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Introduction

Nanoporous material@re characterized by the followingroperties such as high specifarea,
shape selective effects arftlid permeability. Different nanoporous materials have varying pore
size (macro/meso/ micro/nano) porosity, pore size distribution, composition, and surface
properties such as thermal stability, chemical stability and mechanical strengitdble 4.1
summarizes different types of porous materials and their corresponding properties and
characteristics [1].Porous metals have gained a lot of attention due to their high electrical

conductivity, mechanical properties and wide application spectrum [2].

TABLEL1
Different types of nanoporous materials [1]
Metals Alumino | Oxides Polymeric | Carbon Glass
silicate
Pore siz& Meso Micro- Macro Meso Micro- Meso
macro meso meso Macro meso macro
Surface Low High Medium Low O.¢ High Low
area/Porosity | 0.1-0.7 0.30.7 0.3-0.6 0.3-0.6 0.30.6
Fluid High Low Low Low Low High
Permeability medium medium medium
Mechanical Strong Weak Weak Medium Low Strong
Strength medium
Thermal High Medium | Medium | Low High Good
stability high high
Chemical High High Veryhigh | Low High Medium-
stability medium high

* mesoporous 2- 50 nm macroporous! 50 nm, microporous 2 nm [3]

These materials havenique characteristics that underline their relevance in fields of great
technological importance such as catalysis, sensors, energy harvesting and3jp@ote subgroup

of nanoporous materials is nanoporous metals (NPMs). NPMs can be synthesize@ristyaof
techniques such as template synthedsg], surfactant mediated synthesig,[8], and dealloying

[9]. Some of these techniques provide poor control over size and extent of porosity; furthermore,
while in some methods there is cont over these parameters, buinly porous metals in the form

of thin films can be prepared which have insufficient mechanical stability.

In other templating and fabrication methods leading to porous nanostructured materials, such as
dealloying and soft/ard templating methods, it can be difficult to remove the templating media,
leading to impurities in the final producDynamic Hydrogen Bubble Template (DHBT) Method
avoids this difficulty, as the hydrogen evolved is cleanly removed from the surface.
Eled¢rodeposition by DHBT has the advantage of producing materials with shapes and
morphologies not afforded by other fabrication methods, and not accessible by electrodeposition
at lower overpotentials10]. The method creates porous networked materials tbam be used ira
number of applicationssuch assensing[11-13], catalysis[14] and energy[15-16].The porous
networks provide enhanced stability while exhibiting large specific surface areas, allowing for
better use of expensive noble metals
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Fabricationof Nanoporpous Metallic Materials

There are many methods to producesanoporous metallic materialssuch as dealloying
technique [17] hydrogentemplating (DHBY [3], anodization process[18], laser etchig [19],
combustion synthesis6], solgel technique [20], nanosmelting of hybrid polymemetal oxide
aerogelq21], chemical reductiotechnique[22] andthermal decompositiorprocesd23].

Dedloying

Dealloying or selective dissolution is, among these techniques, an easy, flexibbz@mamical
strategy to produce NPM2%]. During dealloying, thenore activeelement isremoved from a
binary metallic solid solubn by electrolytic dissolution, leaving behind an interconnected
structure. This structureis characterized byhigh surfaceto-volume ratio, good mechanical
integrity, neartheoreticalcompressiorstrength and sizescde dependent elastic modulus [227].
A lot of attention ha been paid teanoporous metallic materialsroduced by dealloyingnce the
important work of Erlebacher et al2p]. Thisprocesshas become the modtportant method to
produce NPMs in the past 15 years.

Many nanoporoupure metalshave been reported, such &R-Au (figure4.1) [26], NPPt, NPPd,
NPR-Ag, NRCu, NPNi (figure 4.2), NR-Co, NRFe, NRPCr, N”RMn, andNR-Ti[27-37]. Furthermore,
NPMs from IIIA/A groups such as Ga, Sn,Bi, Ribre produced[38-40]. Nanoporous structures
from semiconductor element§Si andGe) could also be producddl-43]. In addition,numerous
nanoporous binary, ternary, and even multicompoheloyssuch asAu/Zn, Au/Cu, Au/Ag, Pt/Si,
Pt/Cu, and Al/(Au,ABd)etc, were fabricated According toYinet al. 2] porous nanostructured
germanium with interesting photoresponsive propertiggas synthetizedfrom GeQ powders
through an electrochemical reduction (Ge nanoparticlaBpying (CaxGg)rocess in molten salt
and postzero energyconsumption water etching (dealloying)

FIGURAE.1
SEM images of typical nanoporois morphologyprepared by dealloyinga) top view, angb) crosssectional
view [2X]
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FIGURE.2
Porous Ni foanfabricated by dealloying techniqu81]

Mechanisnof Dealloying

A key aspect of any dealloying mechanibesides the dissolution of more actigcemponent(s), is

the fact that the morenoble metal atoms in the alloy muse physicallyremoved from original
lattice sites, as occupied in the ndealloyed material, and reposition thenises on a highly
porousstructure during the selective dissolution. Typically, however, the driving force for atomic
diffusion follows a concentration gradient or follows a direction so as to lower the overall surface
area (i.e., surface energy), which clearly is not what hapgernisg the formation of nanoporosity

[43].

