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Abstract. Local characteristics of surface roughness of the polycrystalline Ag-Pd solid solutions (4
and 8 at. % Pd) which underwent potentiostatic electrochemical dealloying in an acidic nitrate aqueous
solution were determined by scanning electron and atomic force microscopy. A qualitative analysis
of the SEM and AFM micrographs demonstrated substantial morphological roughening of the surface
of Ag-Pd alloys. This results from the formation of hollows and cracks caused by selective leaching
of electronegative silver and recrystallization of electropositive palladium into its highly-developed
phase. A quantitative analysis of the AFM-data allowed us to determine the numerical values of the
main local roughness characteristics of anodically modified alloys. The negative value of the
coefficient of surface asymmetry indicates the formation of deep cavities during the dealloying
process. The recorded mean roughness generally depends on the AFM-scanning zone, but it stabilizes
if the scan zone exceeds several tens of micrometers. The roughness of dealloyed Ag-Pd systems is
of micro- and nano-size and increases with anodic potential and electric charge of the electrochemical
modification of both studied Ag4Pd and Ag8Pd alloys. This effect can be accounted for by a significant
rise in the anodic dissolution rate of silver from the alloys in the overcritical region of polarization,
resulting in the formation of deeper surface defects. An increase in the average height of surface
irregularities with modification time conforms to the square root law, confirming the non-stationary
mass transfer kinetics of the selective dissolution process. Variation of the anodic potential and
electric charge makes it possible to find the optimal conditions for the electrochemical synthesis of
electrode Ag-Pd materials with given values of arithmetic mean and root-mean-square roughness.
The assumption that harmonic sinusoidal function represents the Ag-Pd surface microprofile proved
the linear dependence of the roughness factor on dealloying time.
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INTRODUCTION

Anodic dissolution and corrosion of alloys often
becomes selective [1-3] due to significant difference
of components in thermodynamic and electrochemical
properties. Selective dissolution (SD) leads to the for-
mation of a non-equilibrium surface layer, whose chem-
ical, phase and microstructural state is changed com-
pared with the bulk of the alloy [4]. Especially signif-
icant changes can be appeared if 4-B alloy undergoes
anodic dissolution in the overcritical region of potentials
and charges, when, along with ionization of electroneg-
ative component A4, recrystallization of noble metal B
into its own nanoporous or dispersed phase takes place
[5-11]. As a consequence, the dealloying process can
be used to synthesize electrode materials characterized

by a morphologically highly developed surface. Indeed,
the corrosive etching of the active metal in a chemically
aggressive solution makes it possible to obtain fine pow-
ders and monolithic spongy metals, for example, gold
[5, 7, 10], silver [7], and palladium [6, 7, 11].

The disadvantage of free corrosion dealloying is
the uncontrolled pore size of the synthesized material.
On the contrary, using electrochemical anodic SD it is
possible to regulate the morphological properties and
chemical composition of the surface layer of a deal-
loyed material [8—10], and to obtain nanoporous mate-
rials with a highly developed surface structure. More-
over, deep electrochemical etching allows to synthe-
size materials that do not require additional stabiliza-
tion in a matrix [10, 11].
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The highly developed surface layer forming at SD
of an alloy is characterized by an increased area of the
electrode / electrolyte interface. The problem of deter-
mining the local and integral morphological parame-
ters of the surface of anodically modified alloys is ac-
tual both in the kinetic description of the electrochemi-
cal processes occurring on it, and in substantiating the
possibility of practical use of materials synthesized by
the method of selective dissolution.

There are two measures of the surface area of a
real solid electrode [12], namely the true surface area
(S,,) and geometric one (Sgeom); their ratio is equal to
the roughness factor f [13]:

f; = Sreal/Sgeom' (1)

Unfortunately, there is no universal method for de-
termining S and f, because their values depend on
the measurement method, on the theoretical model on
which this method is based, and on the conditions of
its application [14]. In addition, S and /. are the in-
tegral parameters of the electrode surface and do not
allow describing the local geometric characteristics
of the surface. To determine the latter, scanning elec-
tron microscopy (SEM) and atomic force microsco-
py (AFM) methods are used. The arithmetic average
roughness R , the mean square roughness R, and the
radial wavelength L_make it possible to sufficiently
characterize the microrelief of the surface of an alloy
subjected to SD. The parameter R_ is defined as the av-
erage deviation of all points of the AFM image from the
mid-plane, and Rq — as the average value of the mea-
sured deviations from the mid-plane. The quantity L_
serves as a parameter of the periodicity of the surface
structure and, in fact, is the average distance between
adjacent irregularities [15].

