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Abstract. Selective dissolution of homogeneous alloys (dealloying) is a promising nanotech method
of synthesis of nanostructured materials with increased catalytic activity. The process leads to irreversible
decomposition of the solid solution or intermetallide realized under conditions of anodic polarization or
corrosion in an oxidizing medium. It allows both to increase the amount of a substance participating in a
heterogeneous reaction because of the growth of the reaction surface, and to intensify the electrocatalytic
process itself due to the structural-energetic activation of the surface. The material synthesized by selective
dissolution at subcritical potentials is characterized by the morphological stability of the surface. The
increased defectiveness of the nonequilibrium surface layer and its enrichment by the electropositive
component are the main factors in the catalytic effect rise of such modified alloys. At the same time, the role
of the structural-vacancy disorder in the surface layer of an alloy in the kinetics of electrode processes as a
whole is not unambiguous and depends on the reaction nature. Selective dissolution of homogeneous alloys
under overcritical potentials (dealloying) leads to formation of micro- and nanoporous metals with the
substantially increased surface area and catalytic activity. The main product of chemical etching of an alloy
in an aggressive environment is a dispersed powder with an uncontrolled pore and particle size, whereas
electrochemical dealloying is characterized by a number of adjustable parameters including composition,
potential, and temperature, variation of which gives a possibility to synthesize nanoporous metals with
variable chemical composition, morphological properties, and multimodal structure. The nanopores are
not stable and coalesce with changing temperature, potential and the electrolyte composition via surface
diffusion mechanism. The most complete characterization of nanoporous metals formed by dealloying
include description of their chemical, physical, mechanical, magnetic and optical properties, and is necessary
for optimization of their application in catalysis, electrochemical energetics, and micromechanics.
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Physicochemistry of mnew nanostructured
materials based on solid solutions of metals and
intermetallides, as well as heterogeneous catalytic
processes on their surface is one of the most
promising areas of modern physical chemistry.
Requirements for the catalytic activity of electrode
materials constantly increase, in particular, due to
the shortage and high cost of a number of classical
catalysts. It should be recognized that unmodified
compact metal electrodes have now practically
exhausted their electrocatalytic potential.

The traditional extensive approach to increasing
the amount of a substance participating in a
heterogeneous electrochemical reaction uses mainly
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the growth of the overall reaction surface as a
result of the morphological modification of massive
electrodes with the formation of porous, dispersed
and metal-polymer composite electrodes. In addition,
special attention is paid to the intensification
of the electrocatalytic process itself due to the
structural-energetic activation of the surface of the
metal electrode, for example, of electrodeposited
nanostructured materials.

The purpose of this work is to review the current
literature data on the selective dissolution (SD) of
homogeneous alloys based on solid solutions or
intermetallides as a promising nanotech method of
increasing the catalytic activity of electrode material,
which effectively combines the extensive and
intensive approaches.

BECTHUK BI'Y, CEPHA: XUMUA. BUOJIOI' M. PAPMALISA, 2018, Ne 4 5



Kozaderov O. A.

SELECTIVE DISSOLUTION OF
ALLOYS UNDER THE CONDITIONS
OF MORPHOLOGICAL STABILITY OF
THE SURFACE LAYER

In the course of SD only the electronegative
component A of a binary A,B-alloy undergoes
oxidation with the transition of its ions to the
solution, while the more noble metal B remains
electrochemically stable. In the most general form,
the process can be described as follows:

A-B—=—>A" +B.

The process in fact represents an irreversible
decomposition of the solid solution realized under
conditions of anodic polarization or corrosion in an
aggressive oxidizing medium.

The condition of truly selective dissolution
is satisfied by such typical examples of binary
homogeneous systems as single-phase brass Zn-Cu
contacting with aqueous solutions of electrolytes;
nickel and tin bronzes of Ni-Cu, Sn-Cu; solid
solutions of gold and palladium with copper and silver
Ag-Au, Cu-Au, Ag-Pd, Cu-Pd. A long and intensive
SD process is possible only in the case of systems,
the volume concentration of the electropositive
component in which does not exceed a certain value
Néamm corresponding to the Tamman corrosion
resistance boundary [1,2].

