catalys?® New materials such as nanoseb#on carbide have been used as supports that show
superior activity and tolerance to poisoning than conventional Pt/C cafilyAtsnorphology
change phenomenonhveh occurred during the mounting process was reported where spherical
Pt nanoparticles from colloidal suspensions flattened while mounting oR1SBE¥ depicted in
Figure 19**® The morphology change that takes place during the -SBAupport process
validates the fact that not enough is known about rgetpport interactions and that more study
in this subject would help to optimize nanopartisigport combinations to tune activity,

selectivity, androbustness of catalysts.
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Figure3.19 SAXS data depimg the morphology change of Pt nanoparticles upon supporting
them to SBA15 (reprinted with permission from Giovanettial, 2012°9).
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3.8  Novel Characterization Techniques

Characterization of a nanostructure is essential to understanding its catedpcties.

The most common and easily interpreted characterization technique is electron microscopy.
Other characterization techniques include electrochemical methods such as cyclic voltammetry
(CV); X-ray methods, such aspay photoelectron spectragmy (XPS), Xray diffraction (XRD)

and Xray absorption spectroscopy (XAS); spectroscopic techniques, includingsiile and
infrared spectroscopy; temperatypegrammed desorption (TPD); and sum frequency
generation vibrational spectroscopy (SFGVShisTsection is arranged in order of most to least
commonly used techniques.

Spectroscopic techniques can be used to gain insight into nanostructures and surface
functionalization FT-IR was used to confirm the selective binding of methylamine to a
nanopaitle as a growthlirecting agent,a technique that may be applicable to other systems.
UV-visible spectroscopy can be used to observe certain reactant consumptions or product
formations to measure the activities of the catalysts. It has also beero udesktve solutions
during Pt precursor reduction to understand reduction mecharfi§fris.

X-rays provide a way to characterize many aspects of nanoparticle structure, grath
catalytic mechanisms. XPS and XRD are more common techniques used rtoirdetthe
oxidation state of the salts present and measure sizes and crystal spacing, respectively. Energy
dispersive Xray spectroscopy (EDS) can be used to identify elemental compositions of catalyst
systems to indicate the presence of any remainingctiig or stabilizing agents. XAS
techniques, which typically require synchrotronray sources, include smalhgle Xray
scattering (SAXS), extended-pay absorption fine structure (EXAFESand X-ray absorption
nearedge structure (XANES). These haweeb used to compare nanoparticle shapes between
colloidal and suppomnounted environments®!*®*"2XANES is useful for determining the
composition of complexed species of the metal salts and was used to determine that iodide ions
displaced chloride ions on their Pg€lprecursor’ XPS can be used to probe the oxidation
states of Pt precursors as well bhe electronic surface structure of Pt nanoparticles. This has
applications in investigating the effectiveness of various ligand cleaning processes as seen in

Figure3.201%°
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Figure3.20 XPS results showing the disappearance of capping agent signaisnevier
investigate the effectiveness of various ligand cleaning procedemsed with permission
from Aliagaet al, 20®'9).

CV was utilized to masure peak current densities of Pt materials for electrochemical
catalysis application such as fueklls® CV has also proved useful for probing and
characterizing the shapes of nanoparticles, as shown by the distinct voltammogram shapes in
Figure3.211%* Temperaturg@rogrammed desorption (TPD) can be used to measure the surface

area of nanoparticée but it has also been used to study the binding affinity of reactant molecules

to specific facets on a catalyst surfate.
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Figure3.21 Cyclic voltammetry is used to show that different surface facets on shaped
nanoparticles will produce distinct voltamegrams: (A) spheres; (B) cubes; (C) tetrahedral; (D)
truncated. Scan rate 50 ns\* in 0.5 M H,SO, (rtszl%ai)nted with permission from Vidddjlesiaset
al., 201z2™).



Sum frequency generation vibrational spectroscopy (SFGVS) is a vibrational
spectroscopy method that uses lasers to probe the orientation of molecules at infeffaas.
also give the vibrational and electronic states of the molecules. This proceddeal for
discovering the mechanism of heterogeneous catalytic reactions since it can tell the electronic
states and orientations of molecules at all surface interfaces, where catalysis takes place. SFGVS
can also be applied to understand binding andntation mechanisms of organic stabilizing

agents’ "4

3.9 BimetallicPlatinum Containing Materials iCatalysis

Although platinum nanopatrticles can catalyze a wide range of reactions, using platinum
in bimetallic nanostructures further diversifies uses. Bimetallic materials can be primarily
classified as alloys, coghell or heterostructuréd® though shape control of the resulting
materials is still possibl¥? Platinum has been reported to form bimetallic materials with
cobalt!®0179182 nickel 1718318 pa|ladium®eEN 20 silver2®12%° and otherg®2%2%®  The
abundance of interface sites that exist between the platinum and other metals serves to promote
the bimetallic material 6s act i vetyclapilityd® Thpr ot ect
former was recently demonstrated by reducingt8k - 6 H,O and SnGl - 2 H,O onto an
alumina support to form a f8n bimetallic catalyst®® Kinetic studies of its activity for the
dehydrogenation of propane revealed that it possessed greater activity than@sRafdlyst.
The bimetallic catalyst also had the greatest durability of those tested, continuing to
dehydrogenate propane aftee Pt/ALlO;c at al yst 6s activity ceased.

Multiple syntheses are wuseful for producing bimetallic materials, including
electrochemical and WCR methods. In a typical electrochemical synthesis, the support material
for the bimetallic catalyst is mounted on alectrode before reduction of the metal cation
precursors onto the electrotté. Such methods produce small quantities of material, while WCR
often avoids this problem and can often can be scalédtf?°>?°* One of the most robust
techniques forsynthesizing bimetallic materials is galvanic displacement, where atoms of a
template nanoparticle are oxidized as a metal cation with higher reduction potential reduces onto
the surface of the nanoparticle. Multiple shapes have been synthesized withethid,
including PtCo shelicore particles®® PtNi cuboctahedrd® and PtPd nanotubé®
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Bimetallic materials are used for many of the same applications as platinum, particularly
for reactions used in fuel cells. A recent report showed that mguthii and PtCo on carbon
nanotubes produced material exhibiting high activity for the methanol oxidation reaction for fuel
cells!”” Promising results were also observed for alloyed and-stuett PtPd materiafS?
Several bimetallic alloyed materidisive been reported to have high activity for ORR, including
PtAg2®* PtCol’ PtNi® and PtPd®*'°"?%® A novel material with two unique interfaces for
catalysis has recently been reported: nanocubes of Pt and CeO2 were mounted on a silica
support, reulting in PtCeQ, and PiSIiO, interfaces creating a material possessing bilayer
tandem catalytic functionaliti€! The two surfaces can catalyze two different reactions in close
proximity; that is, it decomposed methanol into CO aadhidt then hydradrmylated ethylene to
produce propanal, as shown in Fig@22. The ability to perform multiple reactions at once
with a single catalyst is of great industrial significance.

