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Abstract

Synthesis and Catalytic/Optical Properties of
Dealloying-Based Porous Nanoparticle and

Plasmonic Nanogap Nanoparticle

Minho Kim
Department of Chemistry
The Graduate School

SeoulNational University

Nanoporous metallic structure, which are composed by a-tlmsEnsional open

cell network of interconnected ligaments on the order of 10 to 100 nm, are very
promisingmaterials in various applications such as catalysis and semsing to

their high surfacdo-volume ratioand excellent surface reactivityEspecially
nanoporous gold (Au) structures have been attracted much attéotipractical
applications due to thgood chemical/biological stabilityunique mechanical
rigidity, electrical conductivity and high corrosion resistancBreviously the
porous materialflave beermade by casting into the interstices of microphase
separated block copolymers, colloidal crystal, -asembled surfactants, and

biologically formed porousskeletal structuresRecently, with the advent of



nanotechnology, a dealloying which is defined as selective dissolving of the less
stable metal elements from all@ystemhas been used as a processing tool to
fabricate the weltontrollable nanoporousietallic structuresBy many effortsin
theoretical and experimental steg the nanoporous metallic structures have been
well-defined andprecisely controlled, andheir structuredependent properties
havealsobeeninvestigated lot.

For recent decadgegarious studies and techniquesve beemeported and
developedor fabricatihg wellcontrolled nanoporous metallic structures, however,
most of nanoporous metallic structurm® mainlyfocused on the threer two-
dimensional structurewhich have limitations for specific applications such as
nanomedicine, drug delivery, and labeling in biosensitrg. contrast, the
nanoporous metallic nanoparticles are most promising materials for bioneaatical
sensingapplications due to thelargesuface which is capable for loading of drug
and targeting molecule, and their tunable and unique SPR properties for enlarging
the sensing signal. Furthermore, those nanoparticles are relatively easy and fast to
synthesize and is also highly capable for n@ssluction, resulting in in practical
applications. However, the precise and reproducible synthesis of nanoporous
metallic nanoparticle (especially in Au) is quite difficult and have rarely been
reported because the fabrication afniform alloy nanopartites with suitable
composition and size is still quite challenging due to the different chemical
properties of each metal elemen®ithough some recent studies cover the
fabrication of nanoporous metallic nanoparticle, those synthesis methods need
complexroute such as annealing process, and resulting products are usually not
uniform in size, which cannot provide reproducibility and reliability in sensing
application.Therefore, it is still highly challenging tpreciselyand reproducibly
synthesizethe unform and pore/ligament sizentrollable nanoporous metallic

nanoparticles for utilizing them to a wide range of applications.



In this thesis,dealloyingbased synthetic strategies to fabricate highly
porous nanoparticles and plasmonic interianogap nanoparticles apeesented
These facile andtraightforwardsynthetic strategies allow us to manipulate the
nanoporosityand interior nanogap lvich highly affect to catalytic performance and
optical signal enhancementBy introducing cereduction chemistry and by
adjusting the Ag to Au ratio, the atomic distribution of Au carhnigély controlled
in Au-Ag alloy shells, resulting in nanoporous Aanoparticles with different
porosity via dealloying processUsing the Au core/porous shell nanoparticles
which contain networked thin ligaments, surface defects with-aeelirolled
nanoporosity, the porosiyependent catalytic activity is investigat®dhen Ag to
Au ratio is further adjusted during teduction chemistry, Adg dealloyed
nanogap nanoparticles with interior nanogapbe formed despite of the absence
of an interlayer, such as DNA, silica ore polymer layix dealloying process.
With dealloyed nanogap nanoparticles of which size of -dediined interior
nanogap is as smaller as ~2 nm, quantitative studies for serfiaemced Raman
scattering (SERS) are investigatéd.addition, estimation of enhancement factor
and polarizatiordependent SERS property are also carried out in spayficle
level. Finally, highly quantitative DNA detection and highly sensitive/selective
target cell imaging is presented using the-foiactionalized interioinanogap
nanoparticlesUnderstanding anditilizing the relationships betweeattealloying

based structural changes andatalytic/optical properties in highly controlled

nanostructures can give advanced insight in designing and synthesizing the desired

nanostructures for the targeted applications.

The chapter Iprovides an overview and perspective of recent advances in
the use of dealloyinrhasedhanoporou®\u nanostructures for various applications.
Next, the mechanism @volution of nanoporosity from A#Ag alloy system
during dealloying isintroduced Because the morphologiege.g, size or

distribution of pore/ligamentpf nanoporous metals obtained from dealloying
i



process are highly influenced by th#ealloying condition, such as alloy
composition, dealloying time, temperature, kinds ofutsons, and intrinsic
property of noble metalshe effects of dealloying conditions in adjusting structure
of dealloyed nanoporous metals are also discudsadlly, variousexamplesof
nangorous Austructuregproduced by weltontrolleddealloyingprocessand their
representativapplications are introduced and discussed.

In chapter 2a facile and straightforward synthetic strategy for controlling and
forming Au core/porous shell nanoparticles (CPS NPs) by a selective dealloying (Ag
etching procss) process of Au/AlAg core/alloy shell NPs (CAS NP® presented.

The shell of CPS NPs contathnetworked thin ligaments, catalyticalitive surface
defects and ultrhigh porosity throughout the shell. Using the robust CPS NPs, the
porositydependencatalytic activity with a welknown chemistry [the reduction of 4
nitrophenol (4NP) by sodium borohydride (NaBHnN this caselvasinvestigatedThe

CPS NPs exhibid a very short induction time, high conversion rate constant, low
activation energy and high turnover frequency due to their catalytically active porous
shells containing networked thin ligaments, surface defects;higtiaporosity The
CPS NPscould further enhance the catalytic reactivity due to their photothermal
activation. In addition, the highly porous CPS NPshowed much better catalytic
performance in comparison withalvanic replacemetitased Au core/hollow shell
nanopatrticles (CHS NPRs)

In chaper 3, a highly controllable dealloying chemistry for synthzasig
Au-Ag dealloyed nanogap nanoparticles (DAG NPs) with a dealloyed interior
nanogapis presented. fe interior nanogap was formed as small as ~2 nm and
controlled without the need for amterlayer, such as DNA, silica or polymer laye
in the gap in a high yield~05 %). Owing to the strong electromagnetic field
enhancement in the nanogap, DAG NPs facilitate generation of strong, tunable, and
reproducible SERS signals with narrowly distiied enhancement factori

addition,the SERS signahtensity from DAG NPslinearly increase as particle
iv



concentration increade allowing for highly reliable, quantitative SERS.
Importantly, singleparticle laser polazation study suggests that tBERS signals
from a DAG NP are polazationindependent, which is critical in getting
reproducible signals from individual particlésnally, the bio-functionalzed DAG

NPs showed that they can be used wWsasensitive, highly quantitative DNA
detection probes and targeted cell imaging probes with high sensitivity and

selectivity.
Key words: Dealloying, Nanoporous Gold Structure Catalytic Reaction,
Plasmonic IntericNanogap structure SurfaceEnhanced Raman Scattering

(SERS) DNA Detection, Cellmaging.
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1.1. Introduction

In human historyanfial | oyi ngo played a very import
0 Br o n z and & @miduous progress of alloying technology is still leading the
devel opment of mankind to this day. Al so,
defined as selective dissolving of the less stable metal elements from alloys, has
also been well knowior more than a century in the context of corrosion. In the
Civil War era, however, it has been considered as a materials phenomenon to be
avoided because the dezincification of brass was identified as a major failure
mode! Thus, dealloying remained a roajcorrosion problem. With the advent of
Ananoo, however, the deall oying has much
recent, which forms porous materials, such as nanop@uouBt,Pd,Ag, Au, etc?
6 Furthermore, the dealloyed nanoporous metallic structures, \ahéatomposed
by a threedimensional (3D) openell network of interconnected ligaments on the
order of 10 to 100 nnfFigure 1.1) have been widely applied in the field of
catalysis, sensingyptics, etc due to their high surfadge-volume ratio, surface
reactivity, chemical/biological stability, mechanical rigidity, electrical conductivity,
and high corrosion resistant®.

Previously, the porous materials were made by casting into thetiogs
of microphaseseparated block copolymers, colloidal crystal, -asembled
surfactants, and biologically formed porous skeletal structtitésill of these
techniques can control the pore size and microstructure of the desired porous
materials;however, the dynamic control of the length scale is virtually impossible.
Moreover, the methods for the fabrication of metallic nanostructure are very few
and are also challenge. In this respect, dealloying, which can produce a 3D porous
material with bicatinuous ligamenpore structure, has attracted enormous

interests and still being intensively studied.