The electrode material synthesized by selective
dissolution at anodic potentials that does not exceed
a certain critical value for the given alloy, E, is
characterized by the morphological stability of the
surface. In this case, the main role in the change in
the rate of the electrochemical process on the alloy
anodically modified at subcritical potentials is played
by such factors as increased defectiveness of the
nonequilibrium surface layer and its enrichment
by the electropositive component, since the area of
the morphologically stable alloy surface practically
does not change. It has been experimentally
confirmed [3,4] that the chemical and microstructural
changes in the surface layer of the alloy, which are
irreversible and stable to relaxation, can be reflected
in the kinetics of chemisorption, electrochemical
and heterogeneous chemical transformations taking
place on the alloy surface. In this case, the role of
the structural-vacancy disorder in the alloy in the
kinetics of electrode processes as a whole can not be
considered unambiguous. For instance, the change
in the fraction of vacancies in the nonequilibrium
surface layer of anodic-modified Cu-Au alloys does
not affect the rate of electro-oxidation of isopropyl
alcohol in comparison with the initial alloys of the

same composition [3]. The preliminary anodic
modification of Ag,Au-alloys, which also leads to
the formation of a surface layer with an increased
concentration of vacancies, does not cause a change
in the kinetic scheme and the rate of formaldehyde
electrooxidation on Au in an alkaline medium [5].
In the opinion of the authors, the chemisorption and
ionization stages are not sensitive to variations in the
atomic fraction of monovacancies in the structure of
a solid Ag,Au-alloy.

At the same time, the processes of electrooxi-
dation of oxalic acid and cathodic reduction of hy-
drogen are vacancy-sensitive. Indeed, an increase in
the concentration of point defects contributes to the
adsorption of the oxalic acid monoanion on Pd-con-
taining alloys, as well as to the simplification of the
electrochemical step, generally leading to an accel-
eration of the electrooxidation process of H,C,O, on
the anodic-modified alloy in comparison with palla-
dium [4,6]. A correlation is established between the
thermodynamic activity of Pd in the surface layer of
Ag,Pd-alloys and their electrocatalytic activity with
respect to the oxalic acid electrooxidation reaction. It
manifests itself in a simbatic variation of both char-
acteristics with an increase in the level of the vacan-
cy defectiveness of the surface layer and the volume
fraction of Ag in the alloy. A similar correlation was
also revealed between the variations in the electrocat-
alytic activity of Ag,Au-alloys in the electrochemical
oxidation of H,C O, and the thermodynamic activity
of gold in the nonequilibrium surface layer of such
alloys [3,6].

The formation of such a layer in the case of
Ag,Pd- or Ag,Au-alloy in the course of subcritical se-
lective silver dissolution, as well as its reorganization
after the termination of anodic polarization, naturally
influence the kinetics of the hydrogen evolution reac-
tion [3]. The rate of the cathodic reaction is affected
both by the enrichment of the alloy surface by the
more electrocatalytically active component (Au or
Pd) and by the gradual decrease in its surface fraction
during relaxation processes in the nonequilibrium va-
cancy subsystem of the surface layer of the alloy.

NANOPOROUS MATERIALS BY
DEALLOYING
In the case of highly developed, porous alloys, the
anodic modification of which was carried out under
overcritical polarization conditions, the effect of
increasing the amount of matter reacting per unit time
on the alloy surface manifests itself to a much greater
extent. First of all, this is due to the fact that in this
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case the area of the electrode is substantially increased
due to the development of its surface. In addition, the
transition of the system to a porous, dispersed state
can, in principle, lead to an increase in the catalytic
activity of the synthesized highly developed material.