- CeO,~Pt-SiO :
9 e0,~Pt=SIO,
S 8- A
EL e S Active interface
© 6 - H C602 for
é 5 I MeOH MeOH decomposition
© 44 -
S 3 o CO+2H, T Active interface
e 2- — Pt for
S 14 @ Pt-Ce0,-SiO, Sl hydroformylation
0 e o (
T 1 ‘ , Propanal €
0 10 20 30 40 Sio,
Time (10%s)

Figure3.22 (a) Propanal production at CePt-SiO, and P{Ce(-SiO; bilayers. (b)
Configuration of Pt between the metal oxide bilayers. (reprinted with permission from Yamada
et al, 2017%)

3.10 Applications ¢ Catalysis

Many catalytic applications exist for Pt nanostructures. PEMFC and ORR are important
for developinghydrogen fuel cell technologies. The methanol oxidation reaction (MOR) is an
important reaction for methanol fuel cell technologies that Pt can cat&fyzsside from fuel
cell applications, Pt nanomaterials have been used in the food industry, dathansgtportant
selectivities in alkene isomerizatihhydrogenation reactions for fuel refiningnd CO/NOx

oxidation for exhaust treatmentsAs elaborated previously, Based catalysts are optimally
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designed as shaped nanocrystals, not only to eftigi utilize rare and expensive platinum, but

also to maximize performance of the material used. Preparation of Pt nanoscale materials for
their catalytic applications often involves catalyst pretreatment processes like support mounting
and stabilizing gent removal. It has been shown that the pretreatment of catalysts is critical to
optimizing their activity

Pt is a critical component for PEMFC and the ORR, both of which have been typically
catalyzed by Pt/C material3. Recent advances in shape tuyiff' support mounting and
catalyst pretreatments have continued to improve catalyst performance in these systems. For
example, MWCNTsupported Pt nanoparticles were shown to have a high power density
compared to traditional supports at low metal loadingAnother group reported the superior
ORR activity of branched Pt nanosystems over conventional Pt/C cafaly€se studyfound
that cubes, which are made entirely of {100} faces, were highly efficient at catalyzing ORR
reactions?° which shows thémportance of producing nanoparticles with an appropriate lattice
face for the application.

Overgrown Pt cubes demonstrate the dependence of catalytic activity on facet type. They
were used to oxidize ethanol and formic acid and the results were contpacechmercial
platinum black and carbon supported platinum after normalizing for active® sitesas found
that the overgrown cubes had a catalytic activity 2.3 times higher than platinum black and 5.6
times higher than carbon supported platinum. Tégplanation of the increase in performance
was that the {411} facet has a high density ofdceordination active sites, suggesting that other
catalysts with these higindex facets may be advantageous for similar reactions.

Another example of facetepadent catalysis is depicted in Figl823, which illustrates
how specific facets such as Pt {111}, {100and {557} promote the isomerization dfans
alkenes to theis conformation, while other facets tend to favor the reverse reaction for partial
hydrogenation reactions. These reactions are important to the food industryasiséats have
been linked with heart disea¥e Additionally, it has been shown that aifent morphologies of
platinum nanocrystals vyield different products for the ring opening reaction of
methylcyclopentan® Cuboctahedra caused the methylcyclopentane to opemtit®lpentane,
octahedra yielded pentgn@ndcubes gave rise to crackingogucts, all at temperatures below

240 °C. The dependence of the product formation on the morphologies and facets of the
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nanoparticles indicates the need to understand the relationship between catalytic selectivity and

nanoparticle morphology.
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Figure3.23 TPD data showing that specific facets such as Pt(111), Pt@&ad®Pt(100) have
selectivity to produceis-2-butene isomers where more open Pt(4(PX]1) surfaces selectively
producetrans-2-butene during isomerization rggctionerininted with permissin from Leeet al,
20097).

Additionally, novel supports such as modified glassy carbon electfodes BC
support&' have been shown to possess improved activity for MOR over conventional Pt/C
catalysts. Another novel synthetic method produced nanoparticles that showe® 2irBes
higher activity for ethanol oxidation than commercial Pt/C catafysElectrospun naswires
have also shown good MOR activify.A new and potentially promising method of nanoparticle
synthesis for optimizing catalytic activity is the growth of shaped Pt nanopatrticles directly onto
supports without the use of detrimental stabilizing agyet 2012, two reports demonstrated Pt
cubes grown directly onto supports: one utilized bifunctional cysteamine as a combined
directing/carbon support anchoring spe@emd the other achieved shape control using carbon
monoxide as the directing agéftTo prevent agglomeration, the Pt cubes were grown directly

onto an SiQ support via reduction by CO and,H novel synthetic method useful for avoiding
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cleaning processes before use in catalysts. Analysis via CV of the canmoorted Pt cubes
showsa much higher ORR activity than commercial Pt/C and it is likely that the-silisported

Pt cubes would exhibit superior catalytic activity as well.

3.11 Conclusion

Platinum is a diverse catalytic material, as shown through the vast number of reported
applications based on enhanced activity, selectidahddurability attributed to size, shapand
surface facets. The fundamental understanding of growth processes and the effects on the size
and shape of Pt and ethcatalyticallyactive nanostructuresa wet chemical reductiomethods
promotes an intuitive design of ney¢neratiormaterials with enhanced propertidsurthermore,
the studyof existing synergistic effects from métaubstrate interactionss well as bimetallic
materials through electnotransfermechanisms better enables the advantageous engineering of

catalytically specific materials
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CHAPTER 4SHAPEDIRECTIONAL GROWTH OF PT AND PD NANOPARTICLES
A paper submitted for publication in Nanoscal@rogluced by permission of The Royal
Society of Chemistry (RSC)DOI: n/a
G. Jeremy Leong, Abbas Ebnonnasir, Maxwell C. Schulze, Matthew B Stdildn Ngo,
David Maloney, Sarah L. Frisco, Huyen N. Dinh, Bryan Pivovar, George H. Gilmer, Suneel

Kodambaka, Cristian V. Ciobanu, and Ryan M. Richards

4.1  Abstract

The design and synthesis of shalyected nanoscale noble metal particles have attracted
much attention due to their enhanced catalytic properties and the opportunities to study
fundamental aspects of nanoscale systems. As such, numerous methods have been developed to
synthesize crystals with tunable shapes, sizes, and facets by addigg fpecies that promote
or restrict growth on specific sites. Many hypotheses regarding how and why certain species
direct growth have been put forward, however there has been no consensus on a unifying
mechanism of nanocrystal growth. Herein, we develog demonstrate the capabilities of a
mathematical growth model for predicting metal nanoparticle shapes by studying a well known
procedure that employs AgN@o produce {111} faceted Pt nanocrystals. The insight gained
about the role of auxiliary species is then utilized to predict the shape of Pd nanocrystals and to
corroborate other shajlirecting syntheses reported in literature. The fundamental
understading obtained herein by combining modeling with experimentation is a step toward
computationally guided syntheses and, in principle, applicable to predictive design of the growth

of crystalline solids at all length scales (nano to bulk).