Since 1926, the porous metallic materials obtained from the dealloying of
Al-based alloys, named as RANEY® metals, have been started to use as
catalysts’® These catalysts are widely applied in industrial processes, (
hydrogenation reactions); however, the exact mechanism of evolution of porosity
during dealloying, and the structurelated properties of the formed
microstructures were less studiedlamderstood® To understand the fundamental
aspects of alloy corrosion, in the 1960s, the rigorous mechanistic studies of the
electrochemical dealloying (corrosion) behaviors of dmdded alloys were
investigated by Pickering and SwatirFor the firsttime, they used transmission
electron microscopy (TEM) to observe the resulting nanoporous structures with a
feature size of ~10 nAf.!® By using electron microscopy, in the late of 1970s,
Forty observed the detailed look of the freestanding nanoporoustrcture,
which had a pore size of approximately 20 nm and was obtained from the
dealloyed AuAg alloy in HNG:.? Following this, the specific studies of the
dealloying process of AAg alloys were continuously investigated in the 1980s
and 19904%2°With the help of modern technology and advanced technigugs (
electrochemical scanning tunneling microscopy), two key parameters associated
with deall oying were suggested: (1) Apart
parting limit is defined athe proportion of the noble metal in an alloy above which
dealloying cannot occur, which means that only alloys within a certain range of
compositions can be dealloy&din case of AuAg alloy system, the dealloying
does not occur when the composition Ad is lower than 55 at%. When the
composition of Ag within the AW\g alloys is lower than the parting limit, Ag
atoms will not be dissolved but be passivated by Au atoms due to the higher
coordination by Au atom&.The critical potential is defined as altage threshold
above which the dissolution current rises dramatically, resulting in dealloying
reaction??2* The critical potential is dependent on the electrolyte, additiegs (

halides), and initial composition of the alloy precurgéf:* In addition, the
3



advanced study of the pore formation process during dealloying was performed by
usingin situ neutron scatteringf. In 2001, Erlebacher and -wworkers successfully
suggested an atomistic model which illustrated the evolution of nandyorosi
during dealloying of the A\g alloy by using a kinetic Monte Carlo modéIThis
pioneer work is believed as a breakthrough in the field of dealloying reaction
because it could act as a bridge between the traditional electrochemistry efforts
(e.g, sufface gilding and protection) and the most advanced nanotechneagy (
fuel cell and catalysis). Subsequently, a series of important studies, which focused
on fabricating various nanoporous metallic structures and their potential
applications in sensing;atalysis, plasmonicgtc, have been steadily conducted
until these day&3!

In this chapter, mechanism of formation of nanoporosity during dealloying
reaction, effects of dealloying conditioria adjusting size of pore/ligament
structures, fabrid®ons and applications of nanoporous Au nanostructures are

introduced and discussed.



1.2. Evolution of Nanoporosity during Dealloying

Although much effort have been tried to understand the dealloying process, the
precise mechanisms which can explathe evolution of nanoporosity during
dealloying is unclear. In 2001, Erlebacher andwookers proposed a kinetic
Monte Carlo model to simulate the dealloying process eA4ualloys, which was
able to reproduce all relevant experimental trends chard@islealloying, both
morphological and kineti€. This model is composed with three competing
processes: (1) the dissolution of the less noble element (Ag), (2) the surface
diffusion of the noble element (Au), and (3) the capildriven surface relaxian
(coarsening§’*? By considering a (111) facet of an Ag alloy as an initial
condition, the evolution of nanoporosity during dealloying can be described in the
following way.

When the AuAg alloys are immersed in the dealloying solutiang(
nitric acid), a less noble element (Ag atom) on the topmost surface is start to be
dissolved(Figure 1.2a) Once Ag atoms are dissolved, other Ag atoms that were
laterally coordinated to the dissolved one have fewer barelsl¢w-coordination
site such asstep edges), thus they are more susceptible to be dissolved in
comparison with higltoordinated Ag atoms in the bulk staté® Consequently,
the etching reaction spreads laterally on the top most layer. In here, the rate
limiting step of nanoporosity eudion is the dissolution of the Ag atom from a
high-coordination site such as terraéeéMeanwhile, the noble element (Au atom)
in the topmost terrace rapidly passivates theefaned surface sites by surface
diffusion, forming clusters (islands) by aggieration(Figure 1.2b) When the next
layer is etched, clusters are further agglomerated to reduce a surface energy.
Eventually, a characteristic spacirlg,between Au clusters is establisiééf. In
addition, because the clusters are always presenténvdistancek away, Au

atoms which are released onto the terrace of second layer would diffusd#sé¢he

5



of the clusters formed in the first layer. As dissolution occurs layer by layer the
surfacediffused Au atoms steadily passivate thedomordination sites, which lead

to the surface roughenir(&igure 1.2c) As dealloying further continues, there are
insufficient Au atoms to totally passivate the increasing surface area of the noble
metatpassivated mounds. Eventually, the insufficient Au atoms erstinface of
mounds make the mounds to be undercut and bifurcate, resulting in ligaments
(Figure 1.2d) The cycle of undercutting/bifurcation leads to the generation of
nanoporosity within the A\g alloys, and the surface area increases as 3D
nanopores/iaments are formefFigure 1.2e) Actually, the resulting structure is

not a porous material which contains only noble gold, but rather a porous alloy
whose surface at the atomic scale is comprised of steps passivated with noble
element and terraces of tlaloy composition i(e., the ligaments have Arch
surfaces and Agch interiors)®?> Due to the capillandriven surface relaxation
process (coarsening), the Agsidues within the ligaments interiors are
continuously exposed and dissolveth further dealloying, resulting in the
bicontinuous nanoporouAu structure (Figure 1.2f)*® Naturally, the dealloying
reaction are stopped if the sample is transferred from the etching solution to

water?®



1.3. Effects of Dealloying Conditions

Nanoporous metalstructures obtained from dealloying process are highly
dependent on the dealloying condition, such as alloy composition, dealloying time,
temperature, kinds of solutions, and intrinsic property of noble metals. In addition,
these dealloying conditions rdsun the different morphologiese(g, size or
distribution of pore/ligament) of dealloyed nanoporous metal structures. To obtain
the desired structure for the specific performances, it is necessary to know the
effects of dealloying conditions for the foation of nanoporous metal structure. In
this respect, it will be introduced how the dealloying conditions affect to the

formation of nanoporous structure in this section.

Alloy composition

As mentioned in previous section, the proper composition ofnti#e metal
element iie., parting limit) is required to form nanoporous metal structure. When
the composition of the noble metal elemeng( Au atoms in AuAg alloy system)

is too low in the alloy system, the resulting structure would not maintain its
structure due to the lack of noble metal element, resulting in collapsed by
dealloying. On the other hand, if the composition of the noble metal element is too
high in the alloy systenthe less stable metal elemeatg, Ag atoms in AdAg

alloy system) wuld not be dissolved but be passivated by the higher coordination
by noble metal element. For example, the composition of Au irAdalloy
system should be between 20 and 45 at% to provide the uniform formation of
continuous nanoporous structdfé’ In addition, the alloy composition highly
influence to not only the initiation of dealloying but also the pore/ligament size of
the dealloyed nanoporous metal strucfif@lt was observedhat the nanoporous

Au structure obtained from electrochemical t®ahg of AucAgso exhibited a
mean pore size about twice as large as the ligament size. This result is markedly
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different from the pore/ligament size of nanoporous Au structure obtained from
chemical dealloying ofAussAges alloy precursof® Because the r@gin of the
nanoporosity is based on the dissolving of less stable metal element within the
alloy system, it can be concluded that the more Ag content within the alloy
precursor would produce more vacancy in the fabricated nanoporous Au structure.
Besicke the parting limit, in dealloying reaction, two important key should
be satisfied to prepare uniform nanoporous metal structure: (1) The metal
components within alloy system should be single phase solid solution, (2) The
electrochemical potential shoula lfar difference between metal components. If a
binary alloy is not a single phase solid solution across all compositions as like Au
Ag alloy system, a twgphase or multiphase alloy system cannot generate the
entirely uniform nanoporous metal structure dese the corrosion rate is
difference according to the alloy phase. Whegldh alloy is rapidly solidified, it
is composed of APd and AdPd: intermetallic compound¥. By the chemical
dealloying of this alloy in HCI or NaOH dealloying solution, theRP& phase is
not dealloyed while the APd phase can be dealloyed to form nanoporous Pd
structure’® This different tendency for the corrosion results in a composite material
composed with different kinds of nanoporous structures or different pore/ligamen
size distributions. If the electrochemical potentiatween two metal elements is
not far different, dealloying reaction hardly occurs even though the alloy precursor
is single phase. For example, the preparation of nanoporous Pd structure from
singlephase PdCu alloy precursor is difficult in the aqueous electrolyte because

the difference of electrochemical potential between Pd and Cu is small.