As illustrated irffigure 4.3, the steps of dealloying are as follows:

a)

b)

c)

d)
e)

f)

Dissolution of less noble atoms (lighpading to tustering of noble atoms (darkon
surface

Coarsening of lastersby getting more noble atoms supplyntil the next alloylayer is
etched

Dissolution of lhe second layer of alloy, while the characteristic lengt® between hills
remains the same;

Accumulatiorof less noble atomat the bases of hills,

Undercutting & hillsand increase in average distance between hills measured along the
alloy-electrolyte interface;

Nucleation of new noble atom hillas the hilhill distance along the allegiectrolyte
distance is approximately twice the characteristic lerj@®j.
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FIGURE.3

Mechanisnof porosity formation during dealloyin@§] () Removal of less noble atombght) (b) Coarsening
of clusters(c) Formation ofNoble atomcapped hillg§d) Accumulation ofdss noble atoms at the bases of hills
(e) Undercutting of hillgf) Nucleation of new noble atoshill

One of the first mechanisms to explain the observed enrichment of mobde atoms on the
porous skeleton was called théolume Diffusion modellt was createdby Pickering and Wagner
[44] in the late 60sAccording to this model, it wasiggested that the neasurface region becomes
depleted of the lessoble component. Thiscreates a gradient perpendicular to the
alloy/electrolyte interface driving bulk diffusion of the les®ble compomnt to the sirface where

it can dissolveaway This obviously creates an accumulation of the mpoble adatoms on the
surface of the electrode due to the formation of surface vacancies created by preferentiakabmo
of the lessnoble component Howeveryvolume diffusion in the unattacked alloy was found to be
quite slow; in fact, at the time this mechanism was proposed, even surface diffusion was
considered too slov43].

According tdDursun [45]the Surface diffusion mechanismasoriginally proposedy Gerischer in
1962 It involves the nucleation and growth of nuclei of the pure, or almost pure, motde
component via a surface diffusion process. As the-tedde elemens areselectively dissolved
from the surface of the alloy, the remaining mameble elemens, which aren ahighly disordered
state, begirto reorder by surface diffusion resultingamucleation and growth of noble atorngh
islands. m contrast with theVolume Diffusiormodel, this mode establishes that theresi no
transportof the moreactiveatoms to the electrode surface via volume diffusiblowever, in this
model, it was expected that after the initial stages of the dissolution of thereste element, the
alloys becomecompletely passivatedwhen all the surface siteare accupied by morenoble
elements[45].

Following the work done b§erischer, Fortyet al. [46], the selective dissolution of theore active
elementshould lead to the creation of surface vacancies omtmins, which migrate across the
surface to formpits, steps and dter surface roughening features. Additionallyey can assist the
migration of the residual moraoble atomswhich leads to the island growth. The coalescence of
these islands by migration of the mem®ble atoms exposes fresh alloy the corrosive
environment where further dissolution will occur. The main argument against this new model was
also that the mechanism for sustained thrdenensional porosity development was not cl¢4r-

48].

Oppenheimet al. [49], statedthat surfacediffusivities of FCC metal @doms were many orders of
magnitude faster in the presence of the electrolyte than in air or vacuum, exceeding the threshold
value for nanoporosity formatiamPAminimum surface diffusion coefficient on the order of!@n?
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s?, wasneeded for the noble atoms to diffuse on the order of 1 nm in about 1 s and agtee
experimental observations. It was aldemonstrated that a terrace atom dissolution of silver from
goldrich alloys require a significant overpotential, whickeclyagrees with the simulation&(].

Moffat et al. [51] confirmed the faster surface diffusivities of goldan electrolyte This model,

even though it is based on simplified dissolution and diffusion rules, successfully predicts many of
the aspects associated with the formation of nanoporous metals formed by dealloying, including
the critical potential parting limit, formation of unconnected porosity below Ec, etc.