4.2  Introduction

Morphological direction of nanoscale noble metals such as platinum (Pt) and palladium
(Pd) are receiving increased interest due to potential -tegndent enhanced -catalytic
properties, which can be obtained by directed syntheses of nanocrystalsesiftt shapes
The importance of specific surface faceting with respect to catalytic processes has been explored
via computational modeling and studies of bulk sirgfgstal surfaces in ultraigh vacuunt?®
Such studies have provided the foundatioward an understanding of catalytic activity and
selectivity. Due to the emerging field of shaped nanoparticle (NP) synthesis, results of early
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surface science studies can now be tested at the nanoscale at elevated temperatures and pressures
typical of the working conditions found in industrial processes. Pt is used in hydrogenation
reactions;>** carbon monoxide oxidatioff;'® and oxygen reduction reactions (ORR)."°
while Pd is used for similar reactiohs?®?° and is notable for its carbararbon coupling
reactions.”°

Numerous physical and chemical properties are dramatically influenced by size, shape,
and composition at the nanoscale. Increased catalytic efficiency has been reported for systems
possessing specific surface fadetwith different binding energies, atomic packing, and
coordination from step edges and defects; all of which influence both catalytic &¢tivttgnd
selectivity®*?>® However, due to the recent emergence of novel shapes including cubes,
cuboctahedra, mtipbods nanorods, nanostars, octahedra, spheres, tetrahedra, icosahedra,

dodecahedra, plateand porous structurg€*

the catalytic properties of nanoscale surface
facets have not yet been wstudied. While most studies have leveraged sergadgp
experimental discovery of the different crystal morphologies, relatively few have focused on
understanding morphology direction mechanisms. Amongst these studies, most focus on
twinnedcrystal seeds, anisotropic or overgrowth conditions, and seedliated
conditions!®**** dealing with either capping agents or auxiliary directing species that bind to
specific facets, changing surface energies and relative attachmentShatg® direction can also
occur in the presence of a hard template ssalnesoporous silica networks, where deposition of
platinum within the mesopores of the template results in the formation of nanostructures that are
inverted replicas of the templaté®® A materials design approach where mechanistic
understanding is usdad computational modeling and data sharing to direct experimental work
has the potential to increase the development rate of new matérials.

In this article the mechanism of directing NP shape was investigated through a
continuous feedback loop ekperimentation coupled with computational modeling by utilizing
a welkknown, robust procedure for synthesizing shaped Pt NPs with high yields. The method
utilizes a wet chemical reduction (WCR) reaction with polyvinylpyrrolidone (PVP) as a capping
agentand silver nitrate (AgNg) as a directing agefit® Cubic, cuboctahedral, and octahedral
NPs bounded by {001} and {111} facets can be produced for-éac¢ered cubic (fcc) metal
since {111} and {001} are two of the three lowest energy surfaces ircrgstals® It is

proposed that silver influences the direction of growth, though nitratg) (NG also been shown
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to direct growth of Pt in a different synthetic system using NalNQt has been reported that
silver can exist as a number of ions, thus, or zerevalent species in ethylene glyé8land we

will refer to those species in general as Ag. Herein, we experimentally identify if Ag fisNO
responsible for directing NP morphology in this system by studying both the intermediate and
final products as a function of growth time. We develop an experimeniliffable continuum

model for the directed growth of faceted NPs and use it to not only explain but also predict and
guide the observed Pt and Pd NP morphologies. In doing so, we deatenke powerful
synergy of coupling computational modeling with materials synthesis thus opening up the
potential to design, rather than discover by 4{aiatterror experimentation, new and improved

catalysts of the future.

4.3  Experimental

Pt NPs withcubic, cuboctahedral, and octahedral shapes were synthesized using a well
known wet chemical reduction proceddteln short, a Zneck 25 mL round bottom flask was
cleaned by soaking in freshly prepared aqua regia overnight followed by rinsing with scopiou
amounts of 18.,2 MMef adree ochin yieWdlg Hin a 100 eC for
glycol (EG, 2.5 mL, Macron Fine Chemicals #5001) was added to the dry flask, the flask fitted
with a condenser, and heat e donbofpolywirylpyrralidone( ~2 00
(PVP, M,=55,000, Sigm&Aldich #856568), 0.0625 M solution of ,AtCkA 6,8 (Alfa-Aesar
#11051) or KPdCE (SigmaAldrich #334502) along with desired concentrations of AgNO
(SigmaAldrich, #204390) were prepared in EG. All reaigewere used as received without
further purification.

To the refluxing EG, 0.5 mL of an auxiliary directing agent was added in one single
aliquot (as a control experiment, 0.5 ml pure EG was added for undirected growth) prior to the
simultaneous additionf 3.0 mL of 0.375 M PVP at a rate of 0.1875 mL/min and 1.5 mL of the
0.0625 M HPtCEA 6,81(or K.PdCk) in EG was added at a rate of 0.09375 mL/min. After 16
minutes, the additions were stopped and the reaction was refluxed for an additional 5 minutes.
The resulting material was allowed to cool to room temperature and centrifuged at 1057 g for 15
minutes to precipitate any unwanted produetg.(AgCl) formed from the various directing
agents and precursors. The supernatant was then separated froracgtate, diluted with 3

times volume of acetone and centrifuged again at 2935 g for 15 minutes to precipitate the Pt
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nanocrystals into a pellet. The cloudy supernatant was decanted, and the resulting pellet was
dispersed in 3 mL ethanotlia sonication, diluted with 3 times volume of hexanes, and
centrifuged at 1057 g for 5 minutes to precipitate the Pt nanocrystals into a pellet. Three
iterations of the ethanol/hexane cleanings were performed to remove as much excess PVP as
possible from the solutionThe final products were dispersed and stored in 3 mL ethanol to be
drop-cast onto 30@nesh copper TEM grids with either holey or lacey carbon, and were analyzed
using a FEI Titan S/TEM operated at 300 kV.

4.4  Results and Discussion
4.4.1 Ag-directed growth of Pt NPga WCR Experimentation

Ag was reported to influence Pt NP shape in a polyol WCR synthesis by preferentially
affecting growth onto different facets® while NO; was reported to direct Pt NP shape in a
similar synthetic systemvhere noaAr ef | ux temperatures ;(0kl6WD0 e C)
reduction kinetics, resulting in overgrowth conditidrs. To distinguish between the shape
directing roles of Ag@nd NQ in the synthesis outlined by Yang andworkers™ we utilized
the reflux procedure outlined in the methods section and systematically varied the auxiliary
directing agents across broad concentration ranges to isolate and identify the species responsible
for shapedirection in this system. Only those salts soluble irylette glycol, including Ag
halides and sulfates and a variety of alkali, alkealith, and transitiemetal nitrates were tested.
For comparison, control experiments were conducted using corresponding salts with neither Ag
nor NG;. Additionally, mixturesof AQNO; and NaNQ were used as the directing agents to test
the concentration dependency of the refluxing system on both Ag apdiGltaneously. The
mixture concentrations were chosen to have Ag and $yp@cies at different concentrations, but
at sinilar concentrations of AgN§reported to yield the morphologies shown in Figie®™