It is known that the classical electrochemical
technology for the preparation of the skeleton catalyst -
microcrystalline porous Raney nickel [7] - is based on
the leaching of Al, Co, Fe or Zn from metallurgically
formed Ni,Al-; Ni,Co-; Ni,Fe- or Ni,Zn-intermetallides.
The chemical etching of the active component of an
alloy based on the electronegative component in an
aggressive environment - concentrated nitric acid or
alkali - is mainly used to produce dispersed powders.
Starting with a certain composition (for example, for
Ag and Au alloys it is N, & 16% [8]), but under the
condition of N}, < N[™", mechanical destruction of
the alloy does not occur, and in the course of selective
corrosion, not powders are formed, but monolithic
"spongy" metals: lead [9], gold [10-17], palladium
[14], silver [14,18,19], platinum [14], copper [9,14,20-
27]. Sequential deposition of the alloy on the substrate
and selective etching of the electronegative component
produces highly developed films of gold [28-31],
palladium [32], copper [29,33], silver [29], tungsten
[34].

Asignificantdisadvantage ofthe method of selective
corrosion, along with the use of environmentally
hazardous, aggressive electrolytes, is the uncontrolled
pore size of the material being synthesized. Anodic
selective dissolution of the active component from a
homogeneous alloy, on the contrary, is characterized
by a number of adjustable parameters. These
include alloy composition, anodic potential, anionic
composition, pH and temperature of the electrolyte,
as well as conditions of anodic polarization [8,35-37].
Variation of these parameters and conditions allows
one to regulate the morphological properties, structure
and chemical composition of the surface layer of an
alloy [38-44]. In addition, the SD method makes it
possible to obtain highly developed nanoporous metals
[45-55], which do not require additional stabilization
in a matrix, which favorably distinguishes them from
nanoparticles [35,56-58]. The average pore size of an
anodically modified alloy can be noticeably smaller
than the radius of nanoparticles synthesized by metal
precipitation from the solution [59,60]. Moreover, due
to SD, the total area of alloyed nanoparticles can be
further increased [61-70].

The pores coalesce with increasing temperature
[26], as well as when the electrode potential and the
electrolyte composition change. The determining

Nanoporous metals

role in the coarsening of the pores belongs to surface
diffusion. Indeed, the process rate is proportional to the
coefficient of surface diffusion of the electropositive
component, which mainly forms the porous
framework. It was shown [71] that the introduction
of halide ions into the electrolyte solution increases
the surface-diffusive mobility of gold ad-atoms at
overcritical selective dissolution of Ag,Au-alloys
based on silver, which contributes to the multiple
growth of the pore radius. In contrast, the introduction
into the alloy-precursor of metal additives with very
low diffusion mobility, for example platinum [72],
substantially prevents pore enlargement and stabilizes
nanoporous morphology.

The SD product can contain a sufficiently high
residual amount of active metal [73,74], and if it
exceeds the Tamman stability limit N =1-N ",
a secondary selective dissolution becomes possible
with the formation of a hierarchical, multimodal
highly developed structure [73,75,76].

Nanoporous metals obtained by the method of
overcritical selective dissolution are an object of
intensive research in the field of physical and chemical
materials science. Various physical [77], mechanical
[78-83], magnetic [84] and optical [42] properties
are studied, original methods for determining the
true surface area of such materials [85,86] and
approaches to the mathematical description of their
three-dimensional structure [87] are proposed. The
need for the most complete characterization of highly
developed and nanoporous anodic-modified alloys
is dictated by a wide range of promising fields of
application, including catalysis, electrochemical
energy sources, micromechanical devices.

The effect of surface development during SD is
proposed to be used to produce composite electrodes
and collectors for supercapacitors [88,89]. It has been
found that nanoporous metals anodically synthesized
from homogeneous alloys exhibit appreciable catalytic
activity with respect to a number of practically
significant reactions. For instance, data have been
obtained on the noticeable effectiveness of nanoporous
platinum - in electroreduction of oxygen [90,91];
nanoporous palladium - in electrochemical oxidation
of glucose [92], formic acid [93] and hydrogen
peroxide [94], electroreduction of oxygen [95], as well
as hydrogen absorption [32,96] and decomposition
of carbon tetrachloride and chlorobenzene [97].
Nanoporous gold works effectively in reactions with
participation of methanol [98-100], CO [100,101] and
a number of other inorganic and organic compounds,
which allows the development of a variety of bio- and
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electrochemical sensors [102-111] based on highly
developed Au.