Recently Erlebachef52] further developed theMonte Carlo model by introducing kinetic function

to both, silver dissolutin/diffusion and gold diffusionBy doing that, it was possible to simulate a
“real-time” dealloying that was controlled bglloy composition and applied potential. The rates of
dissolution and diffusion were based on a nearssighbour bonebreaking model. Thsurface
atoms were chosen at random with the dissolution/diffusional probabiliti@eulated for specific
circumstances. The rates of dissolution and diffusion are shown in equations 1 rasgéttively:

D% 21
- x U @EXPL F Ajl' ] eqgn.1
D
“x0UD @zexp[ﬁ] eqn. 2

AZ @ 1 E % E  vS3-ofsgaresuneigiiBouts, Fhe bond energy, which is considered
equivalent for both gold and silver andvgn initially as 0.15 eV, an@Qwas the applied potential
(1.75 eV). kand T were the Boltzmann constant and absolute temperature respectively. ahe w
obtained after fitting experimental results of the dissolution of pure silver ( =430 is an
attempt of frequency of the order of the Debye frequency and set equal to 30 Silver
dissolution ratedollowed the ButlerVolmer equation in thdigh overpotential Tafel regioi25].

As illustrated inifure 4,4 [55], a model reproducingnorphology of npAu, was presented by
Erlebacherand coeworkers [52]. This model is ba&sl on three competing processes) the
electrochemical dissolution of the less noble constituent (Bydhe surface diffusion of the noble
constituent (Au), ana) capillaryaction. While the Ag atondissdved in a layeby-layer node, the
gold atoms an diffuse along the surfadermingislands. Further dissolution of Ag atoms leads to
erosion @ islands so that ligamentermed. Bothtemperature and presence of halideffect the
mobility of the gold atoms and thus the size of islanakich are initially builby surface diffusion.
For example the tendency to form larger ligamentsyhen halides are added to the electrolyte
during dealloying [25] or smaller ligaments are formed when the temperature is lowered.

FIGURRE .4
Theoreticamodel ofgoldsilver binary allogle-alloyingprocesq55]
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Thermodynamics of dealloying

The difference in standard potential E of the constituentsA and B is the driving force for
dealloyingThis driving forcés described by the change of the free enthalg@ywhich is a function
of the standard potential' B and the molar fractiorx of the particular componen# and B. Other
additional parameters are the universal gas cons®rthe temperatureT, the number of electrons
transferredz and the Faraday constaht

')0@')04F46H:J !"0@"04F%"_HJO eqgn.3
4

and

' ' ) .. o Ei

)»@ YIF46H] ! >@ ;‘FgéHj»ean

Accordingly, the driving force (potential)
"dealloying = ''o F "', = "O»F%I_Hj;—z eqn.5
é I3

In addition to thermodynamic considerationstwo additional parameters are essential for
dealloyinga) parting limit[54] andb) thecritical potential[56]. Theparting limitis the percentage

of the more-active element below which dealloying vanishes, irrespective of how oxidizing is the
potential. Only alloys of a certain range of compositzan be dealloyed.df example the fraction

of Ag in the startingAu-Ag alloy has to be more than 55 & For lower fractions of Ag the
dealloying does not procek For low Ag fractions within the materiathe coordination by Au
atoms increases. A high coordination leads to passivation of the particular @ocording to
Artymowicz et al.[47], the coordinaton threshold of 9 leads to the experimentally found parting
limit of about 55 at%.

The secondparameter for dealloying is the scalled critical potential &). This effect can
explainedon the bases of the commonly known oygotential in electrochemistry. The theoretical
potential as described in equ. 2 does not suffice to induce bulk corrosion. The kinetics i.e. the
activation barrier for surface diffusion of the more noble Au atormrevgnts corrosion throughout
the bulk material. Hence, only at a certain potential (higher than the thermodynamic threshold)
the current that is the dissolution of Ag atoms rapidly increa3éss potentiaEcdepends on the
composition of the starting aly, the electrolyte, and fiher additives like halidel$6].

Different theories based on atomistic modelsdealloying wereproposed Pickerirg [56] was the

first one to introduce the relation between the applied potential and the dissolution rate that
characterizes the electrochemicaealloying processFrom figure 4.5, & low overpotentials
relative tothe critical potential E, the alloy displays passidé&e behavior due to the surface
enrichment and blocking fluence of the morenoble metal’B’. This passivike behavior results

in a relatively potentialndependent current with no development of bulk porosity. At a certain
potential (i.e.,empirical critical potential E), the current suddenlyincreasesleading to the
formation of paosity. According td’ickering[56], this dealloying behavior was classifiagl Type |
dissolution.At this critical potentigl the lessnoble element(s) & dissolvedand the morenoble
element(s) undergo a seffrganization process (i.e., by surface whfbn) producinga three
dimensional porous structure In simple terms, E£represents a transition between surface
smoothening and severe roughening leading to bulk dealtpgind porosity evolution [539].
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FIGURRE.5
The electrochemical behavior binary aloys[56]