Dealloying time
To obtain complete 3D nanoporosity from dealloying reaction, it should be needed

enough time for dealloying solution, which selectively dissolves less stable metal



elements, to penetrate the entire alloy precursor. Naturally, the dealloying time
increasesas the thickness of alloy precursor increases. For example, in case of
dealloying of 100 nnthick Au-Ag alloys, only very short dealloying time (around

3 min) is required for the complete dealloying by free corrosion in concentrated
HNOs.#* However, the dalloying time became longer up to 10 h when the
thickness of alloy precursor increased to@82° Because the dealloying time for

the complete dissolving less stable metal elements is highly dependent on the
dealloying rate, the dealloying time requiredaiso adjusted according to the alloy
systems. Interestingly, the dealloying time also affects to the size of pore/ligament
of resulting nanoporous structures; in general, the longer dealloying time provides
the larger pore/ligament size. Dimgg al. repated that the pore/ligament size of
nanoporous Au nanostructures obtained from dealloying eAdualloys (50 wt%

of Au) in concentrated HNgQincreased from ~8 nm to ~40 nm when dealloying
time was extended from 5 min to 24°%1n case of the formation efanoporous Cu
nanostructures by dealloying of §Mnzo in 25 mM HCI, the pore size increased
from ~15 nm to ~120 nm as the dealloying time was extended from 30 min to 32
h.42 Even though the less noble metals were almost dissolved from alloy precursors
due to the enough dealloying time, the pore and ligament size still coarsens if the
resulting nanoporous structures are steadily contact with the dealloying solution.
This is because the surface noble metals, which are not dissolved by the dealloying
solution and are diffused on the solid/solution interface, have a tendency to reduce

their surface energy by forming largized ligament$’

Dealloying temperature

Because the mechanism of the formation of nanopore ligadchents during
dealloying is highly correlated with the surface diffusivities of the noble metal

element, the pore/ligament size of the dealloyed porous structure are usually



influenced by the dealloying temperature. Generally, the pore/ligament size
increases as dealloying temperature increases because the high temperature would
accelerate the diffusion rate thfe less stable (dealloyiragrtive) metal component
dissolved and the surface diffusivity of the noble (dealloyivagtive) metal
element. Accalding to the reported literatuféthe nanoporous Au structure with
ultrafine pore/ligament structure (~7 nm) was obtained by dealloying R8s

alloy at a low temperature20 °C) for 4 h in concentrated HNOHowever, the

size of pore/ligament incased to ~15 nm and ~28 nm when the dealloying
temperature was changed to 0 °C and 25 °C, respectively. Based on the
experimental results and the known parameters, the calculated diffusivities of Au
atoms in HNQ at -20 °C, 0 °C, and 25°C were 9.0 x ) 1.5 x 1¢, and 2.0 x

101 m?s, respectively¥>** These results indicates that the diffusivity of Au
atoms at alloy/electrolyte interfaces was increased up to two orders of magnitude
when the dealloying temperature was slightly changed i@ °C to 25 °C,

resulting in a coarsened nanoporous structure.

Nature of noble metal

As mentioned above, the surface diffusivity of the noble metal element at
alloy/electrolyte interface can influence to the pore/ligament size of the resulting
dealloyed nanoporous structures. The surface diffusivity during dealloying process
is not only alered by dealloying temperature but also the intrinsic diffusivity of
noble metals. From the reported literature, the surface mass transfer diffusion
coefficients in vacuum at room temperature (298 K) are highly dependent on the
nature of noble metaB.6 x 10?2 for Pt, 1.1 x 1@°for Pd, 2.2 x 1&° for Au, and

1.1 x 10 cm?st for Cu*4*°In case of Ag, the surface diffusion is two orders of
magnitude faster than that of Au in vacuthitherefore, the noble metals of which

surface diffusion coefficient is high (Pt < Pd < Au < Ag < Cu) can generate the

10



largessized pore/ligament structure in the same dealloying condition. For this
reason, under the same dealloying conditions, nanoporossueture obtained
from dealloying of PtAl alloy exhibited the smailzed pore/ligament (less than 10
nm); however the pore/ligament size of nanoporous Au and nanoporous Ag
structures obtained from dealloying of AuAl and AgAl alloys were increased to

60i 80 nm and 100120 nm, respectively/.

Dealloying solutions

Besides temperature of dealloying solutions and nature of noble metal, the kinds of
dealloying solutions also strongly affect to the surface diffusivity of the noble
metal element during deallimg. According to the reported literatufe the
diffusivities of noble metals increase when the halogen ions BE] and 1) are
adsorbed on the surface of alloy precursors. For this reason, the nanoporous
structure obtained from the dealloying of-Bdsed alloys was coarsened in the
presence of the halogen ions during dealloyfig. addition, Zhanget al. found

that the diffusivities of Au increase in the order -0fIBr- > CI- when the halogen

ions are adsorbed during dealloying reactfolhus, he nanoporous metal
structures obtained in HCI solutions usually exhibit a larger ligament size than
those obtained in NaOH solutions due to the halogerrilmhged increase of
diffusivities of noble metal’

The conventional dealloying reaction usuabtigcurred in the aqueous
solutions; however, other solutions.d, ionic liquid, supercritical Cg organic
solvents, and molten metals) have also been used for the advanced dealloying
reaction2®®? In general, the fabrication of nanoporous Pd structure frorCuPd
alloys is difficult in the conventional aqueous electrolyte because of the small
difference in the electrochemical potential between Pd and Cu. Howewaral.i

successfully fabricated ¢h nanoporous Pd structure from -€d alloys by
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introducing ionic liquid butyl-3-methylimidazolium tetrafluoroborate as a
dealloying solutior?? In the presence of ionic liquid the less stable metal element
(Cu) was selectively dissolved by forming compiens into the electrolyte, which
increased the surface diffusion of noble metal element (Pd), resulting in formation

of a nanoporous Pd structure with a large ligament size (~63 nm).
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1.4.Fabrications of NanoporousGold Nanostructures

Up to date, vaous alloy systems have been employed to prepare nanoporous metal
structure, such as A8u, Ni-Au, Al-Au, Zn-Cu, Al-Cu, Mn-Cu, Ni-Cu, Al-Pt, Cu

Pt, CuPd, etc®*>* Besides the binary alloy system, recently, ternary alloy systems
(e.g, Ni-Cu-Mn, CuFe-Al, Cu-Ag-Au, PtRU-Al, etc) have also been developg&d.

%8 All these starting alloy materials result in nanoporous metal structures; however,
some materials suffer from the raniform and norstable structures due to the
differences in their phase diagrandifferences in lattice constants of the alloy
constituents, and the different tendencies to passivate during deafibyinmng

the alloy candidates as starting materials;Afualloy system, which is scalled
Asolid solutiono, h tewntien irb @& eariousrfielce@j v e d
catalysis, electrochemical/optical sensing, actuatein) because its dealloyed
structure ie., nanoporous Au structure) exhibits many advantages, such as
chemical/biological inertness, ease in fabrication, and unique
catalytic/optical/mechanical properti€¥. In addition, nanoporous Au structures
are homogenous throughout the entire materials because starting matea (Au
alloy) is single fcc (faceentered cubic) crystal phase regardless of the
composition of tk alloy, that can be dealloyed to >99%rom this section, hence,

the synthesis and applications of the nanoporous Au nanostructures obtained from

Au-Ag alloy system will be mainly introduced.

Nanoporous Au thin films

To fabricate 2D metallic thin filmstructures, several techniques.g, thermal
evaporation, sputtering deposition, electrochemical plating, etc) have been widely
applied®*%! In particular, 2D structure of singjghase AuAg alloy system should

be needed to fabricate the nanoporous An ftms. For example, Kimet al.
fabricated nanoporous Au thin films on Si substrate by chemicat@tdemical
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dealloyingprocesg(Figure 1.3f2 To prepare singiphase AvAg alloy thin film,

Au and Ag were consecutively deposited as multilayers of up to 500 nm thickness
on a Si substrate by using vapor deposition technique, then the multilay4y Au
films were annealed at 310 to 400 °C for vagdimes up to 96 h under air or Ar.
During annealing process, multilayer g films converted to AtAg alloy films

as forming singlephase solid solution. Dealloying was then performed using either
a chemical or a controlled electrochemical dealloyingho@étwith HNG and
HCIOQ,, respectively. Moreover, nanoporous Au thin films showing significantly
less cracking in tens of millimeters and ligament size under 10 nm were
successfully fabricated by careful control of dealloying conditions, such as
chemical cepositions, heat treatment, dealloying methods, and electrochemical
dissolution rate.

When 2D alloy this films are dealloyed on the hard substetg Si
wafer), it generally shows large densities of gilaoundary cracks and lattice
defects within thenanoporous structures due to the surface tension and stress
during volume shrinks. This phenomenon leads serious problems for the
applications required a reproducibility and reliability. Also, the conventional
vapordepositiorbased fabrication technigdier the preparation of alloy precursor
is incompatible with some of the polymeric substrates, thus it limits the dealloyed
nanoporous thin films not to be used for wide applications. To overcome these
drawbacks, Dinget al. discovered that a commerciallyalable 12 carat white
gold decorative leaf (Af\g, 1:1 ratio by weight) can be dealloyed at room
temperature by a simple chemical process (floating wgutd decorative leaf onto
the concentrated HN{D (Figure 1.4¥° The chemically dealloyed frestandng
nanoporous Au leaf showed no surface cracks and lattice defects throughréage
thus 3D interconnected ligaments were highly conductive. In addition, a very thin
free-standing porous material (~100 nm thick) is beneficial for the application in

electrode because they may be attached to a variety of substrates. Moreover, as
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fabricated nanoporous Au leaf is suitable for various applications such as catalysis,
sensing, and filtration owing to its excellent mechanical rigidity, chemical stability,

and bocompatibility.