The purpose of this work is the microscopic de-
termination of the local characteristics of a highly de-
veloped surface of Ag-Pd alloys formed by anodic se-
lective dissolution in an acidic nitrate aqueous solu-
tion in the overcritical region of anodic potentials and
electric charges.

EXPERIMENTAL

Polycrystalline homogeneous alloys of the Ag-Pd
system with bulk atomic fraction of palladium 4 and
8 at. % obtained by direct alloying of the components
according to the procedure described in [16], were
selected for the study. Making electrodes, the alloys
were cut, polished, and placed in a frame of polymer-
ized epoxy resin. Preparation of the working surface
of the electrodes included stripping on sanding paper,
polishing on chamois with an aqueous MgO suspen-
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sion to a mirror finish, degreasing with ethyl alcohol,
and washing twice with bidistilled water.

Anodic selective dissolution of Ag-Pd alloys was
carried out at room temperature in an unmixed and de-
aerated with argon solution of 0.1 MKNO, +0.001 M
HNO, + 0.001 M AgNO, under potentiostatic polar-
ization conditions using the IPC-Pro-L electrochem-
ical complex in a standard three-electrode cell with
non-separated cathode and anode spaces. The auxilia-
ry electrode was Pt. The silver chloride reference elec-
trode was located in a separate vessel and connected to
the cell by an electrolytic bridge filled with a saturat-
ed solution of ammonium nitrate, with a Luggin cap-
illary. The solution was prepared on bidistilled water
using salts of reagent and analytical grade, as well as a
pre-standardized solution of acid. The potentials E are
given relative to the standard hydrogen electrode scale,
the specific charge ¢ is calculated per unit of the true
initial surface area of the Ag-Pd electrode, the rough-
ness factor of which is determined by a combined elec-
trochemical method [17].

The critical potentials and charges corresponding to
the start of the surface development of the systems un-
der study, evaluated by the chronoamperometry meth-
od according to [18], are listed in the table.

Table. The critical potential £_ and critical charge g
of selective dissolution of Ag-Pd alloys
in 0.1 M KNO, + 0.001 M HNO, + 0.001 M AgNO,

Alloy E_,mV q,, mC/cm’
Ag4Pd 703 0.5
Ag8Pd 717 0.8

The morphological development of the surface
layer of theAg4Pd alloy was carried out at a con-
stant overcritical potential £ > E_. The Ag8Pd
alloy was subjected to anodic modification with
variable values of both electric charge g_ , > g
and electrode potential £ > F .

Local data on the surface microrelief of Ag-
Pd electrodes were obtained on JSM-6510LV
electron microscope (JEOL Ltd) and on Solver
P47PRO atomic force microscope (NSG 20 can-
tilever, made of silicon and coated with gold) ina
semicontact (intermittent-contact) scanning mode
of'a sample. The surface study of the samples was
carried out at five different points of a scanning
area of mesoscopic (65%65 um?, 10x10 um?) and
microscopic (2x2 um?, 1x1 pm?) size. The local
parameters of the surface microrelief were found
from the data of digital and statistical processing
of the obtained AFM images in the Gwyddion
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2.30 soft. The results of the SEM and AFM stud-
1es were obtained in the Voronezh State Univer-
sity Center for collective use of scientific equip-
ment (CKPNO VGU).

RESULTS AND DISCUSSION

Micrographs of the surface of the samples ob-
tained by the SEM method confirm the substantial
morphological development of the surface layer of
Ag-Pd alloys after their overcritical selective dis-
solution (Fig. 1). Figures 2 and 3 show the AFM
images and surface microprofiles of the studied
Ag-Pd alloys. Along with the texture caused by
the preparation of the samples for the experiment,
there are additional cavities formed directly dur-
ing the process of electrochemical dissolution of
silver from the Ag-Pd alloy.