Coarsening of the nanoporous structure

While dealloying of a binary alloy progresséise size of recently created pores and ligaments
keeps increasing. At the same time that ligaments grow in sipeg iwriginal alloy is subjected
the electrolyte allowing removal ofmetal atomsfrom the already formed ligaments, which
constitutes the second stage ofetal dissolution. Furthermore, even after most of the silver has
been removed from the ligaments, the feature size in the struewontinues to increase as long as
NPG is exposed to the electrolyte thanks to the high surfacedsglbivity of gold in the
electrolyte. This process is typically referred as electrochemical coarseningpgostty
coarsening or simply coarsening.eBuwhough coarsening happens quite fast when the material is
immersed in the electrolyte, coarsening happens throughout the entire life of the material, even
when it is taken out from solution.
NPG is, from the thermodynamic point of view, intrinsicallgtahble, i.e., its nanostructure has a
very high surface energy. This instability provides the driving force behind coarsening, wheeh is th
GibbsThompson effect or curvaturdriven growth p7].
During coarsening, the migration of material goes from higbdower energy sites; therefore, as
smaller ligaments contribute more to the surface energy (on a per volume basis) than large
ligaments, the thermodynamic driving force is larger for their elimination or incorporation into
larger ligaments. As a resuthe distance between adjacent ligaments increases and a significant
growth of bothligaments and pore diameters wabserved $8-59].
In order to rationalize the coarsening phenomenon in nanoporous metals, it was necessary to look
at the growth oflarger clusters at the expense of smaller clusters (typically known as Ostwald
ripening). This theory was formally devedapby Lifshitz and Slyozd0] and Mullins 1] through
a selfconsistent mearfield theory, showing that the cluster growth asymptatlly following the
relation:

45 UGPY7 eqn6

where Ry is the average cluster radius, k a proportional constart tis the time. The number of
cluster/islands wadikewise were predicted to decrease witht
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A different approactconsidered a tweadimensional growth of static spherieahp islands, in mass
conservative systems, showing that the average radius increases ¥#if23. Simplistically, the
ripening process on an atomic level can be considered as the detachment of &tmm an island

or grain boundaries, kinks and ledges; these atoms then diffuse across the metal surface as
adatoms, and eventually coalescence with another island. Therefore by monitoring the change in
surface area (i.e., ripening) of thermodynamicallysidbilized metals (i.e., gold and platinum
atoms), one can determine the surface ddiffusion coefficient of metals in contact with an
electrolyte. Therefore, continuing the work doriey Chakraverty §2], Alonso et al. §3] and
Vazquez et al.64] devebped a roundeetap cylindrical column model that enabled the calculation

of the diffusion coefficient, as shown in the following relation:

NFN= G;Td)il/bg eqn. 7

where the average cylinder radius is given by a{rt=0 is gien as 1x16 cm [65], Jis the surface
tension, a is the metal lattice constant and e surface selfliffusion coefficient. With this
equation, a prediction of the growth of the average cylinder radius with time was possible. In
addition, the following relation was derived to make this result even more useful:

4P = %A@%ﬁ N A4 eqn. 8

WhereR(t)is the surface roughness at tinh@nd can be experimentally determined as the ratio of
charge passed for the formation of an oxide monolayer between the electrodisperstedastd the

initial state. In equatiorB8, the quantity in the first parentheses represents the roughness and
dimensions of the roundedap cylindrical columnssed to approximate the surfacéd is the
molecular weight of the hydrous metal oxide layer (i&w0Os), q is the electroreduction charge
density of the oxide layer at0, zisthe number of electrons passed per elementary reactirs,
Faraday’s constant, antlis the density of the oxide film. Literature concerning the measurement
of Dsclearly demonstrates the validity of th&* relationship 6.

Sme of the dealloying parameters, such as temperature and the nature of the electrolyte, have
been found usefulin controlling pore sizeQian and Chen5B] demonstrated that ultrafine
nanoporous gold, with pore size of about 5 nm, can be produced by reducing the dealloying
temperature of the HN@electrolyte from 25 °C te20 °C. By reducing the temperature, the surface
seltdiffusivity of gold was decreased by approximately two or@émmagnitude.

Snyder et al. [65]], showed that by dealloying Ayu in neutral pH silver nitrate solution,
significantly smaller pores and ligaments were obtained if compared with those obtained in an
acidic environment (e.g., HNQ this observation cate explained by the formation of a silver
oxide layer behind the dissolution front, which reduces the gmsbDsity coarsening of the
structure. Even though these two approaches are effective to minimize the immediate coarsening
of the structure, they wilhot prevent coarsening of the struate once the sample is removéwmm

the electrolyte[66].