Nanoporous Au nanowires and nanorods

Until now, a templatdbased synthetic strategy has been widely used for the
synthesis of nanoscale nanowires and nanorods with inherent nanoporous
structure$® First of all, to fabricate nanowirer manotubeshaped nanoporous
Au structure, the starting materials (Ag alloys) should be formed in the shape
of nanowire and nanorod. The anodic aluminum oxide (AAQO) is the most
commonly used template for the preparation ofAgualloy nanowire/nanoro.
For example, Jét al.fabricated nanoporous Au nanowire by astep process: (1)
electrochemical deposition of a singlhase binary AtAg alloy nanowire into a
nanoporous template (AAO), (2) etching of the less noble component (Ag within
Au-Ag alloy) to form nanoporous structuf&igure 1.5a) In typical, Au and Ag
ions were electrochemically reduced and deposited into the Cu electrode which is
attached AAO. By help of an AAO template, the nanowhaped AtAg alloy
structure can be formed. The #\g alloy nanowires were then stripped from the
template by dissolving Cu film and AAO template in the GIMBTI and KOH
solution, respectively. Finally, nanoporous Au nanowires were prepared by etching
of the Ag atoms in concentrated nitric acid. The rasgltianoporous Au nanowire
showed large surface area as high as 6@ and the surface morphology of the
porous nanowires were controlled by the composition of Au and Ag within
nanowire alloy and subsequent thermal annealing.

In addition, nanopmus Au nanotubes have also been fabricated by using
Ag nanowire as templaté$.Gu et al. fabricated novel metallic nanoporous

nanotubes based on an effective combination of nanocrystal growth and surface
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modification (Figure 1.5H). To synthesize the AAg alloy as a starting material,
firstly, Au atoms were deposited on the Ag nanowire surface with the presence of a
cetyltrimethylammonium boromide and ascorbic acid as a surfactant and reducing
agent, respectively. Next, -psepared starting material wvent dealloying
process to completely dissolve the Ag atoms located inner (pure Ag nanowire) and
the surface (AtAg alloy), finally, the nanoporous Au nanotube with porous
surfaces and hollow interiors was obtained. Also, the 1D nanoporous structure was
modulated by controlling the dealloying steps, such as nanowire growth, surface
modification, and thermal diffusion. These tubular nanoporous structures showed
not only very high surface area but also distinct optical properties, which can be

attractive fo sensing and biomedical applications.

Nanoporous Au nanopatrticles

Besides the AAO and Ag nanowires as a template for the preparation of 1D
nanoporous Au nanostructures, polystyrene (PS) beads have also been used as
template to form nanoporous Au nanojmdes/®’* For example, Nyceet al.
reported the PS templabased synthesis of hierarchical porous Au particles
(Figure 1.6a and by At first, Au atoms were deposited on PS beads (10pon1

in diameter)via electroless deposition in the presence of stabilizer (polyvinyl
(pyrrolidone), PVP), then Ag atoms were also deposited enoated PS beadsa

same process. Next, AAg/PS core/shell particles were heated in an inert
atmosphere at 400 °C to remove tH& template and to form Aag alloy shell. To
begin the dealloying process, alloyed-Ag hollow particle was placed in a nitric
acid solution, which resulted in hollow nanoporous Au shells of which dimensions
are roughly 9.6um in diameter and 200 nm thicknd surface area are 1.48gtt.
Recently, Zhaet al. synthesized monolithic nanoporous Au in the form of disks of

subwavelength diameter and sdB0 nm thickness by following PS template
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based synthesis route: (1) formation of a monolayer of PS losaals alloycoated
S substrate, (2) ©plasma shrinkage of the PS beads and Ar sputter etching to
form isolated alloy disk, (3) selective dissolution of PS beads by chloroform, and
(4) formation of nanoporous Au disks by dealloyiffggure 1.6€¢j).”* In addition,
same group also fabricated nanoporous Au disks with a nanoscale internal porous
network produced by the combination of lithographic pattering and dealloying
process. By controlling thermal annealing steps and adding hagidgskBr and
K1) during dealloying step, the morphology and plasmonic resonance of the
nanoporous Au disks were precisely controlle Also, Wanget al. fabricated an
perfectly ordered 2D array of nanoporous Au hanoparticles by using a combination
of a-ddwm@ a gspbst@mtecenformal imprint lithography) and tow
Abotupom approaches ( de’ihis techmigge alowetl fod e al | oy |
the control of particle size, particle spacing, and pore/ligament size by controlling
the period of the structure, total midayer thickness, and the thickness ratio of the
asdeposited bilayers.

Recently, the templatieee fabrication of nanoporous Au nanoparticles has
also been realize®.’® Li et al. reported the dealloying of nobfaetal (AuAQ)
alloy nanopatrticles by wet-chemistry(Figure 1.7ae).”® Firstly, the citratecoated
~40 nm diameter Al\g alloy nanoparticles of nominal composition oAghgo.2s
were synthesized by a -teduction of Au/Ag precursor, and thenssthesized
alloy particles were annealed at 40C for forming homogeneous alloy
composition. Finally, singlphase AudAg alloy nanoparticles underwent
dealloying process to yield nanoporous Au nanoparticles. Unlike the dealloying
from coreduced AvAg alloy nanoparticles, Au/Ag core/shell nanoparticdas be
also starting materials to yield nanoporous Au nanopartitlgs. and ceworkers
reported a dealloying process for the fabrication of nanoporousgAalloy
nanoparticles from core/shdliped nanopatrticles, which were encased in ultrathin

hollow silica (Figure 1.74l). At first, Ag atoms were depositezh the Au coe
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nanoparticles, and then SiQayers were formed on the Au@Ag core/shell
nanoparticles. Next, these nanoparticles were then subjected ttehipgarature
annealing (950 °C), which converted Au@Ag core/shell into the fully alloyed ones,
which is referredas AuAg alloy@Si@ By following the selective etching of Si
layer and Ag atoms, porous AAg nanoparticles encapsulated in the ultrathin
hollow silica shell were formed in high yield. By help of an ultrathin hollow silica
shell, these porous metal nandjdes do not need any conventional organic
capping ligands for stabilization, thus resulting materials with clean surface are

beneficial to the high accessibility of the target molecules desired to attach.
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1.5. Applications of Nanoporous GoldNanostructures

Catalysis

In 2006 both group& ’® independently investigated the catalytic oxidation of
carbon monoxide (CO) with molecular oxygenz{@nd detected high catalytic
activity of nanoporous Au structure at temperatures even below Bré@iously,
almost Aubased catalysts are often supported on reducible oxédgs TiO. or
Ce)"8% however, this unsupported Au nanostructire, (nanoporous Au) can
be catalytically active by itself. In addition, the ligaments size in nanoporous A
relatively large (30 to 40 nm), which is about ten times larger than the upper size
limit of 5 nm commonly considered as being essential for catalytic acthitit is
believed that the low coordinated Au atoms are supposed to bind moleculan oxyge
more strongl§* and the activation of molecular oxygen at low coordination site is
the origin of the excellent catalytic activity of nanoporous!Mesides, other
group suggests that while the catalytic behavior of nanoporous Au can be explained
by the surface chemistry of pure Au, the small quantities of Ag can also play a
crucial role in the activation of molecular oxygérRecently, Fujiteet al reported
an atomic origins of the high catalytic activity of nanoporous’ Authis study, a
high densiy of atomic steps and kinks is observed on the curved surface of
nanoporous Au structure by using spheralagrraion-corrected TEM and
environmental TEM. These defects are usually observed in the samalparticles
of which size is3i 5 nn1 however, theywere also clearly observed in larggized
nanoporous Au even when its feature lengths were larger than 30 nm. This
observation also provided compelling evidence that such surface defects are active
sites for the catalytic oxidation of CO and residual shgbilizes the atomic steps
by suppressing111} faceting kinetics.

The oxidation of harmful CO to the nonhazardous GQ@ery important in
exhaust gas cleaning. To evaluate the catalytic reaction of nanoporous Au,
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Baumeb group used the CO oxidation as a test readfiagure 1.8a and B}’782

The catalytic reaction (CO oxidation) by using nanoporous Au structure was
initially catalytically inactive; however, the reaction was activated when the
nanoporous Au structureas exposed to a gas stream containing CO andt O
elevated temperatures (>60 °C). During the first 2 to 3 hours, the catalytic activity
was gradually increased and reached a steady(5igtee 1.8a)In addition, they
found that the adsorption of COrigte limiting step, because of (1) a large number
of available sites for adsorption or (2) a weak interaction caused by the low
adsorption enthalpy. Similar to the reported restiftéinterestingly, CO oxidation

was highly influenced by the Ag contenitiwn nanoporous Au: The reaction could

be increased when the Ag content was increased (up to 11(Rigaye 1.8b)
However, the Ag content was not able to affect to the kinetics even though the
overall catalytic activity was modulated as Ag content iaseel. These findings
suggest that Ag content act as a positive role for the CO oxidation but that cannot
change the reaction mechanism.