A mixture of 1.1 mol% AgN@and 9.9 mol% NaN@produced Pt NPs with cubic
morphology (Figure4.2A,D) as dictated from the 1.1 mol% Ag rather than cuboctahedral
morpholoy (Figure4.2B,E), which would be expected if direction were obtained from the 11
mol% NGs;. Similarly, a mixture of 11 mol% AgNf Oand 21 mol% NaN@ produced
cuboctahedral morphology (Figude2B,E) as dictated by 11 mol% Ag rather than octahedral
morphology (Figuret.2C,F) if direction were obtained by 32 mol% BIOThe collective results

indicate that only Ag containing salts resulted in NPs with uniform morphologies for this specific
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system,and that N@ was not influential for direction at the elevated reflux temperatures
(Figures 4.3 and 4.1 The observation that lower and higher molar ratios of Ag to Pt result in
the preponderance of cubic ({001} bound) and octahedral ({111} bound) mogés,
respectively, supports the hypothesis that Ag is indeed responsible for-cifeagien by
affecting preferential attachment fluxes of Pt atoms to different surfaces during growth, as
reported previousl§® In the following sections, we describenzodel that is developed in
concert with the experimentalgupported hypothesis that Ag concentration adés Pt NP
morphologies.

1.1% AgNO,

Pt NP /
11% AgNO,

Growth
Solution

32% AgNO, 4

Figure4.1 The shapes of the Pt NPs are dependent on the concentration of iIRgNI© system.
Ag/Pt: 1.1 mol%, 11 mol%and 32 mol% AgN®@producing relatively monodispersed in size
and shape cubes, cuboctahedra, and octahedra, respettively.
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Figure4.2 Transmission electron microscopy (TEM) (top images A, B, C) andrbggiution
TEM (HRTEM) micrographs (bottom images D, E, F) along with corresponding Fourier
transformsand their indexefG, H, I) of the HRTEM images of shaped Pt NPs resulting from
different Ag concentrations in solution during growth. (A,D) Ag/Pt: 1.1 mol% produces cubes
with predominantly {001} surface facets, (B,E) Ag/Pt: 11 mol% produces cuboctahedra bounded
by {001} and {111} surface facets, and (C,F) Ag/Pt: 32 mol% produce$edta with {111}
surface facets. The scale bars kCAre 20 nm and in{B are 2 nm.
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Figure4.3 TEM images of Pt nanoparticles synthesized froRt€k with a variety of nitrate
salts at 10% nitrate to platinum ratios as directing agents. The lack of any consistent faceting in
any of the micrographs even at ratios as high as 200% (not shown) is indicative of little to no
influence on nanoparticle morplgy by nitrate in our synthetic systemzZn(NGOs), (A), NiNO3
(B)r NaNQ» (C)’ Fe(NC)&)S (D), Mg(NOS)Z (E)v KNO3 (F)’ and CG(N@g (G)
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Figure4.4 TEM images of Pt nanoparticles synthesized froRt€l with a variety of silver
salts at various conceations as shape directing agents. The regularly shaped Pt nanopatrticles
in panels (A) and (B) support the hypothesis that silver can direct shape of platinum
nanoparticles. The large agglomerated shapes in panel (C) are attributed to the presence of
iodine, as also supported by Figure 4.4 (C). 11% AgBrZB)% AgF (B), and 200% Agl (C).
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Figure 4.5TEM images of Pt nanoparticles synthesized frofatBk with a variety of salts with
neither silver nor nitrate. At low concentrations (~10% ratio with Pt) of NaBr and KBr; semi
shaped nanoparticles are produced as seen in panel (A). At high concentrations (>50%) of both
bromide salts, particle agglomeratisrobserved as seen in panel (B). At any concentration of
Nal, sever particle agglomeration is observed as seen in panel (C). Lack of significant particle
shaping from these salts supports hypothesis that silver plays significant role indirect
nanopartite shape in our system. 10% NaBr (B)% KBr (B), and 10% Nal (C).
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4.4.2 Developing Growth Model for NP Shajarection
4421 Basis of Growth Model

Most models pertaining to NP shape rely at least in some qualitative manner on the Wulff
constructiort? which relates the surface energies of different facet orientations with the area of
those facet s: the small er its surface energy,
thus the larger surface area it has. There are potential probligmsueh an approach, which
manifest more acutely in the case of growih wet chemical reduction (WCR). The surface
energies computed for most metals are performed under vacuum, not in the presence of a
solution containing the precursor metal salt aimdating agents. Surface energy values in such
wet chemical environments are far from those that can be obtamatbmic scale calculations
in vacuum (embedded atom meth8dor density functional theofy®). Furthermore, the
surface energies andeih relative ordering in solution change as a function of the super
saturation of the metal atoms.q, by injecting desired levels of precursor salt in solution), thus
discussions of the final shapes by using surface energies computed in vacuum dixécht a
value of the chemical potential may be far from reality. These deficiencies prompt us to recall
that, on a fundamental level, the Wulff construction gives equilibrium crystal shape under the
constraint of constant NP volume, which is not the case. h®©ur experiments show that to
effectively direct the final crystal shape, it is necessary for the complete reaction solution
including the directing agent to be present during growth from nucleation to final product. There
can exist a narrow time wiogv following nucleation in which the roughly spherical NP does not
grow significantly, but suddenly acquires we#fined facets. The very shdirted process can
be understood based on the Wulff construction because it occurs at (nearly) constant volume,
provided one has the correct surface energies obtained for the specific solution conditions. After
a nucleus acquires facets, it grows in the presence of metal precursor salts and directing agents in
solution. This is the growth process that we willredd here, by employing a model for growth

that allows the relative size of the facets to change over time.

4422 Generic model for arbitrary facets during growth
In principle, there exists a kinematic Wulff construction designed to give the shape of a
particle during growth, which requires knowledge of the growth velocity V(n) as a continuous

function of the normal at the surfacen.In our model, we will deal with discrete surface
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orientations and consider the effect of the directing agegtAgNOs;). Here, we consider two
low-index orientations of the surface, for clarity, {001} and {111}, however, the arguments and
calculations can be carried out in the same manner for any two intersecting facets of the NP.
Their growth rates are different bes& of the varying attachment rates of Pt (main metal) and
Ag (directing agent) at the two surface orientations considered. It has been hypothesized that Ag
can hinder the attachment of Pt on the {111} orientation, but not on other orientations or at leas
not to the same extefit. To account for this effect, we consider different net attachment rates of
the Pt atoms on the two orientatiofisand f; for the {001} and {111} facets, respectively.
These net attachment rates are defined as the effectitjen(imber of Pt atoms attached per unit
area, per unit time. Referring to Figutes, we rationalize the growth of these two facets in
terms of these net attachment fluxes. Between tinaeslt + dt, the {001} and {111} facets
advance outwards with \@ditiesVy = fo/ } andVi =1,/ }, respectively, wherg is the number of