The Dynamic Hydrogen Bubble Template (DHBT) Method

The ‘dynamic hydrogen bubble templating’ (DHBT) metbhad producenanoporous structure in
clean, easy anfast manner Studies involving the deposition of structures and films using DHBT
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date back to the first studies in the 1970s, however it has been used for more intense research
since it was brought to the forefront by Marozzi and ablo [67-68]. Different single metals,
including coppe(82], silver[69], tin [70], gold[71], platinum [72], nickel[73], and palladium{4]

can be produced by this methott also has been applied to a number of keialic systems, such

as CuAli75], CuPd76], CuAq77], AuPt[78] AgPd and AuP@9], NiCu[8Q].

As illustrated in figurel.6, Hydrogen bubbles firstly form on the substrate and thus prevent the
deposition of copper in those gaps. When gas evolution is continued, the metal ions grow between
the gas bubbledn this situationhydrogenbubbles behave as a negative dynamic template around
which the metal grows as a foam structysd].

Anode

H. bubbles

Electrodeposite( Cathodt¢ Electrodeposited coppdbam
coppe!

FIGURE.6
Hydrogen bubblingacting as template in the fabrication of a Cu foam deposited on gold substrates adapted
from [81]

In electrochemistryit is usually desirable to work within the potential window of the supporting
electrolyte, be it an acid, base or ionic liquid. This is to prevent the breaking down of thelgtectr
causing detrimental results when studying electrochemical processgisroiption of the growth of

films. For the growth of films, electrodeposition usually occurs at less than half of the limiting
current to avoid unstable formations protrusions, such as dendrit¢82).

The DHBT method, however, involvesrieng at extrene overpotentialthat forces the electrolyte,
usually an aqueous solution containing acid, to break down and evolve hydrogen bubbles that
serve to shape and form films with porous, high surface arBag to the large overpotential
utilized, a cereductionprocess occurs where metal ions in the electrolyte are reduced at the same
time as H, a process whereggiations9 and 10 occur simultaneously.

[ F(=MIA-/(] egn.9
2*(=M2A>—*(Q egn.10

Hydrogen ions supplied e supporting electrolyte areeducedto form microbubbles on the
electrode surface. Bubble formatiam an electrode surface occurstimee key steps: nuclémn,

growth anddetachment{83]. Due to the high overpotentialsed by DHBT, super saturation efitd

the solution near the electrode causes heterogeneous nucleation of bubbles at the surface. Small
bubbles coalesce to form larger bubbles and continue to grow, as lotigeyasre attached to the
surface, until they reach a critical size, known as the ‘bubble bofaftiameter’. The break off
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diameter wasrelated to the ability of a bubble to coalesce and its residence time on the surface.
These factors are dependent ohet surface energy and morphology of the surface at which
reduction is taking place oi84- 86]

The bubbles attached to and detaching from the surface of the electrode disrupt the surface,
affecting the subsequent eduction of metal ions from the saraectrolyte. The role of these
bubbles are critical, and their behaviour directly affects the metal deposition. Hydrogen bubbles
insulate and block surface sites on the substrate, which would otherwise be available for reduction
of incoming metal ins, foring the ions teseek out sites around the bubbl¢86].

At a critical size, the bubble breaks away from its occupancy site on the electrode surface, leaving
behind a void. The growing metal surface will thus have to grow around these bubbles, which act as
a dynamic template. Depositing for longer times usually results in an increase in the size and
thickness of the metal film, with relatively small pore sizéshe surface of the filmwhich
gradually increase in a ‘stack up’ model approach, as showmsdizally infigure 4.7 [87].

FIGURR.7
Schematic of the Dynamic #hpgen Bubble Templating Meth@87]

As illustrated in tablet.2, the j° values indicateda significantly faster Hevolution rate off the
electrodepositing Pt or Pd compared to either Cu or Au. A faster rate means shorter residence
times of bubbles on the surface, leading to a smaller break off diameter, reducing the amount of
time available for coalescences to occless time for coalescence means smaller bubbles are
formed, that are directly linked to pore size in the final dep{&8].

TABLE.2
The exchange current densify, or the rate of hydrogen evolutiéanit areafor different metals [88
Metal Exchange&urrent Density, A ch
Au 1054
Cu 1053
Pd 10°
Pt 103!

Natural convection of species to an electrode occurs in any electrodeposition process, which causes
the formation of a diffusion layer. Fick’s second law predicts thakness of the diiusion layer
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increases relative to time, however by stirring the solutibre thickness ofdiffusion layer is
reduced[82].