Together with catalytic properties at very low temperature, nanoporous Au
can also be a highly selective catalyst. Beeathe high selectivity of chemical
reaction ensures the effective use of resources and lowers the energy consumption,
the selective catalyst is very important in an industrial field. Especially, the
selective oxidation of methanol is a typical reactiothvgireat industrial relevance
because it is the starting compound or a variety of bulk chemieajs tiigher
alcohols and hydrocarbons, acids and esters). It is worth noting that the nanoporous
Au structures which have high surfatwevolume ratio and lage fraction of low
coordinated surface atoms can be a promising material for the selective oxidation
of methanol, because the Au surface particularly shows weak interaction with
methanol or its oxidation producteia low adsorption enthalpies. In 2010,
Baume® sgroup investigated the gabkase oxidation of methanol on the

nanoporous Au structuréFigure 1.8c and & The methanol was oxidized to
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methyl formate with nearly 100% selectivity, and the undesired side product CO
was hardly detectabl@igure 18c). They also suggested that the highly selective
reaction is based on the combination of three elements; (1) the activation of the Au
surface by atomic oxygen, (2) the high reactivity of the surface bonded aldehyde,
and (3) the low desorption barrier forethyl formate. Similar to the Agesidue
effect on the CO oxidation, the amount of Ag atoms within the nanoporous Au also
influenced to the activity and selectivity of the oxidation of methanol: The
selectivity decreased as Ag content incred$eégure 18d). From this result, they
conclude that Agesidue can modulate the supply of activated oxygen on the
surface, thus eventually reducing the selectivity in favor of total oxidatenthe
nanoporous Au structure containing about 10 at% ofresjduesshowed no
activity for the formation of methyl formate, resulting in only total oxidation).
Besides CO oxidation and gas phase oxidative coupling of methanol,
additional catalytic applications have steadily evolved, such as for example,
oxidative couping of methanol, the liquid phase oxidation of glucose, the electro
oxidation of methanol, oxygen reduction reaction like in fuel cell applications,
electrocatalytic hydrogen evolution, carbon dioxide reduction, hydrogenation, and
hydrocarbon oxidationdue to the superior catalytic activity and selectivity of

nanoporous Au structufgs 85

Electrochemical sensor

Due to the 3D nanoscale pore/ligament structure, nanoporous metallic structure
usually exhibits a large specific surface area. Accortinthhe reported literature,

the specific surface area of nanoporous Au structure is adjusted by a pore/ligament
size: The estimated surface area of nanoporous Au structure is>e2bfam the
~10'20 nm pore size, which decrease down to ~8 and -4 ‘mwhen

pore/ligament size increase to ~90 and ~150 nm, respecthélyvith large
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specific surface area, high electronic conductivity, excellent electrochemical
activity and good biocompatibility ensutieat nanoporous Au nanostructures are
promising in ekctrochemical sensor. These outstanding features directly make
nanoporous Au structures very sensitive for electrochemical determination of small
molecules, such as glucose, hydrazine, NADHQO# dopamine,etc®8 In
addition, nanoporous Abased electichemical sensor shows good selectivity for
the detection of small molecul&®

Due to the good biocompatibility and the strong interaction between
enzymes and nanoscale gold surfaces, the nanoporous Au structures can be used in
enzymebased sensor biynmobilizing enzymes on the solid supports. Especially,
nanoporous Au can be used for the preparation of various dehydrogandse
oxidasebased electrochemical biosensors. By combining the biocatalytic activity
of enzymes and the electrocatalytic atyivbf nanoporous Au structure, the
enzymemodified nanoporous Au electrodes can detect the ethanol and glucose,
respectively, from the ethanol dehydrogenase coupled with glucose oxidase
(GOx) 2% Typically, nanoporous Adbased electrochemical sensor detethe
enzymatic product (bD.) obtained from the GQGinduced oxidation of glucose.
Besides, another kind of enzyrhased biosensor, based on the direct electron
transfer (DET) between enzymes and nanoporous Au electrode, has also been
developed® By the unique physicochemical propertiesy, electron conductivity
and nanoscale metal ligaments) of nanoporous Au structure, the DET of enzymes
can be facilitated to the electrochemical sensor.

Recently, nanoporous Au structures with a high surface avezllent
catalytic activity and electron conductivity, and biocompatibility have been widely
used as the substrate electrode for antibody anchoring, thus they can be also
applied to the sandwietype immunosensor§! Figure 1.9ashows the nanoporous
Au dructurebased sensitive detection of cancer antige8 {6A 153). First, the

nanoporous Au was covered on the graphene/GCE (glassy carbon electrode) as the
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substrate electrode for antibody immobilization. When liposome (~100 nm) which
incorporates HRPhprseradish peroxidease) forms sandwich architecture with the
antibodyimmobilized nanoporous Au structure in the presence of antigen (€A 15
3), the specific signal are detected. The linear range of the immunosensor was 2 x
10° to 40 UmL* under optimized conditions, and a detection limit was estimated
as 5 x 10 UmL? (Figure 1.9b) Besides the sandwiglipe innunosensor, a
nanoporous Au based laHete immunosensor has also been repdfted®

Similar to the sandwickype immunosesors, the nanoporous Au structure
has also been used as a substrate electrode for the detection of DNA. In this system,
a specific DNA of which sequence can capture target DNA strand is immobilized
on the nanoporous Au electrode. The other part of tardeh Btrand is also
captured by signadiving materials of which surface are modified with a specific
DNA. Figure 1.9cshows the nanoporous Au structin@sed sensitive detection of
target DNA strand&* When the DNAimmobilized nanoporous Au substrate
eledrode are hybridized with the DNAunctionalized Au nanoparticles in the
presence of target DNA, the sandwigipe complex are formed. In here, the signal
can be quantitatively detected as RugNH are electrostatically adsorbed on the

negatively chargedingle strand DNA which attached on the Au nanoparticles.

Optical sensor

When the size of the metal is much smaller than the wavelength of light, the
collective oscillation of the free conductive electrons excited by visible light, called
as surface plsmon resonance (SPR). Due to the SPR, generally, the metallic
nanostructures show significantly different and unique optical properties in
comparison with their bulk counterpatts.In particular, the nanoporous Au
structures which have the integrateghlinents and pores exhibits unique plasmonic

properties compared with other metal nanostructures, such as nanoparticles,
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nanorods.etc For instance, the 2D nanoporous thin film of which thickness is
about 100 nm showed excitation of propagating SPR inaplaretal films and
localized SPR, simultaneousff1% In addition, the plasmonic properties of the
nanoporous Au structure can be tuned by the pore/ligament size and dielectric
surroundingg1109111

Due to the unique plasmonic properties and hsgdgace areai.g.
metal/dielectric interfaces), the nanoporous Au structures have received great
attention for sensing applications. Because the SPR of nanoporous Au can enhance
the surface fluorescence of small molecules such as Cy3 or the photolwng®sc
of silicon nanocrystals and quantum dots (QB%Y* the uniform nanoporous
structure and metanhanced fluorescence make nanoporous Au structure
appropriate for fluorescendmsed assays. For example, Lab@l found that the
nanoporous Au witta small pore size and large ligament size could remarkably
improve the fluorescence intensity of Cy3 on nanoporou$'Ain this study, the
maximum enhancement of fluorescence intensity was obtained by a factor of 191.
This ultrahigh enhancement is cagdid®y the strengthening of localized SPR by the
small nanopore size and simultaneous weakening of plasmonic damping by the
large ligament size. Similarly, the nanoporous Au yielded affildrand 106fold
enhancement in photoluminescence of Si nanocryatalsQDs, respectivefys114
Recently, Ahmedet al. reported a nanoporous Aased optical sensor which
detects influenza A virus by using antibeaipdified QDs and nanoporous Au
structure'!® By help of the fluorescence enhancing effect of nanoporoysthiu
detection limit (1 ng-mLY) could be improved in tworder of magnitude compared
with a commercially available rapid influenza diagnostic test.

For both fundamental science and sensing applications, the fabrication of
highly surfaceenhanced Rameascattering (SERS)ctive metallic substrates is one
of the main goal in the field of plasmorf.The nanoporous Au structure is a

promising material for the SERSsed optical sensing applications due to (1) the
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high density of nanopore which can catise electromagnetic field enhancement

by plasmon excitation and (2) electromagnetic coupling between neighboring
ligaments. For the first time, Chext al. investigated the effect of pore size on the
SERS property of nanoporous Au structtife.In this stidy, the SERS
enhancement of nanoporous Au is highly related to its pore size: The smaller pore
size exhibited the higher SERS enhancement because a smaller pore causes the
stronger electromagnetic field enhancement by plasmon excitation of nanoporous
Au. In addition, other study demonstrated that the surface morphology of
nanoporous Au structure can also influence to the SERS enhancement, that is, the
roughed ligament surface produced by the annealing contributed to the strong
SERS enhancemetif Based orthe knowledge for enhancing SERS propegty (
smaller pore size and roughen ligament structure), Chen awdr&ers improved

the SERS enhancement of nanoporous Au structure by fabricating a wrinkled
nanoporous Au films!® To fabricate the wrinkled mmporous Au films, the
conventional freestanding nanoporous Au film was placed on a polymer substrate,
and then was accomplished by a thermal treatment. As a result, thermal treatment
induced shrinkage of the polymer substrate, and 2D flat nanoporoubrAwdre
changed to 3D wrinkled nanoporous Au structure which contains abundant SERS
active nanogaps and fractures. The wrinkled nanoporous Au structure exhibited the
average enhancement factor as high as 0.78xwtiich is much higher than the
original ranoporous Au film (~19.