atoms per unit volume in bulk crystalline Pt (number density). In the absence of a continuous set
of surface orientations, the shape at any fir(after the initial instant at which facets form) is
given by all the facets that are present at that time. When the net fluxes for various surface
orientations are different from one another, their lineaplame dimensions (represented in
Figure 4.6 by the lengthdy, andb;) will also grow at different rates. These linear dimensions
can be computed from geometry, assuming that the corners and edges of the NPs are atomically
sharp,i.e,, only true facets exist forming sharp edges and step bunches sanat.am the
guadrilateral ABCD (Figurd.6), we have AB =b;(t + dt) T by(t) = db;, BC =V,dt, CD =bg(t) i

bo(t + dt) =7 dhy, AD = Vodt, and theangle between AB and AD measure$ 9@, whered is the

angle between the surface normals [001] and [11After extending the segment DC until it
crosses the line AB at C' (see Figure 4 can obtain AB (¢b;) as AB = ACT BC' =Vdt/sin

di Vidt'tand, the length CD (Fdhy) can be obtained in a similar manner, leading to expressions

of the variations bthe lengthdy, andb; per unit time

dhb, _V,-V,cosqg

dt sing (41)
db V,-V,co

=Y 1605 (4.2)
dt sing
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i.e., giving the time derivatives of the linear dimensions of the facets. Equations analogous to
(4.1) and 4.2) can be set up for any twiatersecting facets, so that all the corresponding
dimensions can be obtained. For the sake of clarity, we limit the discussion to only two facets.
From Eqgs. 4.1-4.2) we note that there are several regimes that can develop during growth,
depending on thinstantaneous derivativestpfandb;. For example, both facets can increase in
size @by/dt > 0 anddby/dt > 0) provided thaV; > V, cosd andV, > V; cosd. Interestingly, there

is also a regime whettly/dt < 0 anddby/dt > 0, in which the characteristic lengbhof the {001}

facet decreases. This is, in fact, the regime depicted qualitatively in Fddrevhich is
characterized (refer to Eqel.1-4.2)) by V1 <V, cosd. In practice, the growth velocities can be
time-dependent and can be directed by agents such as ApdCaffect the growth rates on the
{001} and {111} facets differently.

[001]

—_— -

by(t+dt) A ™\

Vodt

N\

\2%

\
\

O «<-

Figure4.6 Two intersecting facets growing at different ratgsandV;. Faster growth along [001]
direction can lead to a decrease in the linear dimeigiohthe {001} facet and an increase in
the dimensior; of the {111} facet.
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44.2.3 Explanation of the shapdirection of Pt nanoparticles

As discussed in the previowection, the growth velocities along the [001] and [111]
directions are proportional to the net attachment fléxaadf;, respectively. If net fluxel and
f,are known as functions of time, then Eg@s1{4.2) can be integrated to yield the charaster
lengthsby andb; as functions of time for the entire NP evolution following the moment at which
it developed facets. While tirgiependent information regarding the fluXgandf; is hard to
obtain from firstprinciples calculationswhich areusuwally performedin vacuum and at zero
Kelvin) for conditions that refer specifically to solution synthesis, we can adopt approximate
models that capture the main physics of growth. For exam@eould decrease to zero fairly
rapidly, which is indicative f t he Ag #Apoi s onifpshpuwd decfeas¢ dsevell{ 1 1 1}
only at a much slower pace thinbecause the Pt atoms are more abundant in solution and are
consumed at a slower rate than silver. We adopt an exponential decay model for thresyo f
with different time constantg andU (4 < )

f0|1 = CO,l eXp (‘ t/ t 0,1) (4-3)

whereCy 1 are the initial values of the two decaying fluxes. With models for net fluxes given by
Eq. @.3), the integration of Eqs4(-4.2) yields:

Ct.(1- exp( t/1,)) - Cot o (1- exp( t/t,))cosqg

by (t) = b, (0) + ; (4.4)
rsing
— C:ofo(:l-' eXp(' t/to))' Cltl(l- eXp(' t/l‘l))cosq
b, (t) = b, (0) + Fsing (4.5

We start with the simple and reasonable assumptiongd(@gt=b;(0) (* B) andCy=C;
meaning that initially the characteristic lengths of the two facets are the same, and the net
attachment rates to different facets are also the same. Depending on the time d@rasteits
Egs. 6.4-45) can predict several types of NP final shapasmbdoy {001} and/or {111} facets:
tetrahedra, truncated tetrahedra, octahedra, and cuboctahedra. For example, when the time

constantdd and U are relatively close to one another, we obtain cuboctahedra as final shapes
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(Figure 4.7A). In experiments, cdrol over the fluxesf; and fo is exercised through the
concentration of AgN®in solution. In the case of Pt, Ag may attach to one or both of the {001}
and {111} facets, preferentially poisoning only the {111} surface orientatien effectively
blocking the growth along the [111] direction). The regime of lower Ag concentrations in
solution is modeled by setting the time constants in &) to have similar magnitudes; this
leads to the presence of both {111} and {001} facets on the asymptotiesf@boctahedra in
Figure4.7A and Figure4.2B,E). In order to have only {111} facets, we increase the difference
between the time constantg and § (4 << (), thus modeling the regime of higher Ag
concentration in experiments. As a result, the et &n the {111} facets decays to nemaro
much faster than the net fluk on {001} facets, whose decrease is only due to the
consumption/depletion of the Pt atoms from solution due to the growth of the NPs. Indeed, using
U=0/ 20 in Egs. 44-45) leads to the disappearance of the {001} facets, and therefore to
shapes that are either octahedral or tetrahedral. This case is shown indEBunghere the
{001} facets monotonically decrease and vanish altogether past a certain moment, whieh can

estimated using Eqgs. (44.5).

4.4.3 Predicting directed growth for Pd NPs

While varying Ag concentration in solution during growth can lead to final NPs with
different shapes, the question arises as to what can be done in order to achiewkretizpe
NPs using other chemical species and with other metals. Here, we demonstrate the applicability
of our growth model to predict the shapes of Pd, a catalytizajpprtant metal that has a face
centered cubic crystal structure with a lattice constant girtolahat of Pt. If we grow Pd
particles using AgN@as the directing agent, then the Ag atoms deposited epitaxially on the Pd
facets experience compression due to ~5% lattice mismatch. Similar to the case of Pt NPs, Ag
atoms are more likely to bind talR111} facets than to {001}, since on the {111} facets are in a
closepacked environment that can withstand the compression dictated by the mismatch strain.
On the {001} facets, Ag atoms may bind but are unlikely to form epitaxial layers that would
withstand compression and block the growth along [001]; the spacing between {001} layers is
larger than that between {111} layers, which helps exchanges between Ag and Pd atoms on the
{001} facets, and therefore does mohibit Pd growth along [001].
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Figure4.7 Growth model predictions for the evolution of the characteristic lengths of the {001}
and {111} facets in the presence of Ag in solution. (A) For midrange Ag concentration (11
mol%), the time constants controlling the net attachment fluxes are cdoepta §, which
leads to the presence of both {001} and {111} facets in the final she@esjboctahedra. (B)
At higher Ag concentrationg(g.d =/ 20) the {001} facets disappear and the final shape is
bounded by {111} facets,e. octahedra.
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We therefore expect that growth of Pd NPs can be directed by Ag in solution to produce
{111} faceted NPs. This was confirmed by our experiments using the same ;AtjiCted
synthesis of Pt outlined in the methods, but changing the precursor sgRiGlK For solutions
containing 1 to 5 mol% Ag/Pd, we obtain NPs with primarily {111} facets: octahedral,
tetrahedral, and icosahedral morphologies (FiguBe The model predictions are qualitatively
validated by the experimental results. As expedtsal kinetics of atom attachment anisotropy
are different for Pd and Pt, and hence careful tuning of solution chemistry will be necessary to
obtain NPs of a desired shape. Additionally, we carrigdspthesis experiments using copper
bromide as a directing agent due to copperds
direct the shape of Pt NPs as shown in Figdrg<l.5. This observation suggests that the shape
directing influence of 4 may stem from somether unique property. Corroboration of other
experimental systems with this model may have a broader impact for nanomaterial design.