According tol Niu et al 0], the nucleation raté'w” induced by electrochmical depositioncan
be expressed from the following formula

; ,.%..
S=Ge " eqgnll

wherek; k; are constants K is the over potential
The relation betweenthe critical nucleationradius “M andthe over potential” K' can be
calculatedusing the followingequation
U %

M= m egn.12
where E is interfacial energy, Z is the electron number of discharge ions, h is the height formed by
absorbent atoms. According to the above equatioas,the over potential and nucleation rate
increasethe nucleation rate increases and critical nucleation radius decreageish is preferred
to the formation and refinemenof the initial grain. On the other handhe hydrogen bubbles
evolution rate of gradually increases with increasing the current densitych pralucing much
larger driving force for Hbubbles to deviat from the cathode metdboil. Consequently, the cryest
growth time will be reduced, leading the refinement ofporous metalrain B2].
Generallyas stated byl. Niuet al [9(, the characteristics oporous structures arelependent on
many factors a) the metal being depositedy) the canposition of the electrolyte cyverpotential
applied d) current density and f) temperature Different dynamic templatecan be obtained by
adjusting the current density, since the evolution rate of hydrogen bubbles is closely related to the
deposition current.
The morphology ofmetal foams can bechanged from distributed sparse dendrites to honeycemb
like structure with increasinthe deposition current density. Further increasitige current density
could lead to the grain refinement and lattice parameter reductiéhlow current density, few H
bubbles can eolve from the surface of metadubdrate, therefore, producing manwvailable
deposition areas on the cathod®il, making it difficult for metal ionso form interconnected
porous structure. This is the reason why the scattered aretjular morphology of porou8ims
appear on the surface of cathode. With increasingrenir density, abundant hydrogen bubbles
formed and clustered, whitinhibited the growth of metal atomwwards the hydrogen bubbles,
making the electrochemical reaction only occurs at the interstices of hydrogen bufhlisswill
lead toelectrodepositia of the porous structure.
At constant curent density, increasing the reaction temperature will lead tmore hydrogen
bubbles formation, resulting in the enhanceemt of the hydrogen evolutioand the formation of
larger bubble templatesand larger pore ge Meanwhile, high tempeture provides more
activationfor metal iongo deposit, resultingn grain coarsening of the dendritg30].
Figure4.8 shows a schematic diagram for tpessibleformation of fernshaped dendritesluring
electrodeposition of Zincobtained by Hsu et al [$1Once an existing dendrite is surrounded by a
couple of hydrogen bubbles, the concentration of zinc ions cadivided into two zones, i) Are*
depleted zone in the space between the two bubbles aida zone with the original Zh
concentration outside them. Ther?* concentration difference between these two zones can cause
local convectionreplenishing the zinc ions necessary for the groeftthe main stem of the fern
shaped dendrites. The formatiamf hydrogen bubbles suppresses the lateral growth of fgraped
dendrites, while a fast tip growths enhancedy the highly concentrated electridield. When the



Advanced Materials and their Applicatiorglicro to nano scale 81

main stem outgrows the surrouwting hydrogen bubbles, its side branches start to split, leading to
the appearance of fershaped dendrite§91].

FIGURE.8

Formation mechanismof fernshaped dendrites.a) drcles indicate hydrogen bubbled) The dotted
arrowhead lines indicate thelectric field.c) ,d) The main stem of the fershaped dendrite grows between
two hydrogen bubble§o1]

Combustion Synthesis

Combustion synthesis or thealled seHpropagating lgh-temperature synthesis or SH®fers to
techniques that utilize decomposition of energetic substances to produce materials. In these
techniques, the inherent energy released from combustion of the precursor mixture drives forward
reactions with high activation energy barriers at rotemperature[20]. Nanoporous metal foams

can beprepared by ignition of high nitrogen transition metal complex@ss ombustion synthesis
techniqueis a flexiblegereral approach for the productioaf a wide range of nanoporous metallic
foams such as F&o, Ni, Cu, Zn, Pd, Ag, Pt, Au. In additt@moporousbinary metal oxides,
ceramics, and intermetallicsystemscan be produced, such &Ry, CoPt;, CoPt, Cft, IrPt,
RhRu, RERw, RhRu, bRu, IrRUy20,92].

Applications of NMFs

Porous nanostructured materiatége attractive materials for use manycatalytic [93], gasensing
[94], optical [9%, and mechanical applicationsg This is due tchigh surface area, ultralow
density, and high sength-to-weight ratio. In addition tothe important characteristic of metals,
such as good electrical and thermal conductivity, selected catalytic activity, and maleabilit
resulting in its wide range applicatiof@ acoustical insulation, electromagnetic shielding, fuel cell,
and plasmat resonanced7].

Viable H/drogenProduction and Storage

Hydrogen is a clean and fully recyclable substance with a practically unlimited .sTippdyit is
considered an ideal energy carrier that can be an alternative to fossil fuelsld@tteochemical
hydrogenproduction by alkaline water splittings one ofmost economienvironmentally friendly
techniques However, thee is a limit in its large scaproduction due tohigh-energyconsumption
of alkaline wateelectrolyzegrocesq98-101].