It is noted that the observed "catalytic" effect
is associated, mainly, with the growth of the area of
the reaction surface. It is obvious, however, that this
growth does not lead to an increase in the rate of the
process, which should be normalized to the area of the
growing surface, but to an increase in the amount of
a substance entering into a heterogeneous reaction.
In this case, such normalization is possible only for
processes occurring under kinetic control. If the
process is diffusion-controlled, then for the calculation
it is necessary to use the cut-off area of the diffusion
front, and for mixed-kinetic control the situation is
further complicated. In any case, in order to detect a
purely catalytic effect, associated, for example, with
the change in the electronic state of atoms of the alloy-
substrate on the surface of which the electrochemical
process proceeds, it is necessary to separately evaluate
the effect of the increase in the roughness factor.

The technological realization of the method of
anodic synthesis of highly developed alloys enriched
with an electropositive component, like nanoporous
metals, still faces serious difficulties. The point is that
the possibilities of regulating the morphological state
and chemical composition of the electrode material,
as well as controlling the formation of its catalytic
activity during SD, are very limited. First of all, this is
due to the fact that the kinetics of the anodic process
on homogeneous intermetallic systems obtained by
fusing the components has not been fully studied.

CONCLUSION

Electrode material synthesized by the method of
selective dissolution of a binary metal alloy may have
increased catalytic activity with respect to a number of
practically significant chemical and electrochemical re-
actions. If the synthesis is carried out under subcritical
conditions of polarization, the main factor for increas-
ing the catalytic activity is an increase in the vacan-
cy defectiveness of the nonequilibrium surface layer
of the alloy and its enrichment with an electropositive
metal. If the electrode material is formed at overcritical
potentials and charges, the increase in the amount of
the substance entering into the reaction can be caused
both by the growth of the thermodynamic activity of
the electrochemically stable component and by the
morphological development of the electrode surface.
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CHUHTE3 HAHOHOPUCTBIX METAJIJIOB METO/JOM _
CEJIEKTUBHOI'O PACTBOPEHUSA U U3BUPATEJIBHOU
KOPPO3MUH CIIJTABOB. OB30P