Because the nanoporous Au structure provides biocompatibility, excellent
chemical stability, and strong optical properties, it is an ideal candidate for the
SERSbased ultrasensitive/reproducible detection of small moleculegxample,

Zhang et al. developed a nanoporous Aased optical sensor to detect?Hg
ions2°When Hg" is added to the Cybeled aptamer on the nanoporous Au film,
the SERS signals of Cy5 decreases as the distance is far from the nanoporous Au

substra¢ by the interaction between Hgand aptamer(Figure 1.10ad). This
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nanoporous Au substrabased optical sensor showed an excellent detection
sensitivity of 1 pM (0.2 ppt) and selectivity. Similarly, Steh al. developed a
labeHree method to detect sgle stranded DNA (ssDNA) by situ monitoring of

DNA hybridization (Figurel.10eg).® The strong SERS signals can be obtained
because of the short distance between Cy3 molecules and the nanoporous Au
surface; however, the SERS signals of Cy3 molecules would decrease and even
disappear due to the long distance from nanoporous Au surfdlce ssaight and

rigid DNA complex were formed in the presence of target ssDNA. Moreover, this
simple and fast detection method can detect the hybridization events within 10 min

after introducing only 20 pM target sSDNA molecules.

Chemical actuation

As already described, the catalytic properties of hanoporous Au is excellent due to
its high surface energy caused by a low coordination number. Also, the lower
coordination number of surface atoms causes a charge redistribution-piamén
surface bonds #t gives rise to surface strédsOwing to the surface stress is
highly sensitive to changes in the surface statan adsorption of molecules on the
metal surface can also influence to the surface stress. In particular, changes in the
surface stressnithe case of nanoporous Au structures which have-sighace

area, can lead to macroscopically detectable strain etféétd.For example,
Bieneret al observed the macroscopic strain effect caused by the surface stress in
nanoporous Au while expoginnanoporous Au alternatively to ozone and CO
(Figure1.11).2° When ozone (€) is adsorbed on the Au surface, the Au surface is
covered by the oxygen @Dvia Os + Au A O + Aui O,'?* This oxygen then leads

the change in the surface electronic structure wués high electronegativity,
which modifies the surface stress. In addition, the adsorbed oxygen can be removed

by CO exposure to restore the clean Au surfa@CO + AUO A CO, + Au.
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During the sequential surface reaction, the surface states isasviback and forth
between the oxygecovered surface (after exposing tg) @nd the clean surface
(after exposing to CO), consequently the surface stress is changed by surface
chemistry at the solidgas interface. As a result, the difference of surfapesst
between two surface states induced the reversible changes in the sample length.
Depending on the gases exposure time, the amplitude of strain was altered between
0.05 and 0.5%. From this work, it is worth noting that the nanoporous Au structure
acts & a chemical actuation which could convert the chemical energy into
mechanical work.

Moreover, this concept, which transforms chemical energy directly into
mechanical work, can be applied to the-gassor. Because the contraction and
expansion of samplis dependent on the amount of, @ is possible to detect the
amount of Q by measuring the displacement of the sample surface. Based on this
concept, chemical actuatdima s ed gas sensor of which

Os gas in the order of 18 mol.*°
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1.6. Conclusions and Perspectives

Although corrosion of metals is a wdthow and an old fabrication technique, it
provides a new class of nanomaterials with an extraordinary structural property by
connecting with amdvancedecent nanotechihagy. Despite of the relatively short
history, the dealloyingbased nanoporous metallic materialwhich exhibit
excellent surface reactivity, chemical/biological stability, electrical conductivity,
and mechanical rigidityhaveproducedvery importantandpromising achievement
in the wide field of applicationse(g, catalysis, sensing, optics, actuatetG) In
addition, many intensive efforts to understand and control the dealloying process
have led to new and unexpected effects that open upoppartunities for both
fundamental research and practical applications. However, sitiuiézation of
microstructure of nanoporous metallic structure (especially, for metals showing fast
surface diffusivities such as Cu and Ag) should be solved. eocabteffective
and practical applicationsa rational design to fabricate nanoporous-noble
metal structurese(g, Ni, Fe,etc) is also required. However, the dealloyimgsed
fabrication of uniform nanoporous nemoble metal structure is still chahging
becausdhe nonnoble metals are highly active to control the microstructure and
singlephase alloying is relatively limited.

Until now, most of nanoporous metals are 3D or 2D structures which are
not suitable for some specific applications sushdeug delivery, nanomedicine,
and labeling in immunosensing. Of course, some recent studies cover the
fabrication of nanoporous metallic nanoparticle, however, those synthesis methods
need complex route such as annealing process, and resulting produgssiaiy
not uniform in size, which cannot provide reproducibility and reliability in sensing
application.As expected, nanoporous metallic nanoparticles are most promising
materials for biomedical applications due to (1) their high surface are for dpaidin

drug and targeting molecule, and (2) tunable and unique SPR properties for
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enlarging the sensing signal. Nevertheless, only much less reports about the facile
fabrication of uniform nanoporous metallic nanoparticles have been reported
because the falmation of uniform alloy nanoparticlesvith suitable composition

and size is still quite challenging due to the different chemical properties of each
metal elements. For these reason,dtieancedynthesis technique for preparation

of uniform and pore/ligment sizeontrollable porous metallic nanoparticles is

urgent and also deserves more studies.

29



1.7. References

1
2
3.
4
5

10.

11.

12.
13.

14.
15.
16.
17.

Ding, Y.; Chen, MMRS Bull.2009 34, 569.

Forty, A. J.Nature1979 282, 597.

Rambert, S.; Landolt, CElectrochim. Actdl 986 31, 1421.

Rambert, S.; Landolt, CElectrochim. Actdl 986 31, 1433.

Smith, A. J.; Tran, T.; Wainwright, M. S. Appl. Electrochenl999 29,
1085.

Min, U.-S.; Li, J. C. MJ. Mater. Res1994 9, 2878.

Fujita, T.; Guan, P.; McKenna, K.; Lang, X.; Hirata, A.; Zhang, L.;
Tokunaga, T.; Arai, S.; Yamamoto, Y.; Tanaka, N.; Ishikawa, Y.; Asao, N.;
Yamamoto, Y.; Erlebacher, J.; Chen, Nat. Mater.2012 11, 775.
Wittstock, A.; Zielasek, V.; Biener, J.; Fnd, C. M.; Baumer, MScience
201Q 327, 319.

Qi, J.; Zeng, J.; Zhao, F.; Lin, S. H.; Raja, B.; Strych, U.; Willson, R. C.;
Shih, W:C. Nanoscale014 6, 8521.

Biener, J.; Wittstock, A.; ZepeeRuiz, L. A.; Biener, M. M.; Zielasek, V.;
Kramer, D.;Viswanath, R. N.; Weissmuller, J.; Baumer, M.; Hamza, A. V.
Nat. Mater.2009 8, 47.

Chan, V. Z:H.; Hoffman, J.; Lee, V. Y.; latrou, H.; Avgeropoulos, A.;
Hadjichristidis, N.; Miller, R. D.; Thomas, E. Sciencel999 286, 1716.
Xia, Y.; Gates, B Yin, Y.; Lu, Y. Adv. Mater.200Q 12, 693.

Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S.
Nature1992 359 710.

Seshadri, R.; Meldrum, F. @dv. Mater.200Q 12, 1149.

Raney, MU.S. Pateni927, 1 628 190

Huber, G. W.; Shabaker, J. W.; Dumesic, JSAience003 300, 2075.
Pickering, H. W.; Swann, P. Rorrosion1963 19, 373.

30



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Swann, P. RCorrosion1969 25, 147.

Newman, R. C.; Sieradzki, KIRS Bull.1999 24, 12.

Oppenheim, I. C.; Trewr, D. J.; Chidsey, C. E. D.; Trevor, P. L.; Sieradzki,
K. Sciencel99], 254, 687.

Wittstock, A.; Biener, J.; Baumer, NPhys. Chem. Chem. Phy€1(Q 12,
12919.

Dursun, A.; Pugh, D. V.; Corcoran, S. & Electrochem. So2003 150,
B355.

Sieradzki, K.; Dimitrov, N.; Movrin, D.; McCall, C.; Vasiljevic, N.;
Erlebacher, 1. Electrochem. So2002 149 B370.

Dursun, A.; Pugh, D. V.; Corcoran, S. & Electrochem. So2005 152,
B65.

Dursun, A.; Pugh, D. V.; Corcoran, S. Bectrochen. Solid State Lett.
2003 6, B32.

Corcoran, S. G.; Wiesler, D.; Barker, J.; SieradzkiiRS Proceedings
2011, 376

Erlebacher, J.; Aziz, M. J.; Karma, A.; Dimitrov, N.; SieradzkiN&ture
2001, 410 450.

Ding, Y.; Chen, M.; Erlebacher, J. Am. Chem. So2004 126, 6876.
Ding, Y.; Kim, Y.-J.; Erlebacher, Adv. Mater.2004 16, 1897.

Fujita, T.; Qian, L=H.; Inoke, K.; Erlebacher, J.; Chen,-M.. Appl. Phys.
Lett.2008 92, 251902.

Biener, J.; Hodge, A. M.; Hayes, J. R.; Volkert, C. A.; ZepRd, L. A.;
Hamza, A. V.; Abraham, F. Nano Lett2006 6, 2379.

Erlebacher, J.; Seshadri, RRS Bull.2009 34, 561.