’ - I ot N ¥ e a) g .
=% - SaN L P N S Rl o LW ETeP W 2T XK

Figure4.8(A) Low magnification TEM and (BD) HRTEM images ofl5 nmfaceted Pd NPs
synthesizedrbm K,PdCE with AgQNO; as a directing agent. {111} surface faceting is
predominant in all of the observed NP morphologies: (B) tetrahedral, (C) octahedral, and (D)
icosahedral. Scale bars are 50 nm in (A) and 2 nm-ID)(B
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4.4.4 Directing Pt Growth byDther Directing Agents

Pt NPs with cubic shapes bounded by {001} facets have been previously
demonstrated®™> Interestingly, the shapdirection in these experiments was achieved using
very diverse directing agents.§.tetradecyltrimethylammoniumrbmide® Fe(CO},>* and short
peptided), all of which lead to cubic or truncatedbic NPs. The findings can also be
explained by our growth model if we assume that the new directing agents restrict the growth
along the [001] direction or promote ibalg the [111] direction. This would be accounted for by
relaxation times corresponding to slower growth along [001] than along, [16.13 < U; with
this inequality, Eqs.44 and4.5) predict NPs as shown in Figu#® and4.10 hat are truncated
cubes wherty < U but are similar order of magnitude, or cubes whieri< (4. While further
applications of the model (for example, those involving icosahedral NPs involving twin
boundaries) would not be possible without significantigréasing its complexity, its current
ability to cover the spectrum from {001} faceted singlgstal NPs to {111} faceted single

crystal NPs unifies a large set of experiments under a simple kinetic model.
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Figure4.9 Growth model predictions for the @wution of the characteristic lengths of the {001}

and {111} facets in the presence of Brsolution. In the presence of Bfe.g.Ud = 20) the
{111} facets disappear and the final shape is bounded by {001} faeets)be.
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synthesized from ¥dCE with KBr as a directing agent. @0} surface faceting is predominant
in the observedubic NP morphologies. Scale bars are A80in (A) and3 nm in (B)

4.5 Conclusims

By experimentally probing the parameter space influencing nanoparticle shape control,
we have developed a model that explains the preferential growth of specific fekbetpresence
of a shape directing agente( Ag) alters the attachment kineticktbe metal particleife. Pt) on
{001} and {111} facets, which is reflected in the model in the form of different time constants
for the decaying net fluxes to these facets. The model was then employed for another metal (Pd)
and was able to explain théuxes associated with the formation of {111} faceted particles.
Furthermore, the model also provides a mechanistic explanation for experimental observations
reported in the literatur®>>* and can help predict the shape and size of the final NPs. If
coupled with models for nucleatidh, our growth model could lead to camplete
computationallyguided design paradigm for shagieected NPs in which the parameters
necessary for achieving @&l desired shape and size can be predicted based on solution

conditions.

4.6  Acknowledgements
This work is funded in part by the Laboratory Directed Research and Development
(LDRD) Program at the National Renewable Energy Laboratory, under coavacd UGAO-

92



4102505. NREL is a national laboratory of the U.S. Department of Energy, Office of Energy

Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC. GHG

and CVC acknowledge support frolrawrence Livermore Nationalaboratory (Contract
B601600) CVC and SK acknowledge support from NSF through Grant No. Cla84i6858
and CMMFE1200547, respectively.

4.7

[ —

o 01~ WD

10
11

12

13
14

15
16

17

References

G. J.Leong, M. C. Schulze, M. B Strand, D. Maloney, S. L. Frisco, H. N. Dinh, B.
Pivovar and R. M. Ridirds,Appl. Organomet. Cher@014 28, 1-17

F. ZaeraChemSusChe2013 6, 1797 1820.

K. An, G. A. SomorjaiChemCatCher2012 4, 1512 1524.

H. Zhang, M. Jin, Y. Xiong, B. Lim, Y. Xigdcc. Chem. Re2013 46, 1783 1794.

F. Zaera, G. A. Somorjal, Am.Chem. Soc1984 106, 2288 2293.

A. Wieckowski, S. D. Rosasco, G. N. Salaita, A. Hubbard, B. E. Bent, F. Zaera, D.
Godbey, G. A. Somorjall. Am. Chem. Soit985 107, 5910 5920.

N. Markovic, H. Gasteiger, P. N. Ross Electrochem. Sacl997 144, 1591 1597.

F. Zaeral.angmuir1991, 7, 1998 1999.

J. Chen, B. Lim, E. P. Lee, Y. Xidlano Today2009 4, 81i 95.

J. Hors8lek, G. GS§8vov Lata.Noday20&31204i38460v §, D.
O. Langvik, P. MakiArvela, A. Aho, T. Saloranta, D. Y. Murzin, R. LeinGatal. Lett.
2013 143 142 149.

K. M. Bratlie, H. Lee, K. Komvopoulos, P. Yang, G. A. Somori&no Lett.2007, 7,
3097 3101.

l. Lee, F. Zaeralop. Catal.2013 56, 1284 1298.

A. Fukuoka, 3I. Kimura, T. Oshio, Y. Sakamoto, M. Ichikaw&, Am. Chem. So2007,
129 10120 10125.

J. N. Kuhn, GK. Tsung, W. Huang, G. A. Somorijdi, Catal.2009 265 209 215.

R. Jensen, T. Andersen, A. Nierhoff, T. Pedersen, O. Hansen, S. Dahgrke@dorff,
Phys. Chem. Chem. Phy€13 15, 2698 2702.

Z.-Y. Zhou, Z:Z. Huang, DJ. Chen, Q. Wang, N. Tian,-&. Sun,Angew. Chem., Int.
Ed.201Q 49, 417 414.