HerraizCardonaet al [10]] stated that dhough platinum shows the highest activity for the
hydrogen evolution reaction (HER), new electradaterials have been synthetize@iming at
minimizing the cost associated with the electrocatalydévelopment. Amonghese materials,
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nickel and Nbased alloys hava high initial electrocatalytic activitpward the HER. Theegitrode
activity, can beimproved by enlargingthe real surface area and/or thmtrinsic actvity of the
electrode materiallt is possible to produce a porotisree-dimensional (3D) structureith a high
surface roughness factdr, by several techniques such as electrodepositionthermal spray
depositing Ni together with aractive metal like Al or Znfollowed by the dissaition of the
secondary component (Rawy type electrodes). Another possible techniquelectodeposition of

Ni with controlled porosities andlayer/thickness, using high current densign metallic opals
made of silica or polystyren&llowed bya seletive removal of the opdl101].

Theresearch projects focusing on tlievelopment of the techniques for using hydrogen energy is
one of the mostmportant energyrelated areasMetals with nanoporous structures hagadown
improved reaction kinetics and lowarptake and release temperatures. Thus, these metals could
present useful properties for rapid hydrogen uptake and reledseording to Tappan et al [2])

the palladium— hydrogen system, has attracted more and more attentiorainly because of the
easy procedure and friendly condition to produce a pure sample of palladium and these samples do
not require mae special surface treatments.

LionsBatteriesApplications(LIBS)

Due to the increased demands for the high enedgnsity of portable electronic devices and
electric vehicles, Lithiuson batteries (LIBs) have been intensivdlyestigated It should be
emphasized thabatteries which obtain high energy density by storing charge in the bulk of a
material can also adéve high discharge rates by using Lithium iron phosphate in nanoscale, known
as LiFeP£102-103].

Based on aesearch work of Kang et al B0Ni and Cu NMFs wemgsedto make a lithiursion
battery that can be 90% charged in two minutes. It could lead to few minutes’ charge for laptop
and 30 seconds’ charge foeltphones. This type of cathodesan be appliedo hold as much
energy as a conventional one, but damrechargeda hundred times faster [4).

According to Cheng et al [&]) electrodepositedzinc foans were characterized by formation of
nanoparticles on secondary dendrites inthaee-dimensional etwork with a particle size in the
range of54.1- 96.0 nm. The obtainedanoporouszincanodes were alsoharacterized by; Highly
oriented crystalsii) high surface area and) more rapid kinetics ilgontrast to conentional zinc in
alkaline mediaThe prepared anode materibhd autilization of ~88% at full deptiof-discharge at
various rates indicating a supeate-capability. The rechargeability of Z7n’* showed remarkable
capacity retention over 100 cycles at a 40% degftdischarge to ensure that the dendritic core
structure was imperforated.Upon chargedischar@ cycling, he dendritic structurewas densified

and presented excelleqgerformance compared toonventionakzinc electrode$105].

Tappan et al [1@B] have preparedhree types of SrCu allog with different Sn content, different
porosity and different pore sizéBoth capacity and cycling performancoé the producedanodes
were improved by optimizing the nanostructure of the materials gselectrochemical dealloying
[107-108].

In addition, Cuand Srbased NMFs electrodes have been successfully prepared using
electrodeposition process.Three-dimensional porous G8rs alloy negative electrods for
rechargeable lithium batteriesere synthesizedqFigure4.9). They were characterized kyth fast
mass transport and rapid surface reacti¢h838-110].
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FIGURE.9
SEMof electrodepositechangoorous CeSn alloyelectrodes a) Large pores formed due to evolution of. )
Morphologyof the walls.c) Detailed mrous structure of the wallgL08]

Thelow specific capacity of the conventional graphitesé@d anodes is one of the disadvantages
that limit the capacity ofithium —ons batteriesI(IB$. As stated bysuoet al [11], transition metal
oxides, such as NiO, Mp@nd FeOs- based anodesan beusedto improve the specific capacities
of LIBs for several times. However, the poor electrical conductivity cfettoxides significantly
limits the lithium ion storage and charge/discharge raifbe storage performance of suabxides
can bedevelopedby applyingdealloying processand the formation of oxide/porous metal foams
composites.These hybrid electrodesare characterized byhighly eversible specific capacitiigh
rate capability and long cyclic stabiljiy11].