0. A. Kozagepos

Boponesicckuil 2ocyoapcmeennbiil yHugepcumem

AHHoTanus. CeleKkTUBHOE PacTBOPEHHE FOMOTE€HHBIX CIUIABOB SBIISETCS MEPCHEKTUBHBIM HAHOTEX-
HOJIOTMYECKUM METO/IOM CHHTEe3a HAHOCTPYKTYpPUPOBAHHBIX MAaTePHAJIOB C MOBBIIICHHON KaTaIUTHYECKOM
AKTHUBHOCTBIO. B yClOBUSAX aHOTHOM MONSPU3ALUMU WIK KOPPO3UU B OKHCIUTENBHOM cpefe NaHHBIN Mmpo-
1ecc NMPHUBOJUT K HEOOpPaTUMBIM CTPYKTYPHO-MOP(OIOTHUECKUM M3MEHEHHUSIM B IOBEPXHOCTHOM CJIOE
TBEPJIOT0 PaCTBOPA WM MHTEpMeTaIiaa. Peskuil pocT miomaayu noBepXHOCTH MPUBOJUT K YBETHUYEHUIO
KOJIMYECTBA BEIECTBA, YUAaCTBYIOIIETO B FeTEPOreHHON peakIiy, a CTPyKTYpPHO-dHEpreTuieckas akTHuBa-
s TIOBEPXHOCTHOTO CJIOA CIIOCOOCTBYET MHTEHCHU(UKALUK HIEKTPOKATAIUTHYECKOro Ipolecca. Marte-
puaJl, CHHTE3UPOBAHHBIN ITyTeM CEeIEKTUBHOIO PaCTBOPEHUS MPH JOKPUTHUECKUX MOTEHIMAIaX, XapaKTe-
pu3yercst MOP(OIIOTHYECKON YCTOMYMBOCTBIO MTOBEPXHOCTH. [1oBbINIeHHast 1e(DeKTHOCTh HEPAaBHOBECHOTO
MOBEPXHOCTHOTO CJIOSI ¥ €T0 00O0TraIieH!e IEKTPONOI0KUTEIEHBIM KOMIIOHEHTOM SIBIISIIOTCSI OCHOBHBIMU
(axTopamMy pocTa KaTaIMTHYeCKON aKTUBHOCTH TaAKUX MOTU(HUIIMPOBAHHBIX CIIABOB. B TO ke BpeMs poib
CTPYKTYpHO-BaKaHCHOHHOM Pa3yHoOpsIOYEHHOCTH CIIJIaBa B KHHETUKE JIEKTPOIHBIX MIPOIECCOB B LIEIOM
HEOIHO3HAYHA U 3aBHCUT OT XapakTepa peakiuu. CelleKTUBHOE pPaCTBOPEHHE FOMOTE€HHBIX CIUIaBOB MPU
3aKPUTUYECKUX MOTEHIHAIAX MPUBOJUT K (POPMHUPOBAHUIO MUKPO- ¥ HAHOIIOPHCTBHIX METAIJIOB C CYIIle-
CTBEHHO YBEJIMYEHHBIMHU IUIOMIAAbI0 TOBEPXHOCTH U KaTATUTHUECKON aKTUBHOCTHI0. OCHOBHBIM MTPOYK-
TOM XMMUYECKOTO TPABJICHHUS CIUIaBa B arPECCUBHOM cpefie SIBIeTCs AUCIIePCHBII MOPOIIOK C HEKOHTPOIHU-
pyeMoii MOPUCTOCTHIO M Pa3MEPOM YacTHUI], TOTa KaK JEKTPOXUMUYIECKOE PACTBOPEHHE XapaKTepU3yeTCs
PAAOM PETYIUpPYEeMbIX MapaMeTpoB, BKIIOUAs COCTaB, MOTEHLUAI M TEMIIEPaTypy, U3MEHEHHE KOTOPBIX
JlaeT BO3MOXXHOCTh CHHTE3MPOBaTh HAHOIIOPUCTHIE MaTePHAIIbI IEPEMEHHOT0 XMMUYECKOT0 COCTaBa, C pas-
JMYHBIMUA MOP(OJIOTHUECKIMHU CBOWCTBAMH U MYJIBTUMOJAIBHON CTPYKTYpoil. HaHOmOphI HecTaOMiIbHBI
U KOArylnupyIoT IpU U3MEHEHNHU TeMIepaTyphl, 3JeKTPOAHOTO MOTEHIIMAIA U COCTaBa MEKTPOIUTa [0 Me-
XaHU3My NOBepXHOCTHOHM nuddy3nuu. Hanbomnee monHas xapakrepucTuka HAaHOTIOPHCTBIX METAILIOB, 00pa-
3YIOLIMXCS IPU CENIEKTUBHOM PacTBOPEHUH, BKJIIOYAET ONHMCAHUE UX XUMHUUECKHUX, PU3NIECKUX, MEXaHH-
YECKUX, MATHUTHBIX ¥ ONITHYECKHUX CBOMCTB M HEOOXOMMA JUIsl ONTUMM3AIUU UX IPUMEHEHHUS B KaTallu3e,

3J'IeKTpOXVIMPI‘IeCKOI>1 OHEPICTUKC U MUKPOMCXAaHUKE.

KuarwueBble ci10Ba: CEIICKTUBHOC paCTBOpCHUC, TOMOTEHHBIN CIJIaB, MHTEpMETAJUIN/, HAHOIIOPUCTHIC

MECTaJJIbI
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