Erlebacher, J.; Sieradzki, cr. Mater.2003 49, 991.

Snyder, J.; Erlebacher,dl.Electrochem. So201Q 157, C125.

31



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

McCue, I.; Benn, E.; Gaskey, B.; ErlebacheArdn. Rev. Mater. Re2016
46, 263.

Kertis, F.; Snyder, J.; Govada, L.; Khurshid, S.; Chayen, N.; Erlebacher, J.
JOM 201Q 62, 50.

Artymowicz, D. M.; Erlebacher, J.; Newman, R.Rhilos. Mag.2009 89,
1663.

Rosner, H.; Parida, S.; Kramer, D.; Volkert, C. A.; Weissmullekdy.
Eng. Mater.2007, 9, 535.

Wang, X.; Qi, Z.; Zhao, C.; Wang, W.; Zhang,JZPhys. Chem. 2009
113 13139.

Wang, X.; Wang, W.; Qi, Z.; Zhao, C.; Ji, H.; Zhang,JZAlloy. Compd.
201Q 508, 463.

Qiu, H-J.; Peng, L.; Li, X.; Xu, H. T.; Wang, YCorrosion Sci2015 92,
16.

Chen, L:Y.; Yu, J-S.; Fujita, T.; Chen, MW. Adv. Funct. Magr. 2009
19, 1221.

Qian, L. H.; Chen, M. WAppl. Phys. Let2007, 91, 083105.

Seebauer, E. G.; Allen, C. Brog. Surf. Sci1995 49, 265.

Beszeda, I.; Gontie¥loya, E. G.; Beke, D. LSurf. Sci2003 547, 229.
Hirai, N.; Tanaka, H.; Hara, &ppl. Surf. Sci1998 130/ 132, 506.
Zhang, Z.; Wang, Y.; Qi, Z.; Zhang, W.; Qin, J.; Frenzel, Phys. Chem.
C 2009 113 12629.

Newman, R. C.; Sieradzki, KSciencel994 263 1708.

Zhang, Z.; Zhang, C.; Sud.; Kou, TRSC Adv2012 2, 4481.

Li, W.; Ma, H.; Huang, L.; Ding, YPhys. Chem. Chem. Phy€11, 13
5565.

Morrish, R.; Muscat, A. hem. Mat2009 21, 3865.

Wada, T.; Yubuta, K.; Inoue, A.; Kato, Mater. Lett.2011, 65, 1076.
32



53.
54.
55.

56.
57.

58.

59.
60.

61.
62.

63.
64.
65.

66.
67.
68.
69.
70.

71.

Pugh, D. V.; Dursun, A.; Corcoran, S. (6.Mater. Res2003 18, 216.
Cortie, M. B.; Maaroof, A. |.; Smith, G. E5old Bull.2005 38, 14.
Snyder, J.; Asanithi, P.; Dalton, A. B.; ErlebacheAd\. Mater.2008 20,
4883.

Qiu, H-J.; Ito, Y.;Chen, M. W.Scr. Mater.2014 89, 69.

Qi, Z.; Gong, Y.; Zhang, C.; Xu, J.; Wang, X.; Zhao, C.; Ji, H.; Zhang, Z.

Mater. Chem2011, 21, 9716.

Wei, Q.; Zhao, Y.; Du, B.; Wu, D.; Cai, Y.; Mao, K.; Li, H.; Xu, &dv.
Funct. Mater.2011, 21, 4193.

Reichelt, K.; Jiang, XThin Solid Films199Q 191, 91.

Lu, X.; Balk, T. J.; Spolenak, R.; Arzt, Ehin Solid Films2007, 515
7122.

Stiger, R. M.; Gorer, S.; Craft, B.; Penner, R..lMngmuir1999 15, 790.
Kim, M.; Ha, W-J.; Anh, JW.; Kim, H.-S.; Park, SW.; Lee, D.J. Alloy.
Compd.2009 484, 28.

Liu, L.; Pippel, E.; Scholz, R.; Gdsele, Nano Lett2009 9, 4352.

Liu, L.; Scholz, R.; Pippel, E.; Gdsele, Il.Mater. Chem201Q 20, 5621.
Du, C.; Chen, M.; Wang, W.; Yin, QCS Appl. Mater. Interfacex)11, 3,
105.

Ji, C.; Searson, P. @. Phys. Chem. BO03 107, 4494.

Shin, T-Y.; Yoo, S:-H.; Park, SChem. Mat2008 20, 5682.

Yoo, S:-H.; Park, SAdv. Mater.2007 19, 1612.

Gu, X.; Xu, L.; Tian, F.; Ding, YNano Res2009 2, 386.

Nyce, G. W.; Hayes, J. R.; Hamza, A. V.; Satcher, Lhtm. Mat2007,
19, 344.

Zhao, F.; Zeng, J.; Parvez Arnob, M. M.; Sun, P.; Qi, J.; Motwani, P.;
Gheewala, M.; Li, GH.; Patersn, A.; Strych, U.; Raja, B.; Willson, R. C.;

Wolfe, J. C.; Lee, T. R.; Shih, WC. Nanoscale2014 6, 8199.
33



72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Zeng, J.; Zhao, F.; Qi, J.; Li, Y.; Li, €.; Yao, Y.; Lee, T. R.; Shih, \AC.
RSC Adv2014 4, 36682.

Zeng, J.; Zhao, F.; Li, M.; Li, &.; Lee, T. R.; Shih, WC. J. Mater.

Chem. C2015 3, 247.

Wang, D.; Ji, R.; Albrecht, A.; Schaaf, Beilstein J. Nanotechnd012 3,
651.

Li, X.; Chen, Q.; McCue, l.; Snyder, J.; Crozier, P.; Erlebacher, J.;
Sieradzki, K.Nano Lett2014 14, 2569.

Liu, K.; Bai, Y.; Zhang, L.; Yang, Z.; Fan, Q.; Zheng, H.; Yin, Y.; Gao, C.
Nano Lett2016 16, 3675.

Zielasek, V.; Jurgens, B.; Schulz, C.; Biener, J.; Biener, M. M.; Hamza, A.
V.; Baumer, M.Angew. Cherant. Edit.2006 45, 8241.

Xu, C.; Su, J.; Xu, X.; Liu, P.; Zhao, H.; Tian, F.; Ding, X Am. Chem.
So0c.2007, 129 42.

Bond, G. C.; Thompson, D. Gold Bull.200Q 33, 41.

Bond, G. C.; Thompson, D. Tatal. RewSci. Eng1999 41, 319.

Falsig, H.; Hvolbae k, B.; Kristeas, |. S.; Jiang, T.; Bligaard, T.;
Christensen, C. H.; Nagrskov, J. Kngew. Cherdnt. Edit.2008 47, 4835.
Wittstock, A.; Neumann, B.; Schaefer, A.; Dumbuya, K.; Kibel, C.; Biener,
M. M.; Zielasek, V.; Steinruck, HP.; Gottfried, J. M.; Biener, ;JHamza,

A.; Baumer, M.J. Phys. Chem. 2009 113 5593.

lizuka, Y.; Miyamae, T.; Miura, T.; Okumura, M.; Daté, M.; Haruta,M.
Catal.2009 262, 280.

lizuka, Y.; Kawamoto, A.; Akita, K.; Daté, M.; Tsubota, S.; Okumura, M.;
Haruta, M.Catal. Let. 2004 97, 203.

Yin, H.; Zhou, C.; Xu, C.; Liu, P.; Xu, X.; Ding, ¥YJ. Phys. Chem. 2008
112 9673.

34



86. Jia, C.; Yin, H.; Ma, H.; Wang, R.; Ge, X.; Zhou, A.; Xu, X.; Ding,JY.
Phys. Chem. @009 113 16138.

87. Zhang, J.; Liu, P.; Ma, H.; Ding, Y. Phys. Chem. €007, 111, 10382.

88. Zeis, R.; Lei, T.; Sieradzki, K.; Snyder, J.; Erlebache}, Catal.2008
253 132.

89. Tappan, B. C.; Steiner, S. A.; Luther, EAngew. Chemint. Edit.201Q
49, 4544,

90. Zhang, J.; Li, C. MChem. Soc. Re2012 41, 7016.

91. Qiu, H.; Xu, C.; Huang, X.; Ding, Y.; Qu, Y.; Gao, R.Phys. Chem. C
2008 112 14781.

92. Tan, Y. H.; Davis, J. A.; Fujikawa, K.; Ganesh, N. V.; Demchenko, A. V.;
Stine, K. J.J. Mater. Chem2012 22, 6733.

93. Qiu, H.; Xue, L.; Ji, G.; Zhou, G.; Huang, X.; Qu, Y.; GaoBi®sens.
Bioelectron.2009 24, 3014.

94, Chen, L. Y.; Lang, X. Y.; Fujita, T.; Chen, M. \8cr. Mater.2011, 65, 17.