93



18
19
20
21
22

23

24
25
26
27
28
29
30
31
32

33

34

35

36

37

38

39

40
41

H. Bonnemann, G. Khelashvi\ppl. Organomet. Cher201Q 24, 257 268.

M. Shao, A. Peles, K. Shoemakiigno Lett2013 11, 3714 37109.

R. Wang, H. He, J. Wang, L. Liu, H. D&atal. Today2013 201, 68 78.

S. Kondo, M. Nakamura, N. Maki, N. Hoslii,Phys. Chem. €009 113 12625 12628.
M. CrespeQuesada, M. Andanson, A. Yarulin, B. Lim, Y. Xia, L. KiwMinsker,
Langmuir2011, 27, 7909 7916.

M. CrespeQuesada, A. Yarulin, M. Jin, Y. Xia, L. KiwMinsker,J. Am. Chem. Soc.
2011, 133 12787 12794.

Y.-F. He, JT. Feng, Y-Y. Du, D-Q. Li, ACS Catal2012 2, 1703 1710.

J. Turkevich, G. KimSciencel97Q 169, 873 879.

M. Shao, T. Yu, J. H. Odell, M. Jin, Y. Xi&hem. Commun2011, 47, 6566 6568.

Y. Li, X. M. Hong, D. M. Collard, M. A. EiSayedOrg. Lett.200Q 2, 2385 2388.

Y.-T. Chu,K. Chanda, RH. Lin, M. H. HuangLangmuir2012 28, 11258 11264.

S-W. Kim, M. Kim, W. Y. Lee, T. Hyeon). Am. Chem. So2002 124, 7642 7643.

M. T. Reetz, E. WestermanAngew. Chem., Int. E@00Q 39, 165 168.

A. R. Tao, S. Habas, P. Yarfgmall2008 4, 31Q 325.

C. M. Sanchesanchez, J. Sol&ullon, F. J. Vidallglesias, A. Aldaz, V. Montiel, E.
Herrero,J. Am. Chem. So201Q 132, 5623 5624.

R. Narayanan, M. A. EBayedNano Lett2004 4, 1343 1348.

H. A. Gasteiger, N. M. Markovi&cience2009 324, 48 49.

l. Lee, F. Delbecq, R. Morales, M. A. Albiter, F. Zae¥at. Mater.2009 8, 132 138.

H. Lee, S. E. Habas, S. Kweskin, D. Butcher, G. A. Somorjai, P. Yamggw. Chem.
2006 118 7988 7992.

X. Gong, Y. Yang, L. Zhang, C. Zou, P. Cai, Ghen, S. Hunag]. Coll. Int. Sci.201Q
352, 379 385.

H. Wang, H. Y. Jeong, M. Imura, L. Wang, L. Radhakrishnan, N. Fujita, T. Castle, O.
Terasaki, Y. Yamauchd. Am. Chem. Sqi2011,133 14526 14529.

H. Wang, M. Imura, Y. Nemoto, $&. Park, Y. YamauchiChem.i Asian J, 2012,7,
802 808.

C. Li, M. Imura, Y. YamauchiPhys. Chem. Chem. Phy2014,16, 878%8790.

C. Li, Y. YamauchiPhys. Chem. Chem. Phy2013,15, 3490 3496.

94



42

43
44

45

46

a7
48

49
50
51
52
53

54

55
56

B. Lim, H. Kobayashi, PH. C. Camargo, L. F. Allard, J. Liu, Y. Xiélano Res201Q 3,
1801 188.

Y. Xia, Y. Xiong, B. Lim, S. E. Skrabalalhngew. Chem., Int. E@009 48, 60 103.

S. Curtarolo, G. L. W. Hart, M. B. Nardelli, N. Mingo, S. Sanvito, O. LéNg{. Mater.
2013 12, 1911 201.

H. Song, F. Kim, S. Connor, G. A. Somorjai, P. Yahg?hys. Chem. B005 109, 188
193.

M. E. Grass, Y. Yue, S. E. Habas, R. M. Rioux, C. I. Teall, P. Yang, G. A. Sombrjai,
Phys. Chem. @008 112, 4797 4804.

T. Herricks, J. Chen, Y. XidJano Lett.2004 4, 2367 2371.

B. Soroushian, I. Lampre, J. Belloni, M. MostaféRgdiat. Phys. Chen2005 72, 111
118.

G. Z. Wulff, Z. Kristallogr. Mineral.1901, 34, 449 530.

V. ShenoyPhys. Rev. R005 71, 094104.

W.-B. Zhang, C. Chen, &(. Zhang,J. Phys. Chem. @013 117, 21274 21280.

D. Yu, H. Bonzel, M. ScheffleRhys. Rev. B00§ 74, 115408.

A. Pimpinelli, J. Villain, in Physics of Crystal Growth (Collection Al8aclay:
Monographs and Texts in Statistical Physics), Cambridge University BegsYork,
1998 ch. 4, pp. 6069.

C. Wang, H. Daimon, T. Onodera, T. Koda, S. SAingew. Chem., Int. EQ008 47,
3584 3591.

L. M. Forbes, A. P. Goodwin, J. N. CHaéhem. Mater201Q 22, 6524 6528.

V. K. LaMer, R. G. Dinegar]. Am. Chem. Soit95Q 72, 4847 4854.

95



CHAPTERS SYNTHESIS OF SHAPEANISOTROPIC NANOMATERIALS USING
SPONTANEOUS GALVANIC DISPLACEMENT (SGD) REACTIONS

5.1  Abstract

The fundamental mechanisrog spontaneous galvanic displacement (SGD) reactions as
an advanced material synthesistinoel are elucidated to develop advanced, nanoscale materials
for use in hydrogen/renewable energy applications. -Bfatee-art (model) materials synthesis
and advanced-ray characterization are used to elucidate the fundamental mechanisms and rates
of SGD. SGD is capable of creating functional nanomaterials that cannot be obtained through
other routes and may be used to thrift precious metals used in catalysis applications. With
further advances resulting from increased understanding of the SGD grota®rials that
significantly improve efficiency and potentially enable widespread adoption of next generation
technologies like fuel cells are possible. In order to take advantage of this exciting area of novel
nanomaterial synthesis, we must developetter understanding of the SGD process and with
this knowledge design more optimal, controlled nanostructures.

5.2  Introduction

Spontaneous galvanic displacement (SGD) is essentially the combined processes of
electrodeposition and corrosion occurriogncurrently and it can be applied to synthesize a
variety of functional nanomaterials. One of the earliest reports of SGD came in 1970 when
Turkevich et al. synthesized ARd coreshell nanoparticles by displacing the surface of Pd
nanoparticles with HAGl..> The key to SGD is to use meneble metal ions in solution so that
they can be reduced by the lessble metal atoms of the template nanopartickesere the
nobility of metals under standard conditions is defined by standard reduction potéfialsn(
SGD the less noble metal is corroded as its electrons reduce the more noble metal ions in
solution; Cd atoms in a Cu nanoparticle are oxidized t6'Gu CU** as more noble metal cation
M** are reduced to Rf In this way SGD can be applied to nanomaterials and has already
demonstrated value in electrocatalysis for fuel éellfhe conversion of Ag nanoplates to Pt

nanoplates is shown in Figusel as an illustrative example: 2 Ag + PEY 2 A Cf +
PL.
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/\ -— Pt%*in solution

; \ Ag nanoplates

o Ag’ in solution

Figure 5.1 Ag nanoplates (top) may be used as displacement templates in SGD reactions to
synthesize Pt nanoplates (botta).