The advantage of the AFM method in com-
parison with scanning electron microscopy is
the ability to determine the numerical values
of the local roughness characteristics of anodi-
cally modified alloys. For instance, the analysis

showed that the coefficient of asymmetry, which
characterizes the skewness of the distribution of
the microprofile [15], takes mostly negative val-
ues. This indicates that not protrusions predomi-
nate on the surface of the anodically modified al-
loy, but hollows formed, apparently, during the
selective dissolution of silver and recrystalliza-
tion of palladium.

It turned out that the microscopically detected
root-mean-square roughness R increases with the
size of the scanning zone (L_)1fR > L .Howev-
er, under the condition , =50 pm, this parameter
reaches an almost constant value (Fig. 4). This is
consistent with the literature data on the ambiguity
of the results of determining morphological char-
acteristics by microscopic methods, if the charac-
teristic length of the scan area does not exceed the
average size of the irregularities of the surface un-
der study [15, 19, 20].

At the same time, regardless of the value of
L ,an increase in nanometer roughness with an
1ncrease in the value of charge g __, is observed

100 pm

5 pm
"

b d
Fig. 1. SEM images of the surface of Ag4Pd (a, b) and Ag8Pd alloys (c, d) in the initial state (a, ¢) and after anodic
modification (b, d). Modification mode: solution 0.1 M KNO, + 0.001 M HNO, + 0.001 M AgNO,, modification

potential £
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Fig. 2. Topographic AFM images and microscopic profiles of the surfaces of anodically modified Ag4Pd alloy in the

initial state (a, b) and after anodic modification (c, d). Modification mode: E__ =888 mV, g_ = 141 mC/cm’
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Fig. 3. Topographic AFM images and microscopic profiles of the surfaces of anodically modified Ag8Pd alloy in the

initial state (a, b) and after anodic modification (c, d). Modification mode: E__ =903 mV, g_ =243 mC/cm’
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Fig. 4. Root-mean-square roughness vs. scan area size curves for anodically modified alloys Ag4Pd (a) and Ag8Pd (b).
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for both Ag4Pd and Ag8Pd alloys (Fig. 5). Using

=888 mV,q, =28 mC/em?, 2)-E
=16 mC/em?, (5) - E_

,=888mV,g =56mC/en’, 3)-E =888 mV,
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the example of Ag8Pd system, it was also found
that the parameters R_and Rq increase with in-
creasing excess of the potential £, of the an-
odic modification over the critical value £_. The
observed effect can be explained by a noticeable
increase in the rate of the dealloying process at
E>E_q>q_[l,2,4]and, as a result, by the
formation of deeper extended structural defects
in the surface layer of selectively dissolving Ag-
Pd alloys.

Thus, varying the values of anode potential
E_ . and charge g_  passed through the system
allows to obtain electrode materials with a given
degree of surface development, manifested in the
appearance of channels and cracks of nano- and
micrometer scale, which are absent before the on-
set of anodic polarization.

Along with the arithmetic mean and root-
mean-square roughness, we determined the radi-
al wavelength of the microrelief L , and estimat-
ed the dependence of the surface development
factor on time f (7). We used the simplifying as-
sumption that the microprofile of the surface of
Ag-Pd electrodes can be described by a harmon-
ic sinusoidal function. It was taken into account
that if the roughness values R are significantly
less than the average distance between the irreg-
ularities L , then the following expression can be
used the dependence of the roughness factor on
the time of anodic selective dissolution of the al-
loy [21]:
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The analysis showed that the average height of
surface irregularities increases with time of anodic
modification according to the square root law (Fig.
6), i.c. R, (¢)= const- /7. This indirectly confirms the
data on the diffusion control of the process of selec-
tive dissolution of Ag-Pd alloys in an acidic nitrate
medium, previously obtained by non-stationary elec-
trochemical methods [16]. Moreover, the average
wavelength L of a microprofile takes a constant val-
ue, and L >> R . Taking into account the totality of
the analysis data, the dependence of the surface de-
velopment degree on time can be described by a lin-
ear function as follows:

f.(t)=1+const-¢. 3)

This function coincides with the formula for the
transient roughness factor of selectively dissolving
studied Ag-Pd-alloys which we obtained earlier [22]
using the voltammetric method. This indicates a corre-
lation between the integral and local characteristics of
the surface roughness of the studied electrode systems,
which were found independently using non-stationary
electrochemical and microscopic methods.