95. Liu, Z.; Du, J.; Qiu, C.; Huang, L.; Ma, H.; Shen, Ding, Y.
Electrochem. Commu009 11, 1365.

96. Qiu, H-J.; Zhou, GP.; Ji, G-L.; Zhang, Y.; Huang, XR.; Ding, Y.
Colloid Surf. BBiointerfaces2009 69, 105.

97. Yan, X.; Meng, F.; Cui, S.; Liu, J.; Gu, J.; Zou,X Electroanal. Chem.
2011, 661, 4.

98. Jia, F.; Yu, C.; Ai, Z.; Zhang, LlChem. Mat2007, 19, 3648.

99. Chen, L. Y.; Fujita, T.; Chen, M. WElectrochim. Act2012 67, 1.

100. Zhu, A.; Tian, Y.; Liu, H.; Luo, YBiomaterials2009 30, 3183.

101. Ge, S;; Jiao, X.; Chen, Bnalyst2012 137, 4440.

102. Wei, Q.; Zhao, Y.; Xu, C.; Wu, D.; Cai, Y.; He, J.; Li, H.; Du, B.; Yang, M.
Biosens. Bioelectror2011, 26, 3714.

35



103. Shulga, O. V.; Zhou, D.; Demchenko, A. V.; Stine, KAdalyst2008 133
319.

104. Hu, K,; Lan, D.; Li, X.; Zhang, SAnal. Chem2008 80, 9124.

105. Eustis, S.; ElSayed, M. AChem. Soc. Re2006 35, 209.

106. Dixon, M. C.; Daniel, T. A.; Hieda, M.; Smilgies, D. M.; Chan, M. H. W_;
Allara, D. L.Langmuir2007, 23, 2414.

107. Yu, F.;Ahl, S.; Caminade, AM.; Majoral, J-P.; Knoll, W.; Erlebacher, J.
Anal. Chem2006 78, 7346.

108. Ahl, S.; Cameron, P. J.; Liu, J.; Knoll, W.; Erlebacher, J.; Yu, F.
Plasmonic2008§ 3, 13.

109. Lang, X.; Qian, L.; Guan, P.; Zi, J.; Chen, Appl. PhysLett.2011, 98,
093701.

110. Qian, L.; Shen, B.; Qin, G. W.; Das, B.Chem. Phy2011, 134, 014707.

111. Qian, L.; Shen, W.; Das, B.; Shen, B.; Qin, G.®%em. Phys. Let2009
479, 259.

112. Lang, X.Y.; Guan, P. F.; Fujita, T.; Chen, M. ®hys. Giem. Chem. Phys.
2011, 13, 3795.

113. Biteen, J. S.; Pacifici, D.; Lewis, N. S.; Atwater, H.Mano Lett2005 5,
1768.

114. Zhang, L.; Song, Y.; Fujita, T.; Zhang, Y.; Chen, M.; WangHTAdv.
Mater.2014 26, 1289.

115. Ahmed, S. R.; Hossain, M. A.; Park, J. Y.; Kim:B; Lee, D.; Suzuki, T.;
Lee, J.; Park, E. YBiosens. Bioelectror2014 58, 33.

116. Liu, H.; Zhang, L.; Lang, X.; Yamaguchi, Y.; Iwasaki, H.; Inouye, Y.; Xue,
Q.; Chen, MSci. Rep2011 1, 112.

117. Qian, L. H.; Yan, X. Q.; Fujita, T.; Inoue, A.; Chen, M. Wppl. Phys.
Lett.2007, 90, 153120.

36



118.

119.
120.

121.

122.

123.
124.

Kucheyev, S. O.; Hayes, J. R.; Biener, J.; Huser, T.; Talley, C. E.; Hamza,
A. V. Appl. Phys. Lett2006 89, 053102.

Zhang, L.; Lang, X.; Hirata, A.; Chen, MCS Nan®011, 5, 4407.
Zhang, L.; Chang, H.; Hirata, A.; Wu, H.; Xue-R.. Chen, M.ACS Nano
2013 7, 4595.

Bach, C. E.; Giesen, M.; Ibach, H.; Einstein, TPhys. Rev. Letl997,

78, 4225.

Biener, J.; Wittstock, A.; Baumann, T.; Weissmiller, J.; Baumer, M.;
Hamza, A Materials2009 2, 2404.

Kramer, D.; Viswanath, R. N.; WeissmdllerNano Lett2004 4, 793.
Saliba, N.; Parker, D. H.; Koel, B. Burf. Sci1998 410, 270.

37



Figure 1.1. Scanning electron microcopySEM) images of nanoporous Au
produced by removal of Ag from Afig alloys. (a) Crosssectional SEM image of
nanoporous Au thin film obtained from dealloyiafjAuo 32Ago.6s (at%) alloys. (b)
SEM images of nanoporodsi thin film of which ligament spacing is the order of
10 nm. Images were reproduced with permission from ref 27, Copyright 2001

Nature Publishing Group.
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Figure 1.2. Mechanism of evolution of nanoporosity from Ag alloy system
during dealloying. Gragnd orange color indicate Ag and Au atom, respectively. (a)
Selective dissolution of less stable elements (Ag atoms) by dealloying solution. (b)
Surface diffusion of noble metals (Au atoms) and passivation aftétged surface
sites. (c) Formation of clters by agglomeration of surfadéfused Au atoms. (d)
Undercutting and bifurcation of ligaments. (e) Generation of nanoporosity
composed by ligaments which have -Ach surfaces and Agch interiors. (f)
Capillary-driven surface relaxation process (@maring) to form bicontinuous
nanoporous Au structure. Images were reproduced with permission from ref 35,

Copyright 2016 Annual Reviews.
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Figure 1.3. SEM images of nanoporous Au structure obtained by electrochemical
dealloying process of 2D AAg alloy thin films. (a) Surface morphology of a
nanoporous Au thin film (Au 30 at%) annealed at 4@for 2 h in Ar.The
electrochemical dealloying was perfachin 0.8 M HCIQ at 1 V with stepwise
increase of applied voltage (50 n$#). (b) An enlarged SEM image of white box
part in (a). The resulting nanoporous Au structure showed extremely reduced
ligament sizes. (c) Surface morphology of a nanoporous Aufilm (Au 21.5

at%). The electrochemical dealloying was performed in 0.8 M HGIOL V with
stepwise increase of applied voltage (12.5-g1), (d) Plot of the current and
voltage applied during electrochemical dealloying as a function of time. Images

were reproduced with permission from ref 62, Copyright 2009 Elsevier.
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Figure 1.4. Freestanding nanoporous Au structure obtained from a chemical
dealloying process using a commercially available 12 carat \gblte decorative

leaf (Au-Ag alloys of whch composition is 1:1 by weight). (a, b) Optical images of
white-Au leaf before (a) and after (b) dealloying in HNfOr 15 min. (ce) SEM
images of the chemically dealloyed frstanding nanoporous Au leaf. The inset
image in (c) indicates a solid graiundary. Black arrows in (e) indicate very thin

Au ligaments of which diameters are smaller than 2 nm. Images were reproduced

with permission from ref 29, Copyright 2004 WILEYCH.
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Figure 15. Templatebased synthesis of nanoporous Au nanowires/nanotubes
prepared by chemical dealloying process. (a) SEM images of nanoporous Au
nanowire obtained from the etching of AbAgo.ss alloy nanowires. The starting
material, AuAg alloy nanowire, is pregred by using an anodic aluminum oxide
(AAO) template. (b) Schematic illustration of the synthesis process -@gtailoy
nanoporous nanotube (NPNT). The Agnowire plays a role as a template for
preparation of hollowtype nanoporous structure.-flcSEM and TEM images of

Ag nanowire template (c) and Adg NPNTs (df). The insets of each images
indicates a higher magnification images, seleetexh electron diffraction pattern,
and highresolution TEM image. Images were reproduced with permission from (a)
ref 66, Copyright 2003 American Chemical Societyf)(bef 69, Copyright 2009

Tsinghua University Press and Springer.
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Figure 1.6. Polystyrene (PS) templateased synthesis of hierarchical porous Au
shells and disks. (a) Schematic illustration of the synthesis process of hollow
nanoporous Au shells. (b) SEM image of hollowoAAgoss alloy shells. Inset
shows SEM image of dealloyathnoporous Au shell. {¢ Schematic illustration

of the fabrication process of nanoporous Au disk§ @nd SEM images at each
process step (. The fabrication of nanoporous Au disks is performed by
following process: (c) formation of a monolayerR$ beads on an all@pated Si
substrate; (d) ©plasma shrinkage of the PS beads and Ar sputter etching to form
isolated alloy disk; (e) selective dissolution of PS beads by chloroform; and (f)
formation of nanoporous Au disks by dealloying. Images wepeoduced with
permission from (a, b) ref 70, Copyright 2007 American Chemical Sociefyrdt

71, Copyright 2014 Royal Society of Chemistry.
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Figure 1.7. Templatefree fabrication of nanoporous Au nanoparticles using wet
chemistry. () Representative higingle annular darkeld images of
Aup7AUo 27 nanoparticles dealloyed at the indicated potential, time: (@)
undealloyed patrticle; (b) 0.54 V, 6 h) @.74 V, 6 V; (d) 0.94 V, 2 min; and (e)
0.94 V, 6 h. (fl) Synthesis of nanoporous SiAu-Ag alloy yolk/shell
nanoparticles by a dealloying method. (f) Schematic illustration of the synthesis
route for formation of nanoporous nanoparticled) (BEM images of the products

during whole synthesis route: (g) Au@Ag@Si@anoparticles; () AuAg
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