SGD has the potential to make shapetrolled nanomaterials that cannot be directly
synthesized like Pt nanotubes from Ag nanowims structures/compositions that cannot be
synthesized directly like bimetalli¢® or trimetallic materials? the potential to create high
surface area porous nanostructtiéSor thrift high-cost materials, for example using a Ni
nanoparticle templatetdeposit an ultrathin layer of Pt/Afiand the ability to tune structures
through the use of surfactants, metal ion size, crystal structure, or metal ion valency.

SGD reactions were systematically studied to elucidate the fundamental mechanisms of
this \ersatile materials synthesis methobh situ x-ray scattering and spectroscopy, combined
with ex situ microscopy, were used to better understand the SGD processes. With this
understanding, we will utilize SGD methods to create advanced nanoscale atabisbc
materials for renewable energy applications. Development of improved nanoscale materials
requires greater control of matter at the nanoscale, and SGD reactions offer this capability. It is
possible to synthesize shapentrolled nanomaterials b$GD reactions with a degree of
compositional control that cannot be otherwise obtained. The outcome of this research will be a

significant advancement in the field of nanomaterials synthesis with immediate potential for
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largescale application in renewigb energy technologies. Previous work has shown
nanoparticles with significantly different morphologies and structures possess very different
electrochemical properties, and can be synthesized by only slightly changing reactant

conditions*>1919

To dae, reactant temperature, solvent, reactant delivery method and
stoichiometry have all been shown to impact the structure and performance of resultant materials.
Figure5.2 is an illustrative example of Cu nanowires displaced by Pt as a function obmeacti

temperature and varied Pt delivery rHte.

Long Pt
Long Pt-Cu
280°C wires and Pt 280°C f:oated S
HEATSE wires and Pt-
P Cu particles
Shortened Pt-
Long Pt-Cu Cu wires and
200° C wires and Pt 200° C Pt-Cu
particles particles
(~18 m?p/gp)
Shortened Pt-
Long smooth Cu wires with
93°C Pt-Cu wires 93°C rough porous
surfaces
(~9 M?/ger)
Note: all scale bars are 1 micron
2000 Shortened Pt-
Cu wires *Pt delivery over 15 hours

(.1 mL/hr of 10 mMol H,PtClg in CHP)

Figure5.2 Pt displaced Cu nanowires as a function of temperature of reaction and Pt delivery
method®’

To date, little is understood of the SGD mechanigmsthe ability to control the SGD
process is limited. FigurB.3 schematically shows examples of different structures that have
been demonstrated to a certain extent through SGD when allowed to go to complete
conversiorf®??  Incomplete conversion of theokt material (not shown) offers additional
options, such as comhell structures and alloys that could be advantageous for specific
applications. While SGD has received very limited attention, a few important conclusions are
clearly apparent: 1) nanopiaie shapes and compositions are possible through SGD that are
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otherwise unattainable; 2) minor changes in synthetic reaction conditions can lead to major
morphological changes; 3) resultant materials based on more noble metals can be thrifted and/or
alloyed with the template metals; and 4) the SGD mechanism is complex, and in significant need

of fundamental study.

b. C.

B

% o

Figure5.3 SGD of Ag nanoparticles by Au typically produces hollow Au particles of identical
morphology (a). Stronger Ag surface ligands resuirregular Au nanoparticles with different
morphologies than the template tB)1:3 Au(lll):Ag SGDR stoichiometry can result in porous
shell structures, as opposed to solid shells for 1:1 Au:Ag SGDR stoichiomettySmall
spherical Ag nanopartie templates produce hollow Au octahedra, as opposed to hollow Au
spheres (dj?

The understanding, and hence control, of SGD synthesized nanomaterials remains a
challenge, limiting their application. The goal of this research is to better understantbSGD
control the SGD process to create functional nanostructures with desired performance with a

focus on electrochemical catalytic activity.

5.3  Experimental

Nanoparticles will serve as the primary model system, as displacement templates, due to
their spéial symmetry and the ease with which they can be obtained or synthesized. Ag
nanoparticles were synthesized using a previously published wet chemical reduction s¥hthesis.
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Briefly, 5 mL of 20 mg/mL AgNQ in ethylene glycol (EG) was added dropwise oixgo

minutes to 15 o of a 0.30 M solution of 29k MW polyvinylpyrrolidone in EG heated at 120 °C.

The addition occurred over 2 minutes, and the reaction continued for another 3 minutes. These
nanoparticles as well as commercially available Ag nanowiregs weed as single crystalline
displacement templates for SGD reactions. Though using Ni, Cu, and Ag as template metals and
Pt, Au, and Ir as displacement metals would provide a wide range of reduction potentials and
crystalline lattice spacings, two doraint parameters affecting the materials synthesized by SGD
reactions, time constraints limited the investigation to using Ag as a template and Pt as a
displacement metal. The renewable energy applications of Pt SGD synthesized materials are
significant beause Pt is the best electrocatalyst material for both oxygen reduction in hydrogen
fuel cells and hydrogen production in photoelectrochemical cells and electrolyzers.
Displacement procedure was modified from one previously reported to occur over 2 hours.
Briefly, Ag nanoparticles were dispersed in DIHto 1 mg/mL and heated to 90 °C. The mass

of K,PtCl, required for a 50% molar excess of Pt was dissolved in a small quantity ofDI H

and added with a syringe pump over a 2 hour period. Aliquots wereved at regular time

intervals for ex situ measurements.

54  Results and Discussion

Materials were characterized with high resolution transmission electron microscopy
(HRTEM), x-ray scattering and spectroscopy, and atom probe tomography to elucidate the
mechanism of SGD Microscopy, focusing on resolution near the atomic scale, was used to
probe morphology and composition of materials, complementing-tag gxperiments. Figure
5.4 showsHRTEM and elemental mapping of microtomed Pt nanotubes syrdldeiam Ag
nanowires. The crossections shown in Figuie4a show that the pentagonal morphology of the
parent Ag NW has been maintained, however the resultant structure is highly porous and made
up of many crystallites. Figu®4b shows that signifigd fractions of Ag remain unexpectedly
well dispersed throughout the sampkimilar microscopic analysis performed at various stages
of the SGD process shown in Figus® provide further insight into the displacement process.
The majority of the dispizement of Ag by Pt occurs between 2 and 10 minutes, though residual
Ag remained in the nanotubes. Washing with HMénoves the majority of this silver, leaving

behind a nanotube primarily composed of Pt.
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Cross-section Lengthwise Cross-section

Figure5.4 a) TEM cross section of a Pt nanaubade via SGD of a formerly solid Ag nanowire.
b) Elemental mapping of Pt (red) and Ag (green) in the displaced nanowire.
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Figure5.5 Pt wt% as a function of reaction time and cleaning with EINO
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