According toada et al. [12], freestanding bulk threelimensional nanoporous ,Siere prepared
by dealloying of MgSi inmetallic Bi melt Theproducedlithium-ion batteriesusing such electrodes
were characterized hyhigh capacity neartn their theoretical limits,greatly extendedcycle
lifetime, and considerably improvedattery perfomance compared wittelectrodes maddrom
bulk silicon nanoparticles

Fuel Cell Applications

Porous platinum is an excellergatalyst for the electrexidation of fuels such as hydrogen,
methanol, ethanol, formic acid or glucose as well as the eleetaction of oxygern fuel cells It

has the highest catalytic activitie®f all pure metals for the arresponding reactionsA big
drawback of platinum is itsigh price and its limited resources as wellherefore the main goal in

fuel cell research is to reduce the mass of platinum perfase area during fabrication by
controlling the size and shap of the deposited structuresDecreasing diameters enaldean
increasing surface to volume ratio and thus increasing numbers of catalytically active sites per
mass which means higher platinum utilizatiorMoreover, controlling themicroscopic shape isry
critical, since different crystallographic planes of platinum show d#ffitrcatalytic activitiesUsing
nanoporous metal electrodes for fuel cell catalysis may remove stability issues associated with
carbonsupports, and opens approaché&s new catalyst design.The high surface area of porous
platinum enables a high fuel turnover rate at low electrode polarization and hence a high power
output of the fuel cell[113]. Another strategy is to rdpce a fraction of platinum bgheger
elemens. In many fuekells,the goplication of alloy catalystsuch as Ru, Ir, or Sn to form binary or
even ternary alloysare desireddue tobetter resistance towrds CO poisoning at the anoded an
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improved tolerance towards methanolasgsover effects at theathodecompared to pure platinum

[114].

The objective of the work presged byDzhafarovet al [19] was tostudy the performance dfirect
ammonia fuel cells (DAFC) using nanoporous silicon (PS) as proton conducting membrane (instead
of traditional polymer Nafion membrane) and T¥QAU/TIQ or Au as catalyst layer. Porous silicon
layers have been prepared by electrochemical modification of silicon substrates. The work
demonstrates that the PS based fuel cells have potential for portable applications

Supercapacitos

Supercapacitorsare considered the most promising candidate as energy storage deliseso
high power density, long cycling life as well as short charge/discharge time. dthesgages make
supercapacitors promising for use fimany applicationsuch asautomotive industry, space and
aeronautical industry or mobile devic¢s16-118]. The development of new electrodes is one of
the mostimportant areas towards the development of advanced supercapacitors. In this field,
transition metal oxides are very attractive materidise totheir pseudocapacitive electrochemical
behavior [114].

According to G. A. Lange¢ al [119], in case of application as gercapacitors electrodegroperly
selected metaloxides with high porosities as well as wide pore distributicere deposited.
Nanostructured metallic Ge foamswere electrodeposied and eamined as electrodes for
supercapacitors. The morphological characterization of the depositefe(3iD foams were
changedby increasing time of deposition as well as applied current. Due to high cathodic current,
simultaneous deposition of Cu and Fe occurs withtense hydrogen evolution and thus
characteristc cratersare created119].

According tdPan et al [12]) the combination of an active electrode material with a suitable
electrolyte may facilitate the development of energy storage systems with geglormance and
high energy densityMesoporousMn: sCa.sOs /Ni foam composite electrodes were fabricated via
the electrodepositionmethod. Further, an asymmetric supercapacitbaving (MCO/Ni)positive
electrodeobtained after electrodepsoition for 15min, a plasméreated activated carbon (PAC)/Ni
electrode as a negative electrode, and carboxymethyl celldidsem nitrate (LING) gel
electrolyte (denoted as (PAC/Ni)//(MCO/NIb min) was constructedThe good supercapacitive
performance and excellénstability of the above mentioneddevice is due tothe hierarchical
structure and high surface area of the (MCO/Nb) min electrode, which facilitagelithium ion
intercalation and deintercalation at the electrodeéelrolyte interface and lim# volume change
during lorg-term charge/discharge cyclg€s20].

Conclusion

In conclusion,nanoporous metals(NPM) are synthesized using different techniques such as
dealloying, scarifacial templatindynamic Hydrogn bubble templatingcombustion synthsis,sol

gel, nanosmelting. NPldre characterized by high surface area, tunable pore sizes, and high surface
to volume ratio and can be functionaliz&tPMare an important material thahas apgtations in

many areas suchiomedical, catalysis angreen energyNanagporous metals have been used for
creatingdrugs forcancer, catalysis of reactions due to its high surface area, captwdrggen and
carbon into its pores and surface, platforms for a@eilture and other numerous applicationi
addition, NPM could find potential applications in fieldsuch as sesors, actuators, fuel cells,



Advanced Materials and their Applicatiorglicro to nano scale 85

Lithiumrions batteries metalair batteries, supercapacitors, synthesis of chemicals, water
electrolysishydrogen storage andutomobile exhaustreatment.
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