CONCLUSION

The surface roughening of Ag-Pd alloys during
dealloying in nitrate aqueous solution is confirmed
by SEM and AFM methods. It was shown that the lo-
cal roughness of anodically modified alloys increas-
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Fig. 5. Average surface roughness of Ag-Pd alloys at different conditions of anodic modification. L,
is a AFM scanning area size
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es with the overcritical potential and charge of anod-
ic dissolution for both studied Ag4Pd and Ag8Pd al-
loys. Using the results of the work it is possible to op-
timize the conditions of the electrochemical dealloy-
ing synthesis of new electrode materials with given
integral and local characteristics of the surface, such

0.08

0.06

as the real surface area, arithmetic mean and root- 0.04
mean-square roughness, as well as radial wavelength
of the microrelief.

0.02

Fig. 6. Criterion dependence of the arithmetic mean
surface roughness of Ag4Pd alloy on time of anodic
modification, £ =838 mV
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AnHoTanus. JIokanbHbIE XapaKTEPUCTHKH LIEPOXOBATOCTH MOBEPXHOCTH IOJMKPUCTAIMIECKUX
TBEPABIX pacTBOpoB cucTeMbl Ag-Pd (4 u 8 at.% Pd) mocie ux moTeHIIMOCTaTHYSCKOTO JICKTPOXUMU-
YECKOTO CEJIEKTUBHOTO PACTBOPEHHSI B KUCJIOM HUTPATHOM BOIHOM Cpezie ONpeAeNeHbl ¢ MOMOIIbIO
CKaHUPYIOIIEH MEeKTPOHHOI 1 aTOMHO-CHIIOBOI MUKpocKoruu. KagectBennslii anamus COM- u ACM-
MHUKpOQOTOTpadmii IOATBEPKAALT CYIIECTBEHHOE MOP(OTIOrnIecKkoe pa3BuTHe moBepxHocT Ag,Pd-
CIIJIABOB M3-3a 00Pa30BaHMs MOP U TPEIIUH, BBI3BAHHOTO M30MPATEIIbHBIM BEITPABIMBAHUEM JIEKTPO-
OTPHULIATENILHOTO KOMITOHEHTa (cepedpa) M MepeKpUCTaIN3alNel SJIEKTPOIIOI0KHUTEIBHOTO KOMIIO-
HeHTa (TTaJuta vs) B COOCTBEHHYIO BBICOKOPA3BUTYIO (a3y. KonmnuectBeHHbIM aHanm3om ACM-1aHHBIX
ONpE€ACIICHbI YUCIICHHBIC 3HAYCHUSA OCHOBHBIX XapaKTECPUCTUK JIOKQJIbHOM mEepPOXOBaTOCTU AHOIHO-
MOIU(HUITMPOBAHHBIX CIITaBOB. OTpHIIaTebHOE 3HAYeHUE KO DHUIMEHTa TOBEPXHOCTHOH aCHMMETPUN
yKa3bIBaeT Ha 00pa3oBaHME ITyOOKMX MOJIOCTEH BO BPEMsI IIPOILECCa CEJIEKTHBHOTO PacTBOPEHMS.
CpenHsist MUKpPO- M HAaHOLIEPOXOBAaTOCTh MOBepXHOCTH crutaBoB Ag4Pd n Ag8Pd e 3aBucHT oT pa3me-
pa 30861 ACM-CKaHHPOBaHUs, €CIIM OH INPEBBIIIAET HECKOJBKO JIECITKOB MUKPOMETPOB, @ TaKKe
YBEJINYUBACTCS C QHOAHBIM ITOTESHIMAJIOM U SJIEKTPHYECKUM 3aps/IoM JIEKTPOXUMHYECKO Moandu-
kauuu. J{aHHbiil 3QGeKT MOKHO OOBSICHUTH CYIIECTBEHHBIM TTOBBIIIEHHEM CKOPOCTH aHOIHOIO pac-
TBOpEHHUs cepedpa M3 CIUIAaBOB B 3aKPUTHUYECKOM OOIAcTH aHOAHOM MONSPU3ALUM, YTO HPHBOIUT K
o0pa3oBaHmIo Ooee ITyOOKHX MOBEPXHOCTHHIX IE(PEKTOB. YBENNUIEHNE CPEIHEH BEICOTH HEPOBHOCTEH
MTOBEPXHOCTU CO BpeMEHEeM MOAN(HKAIMY TOJUMHSAETCS 3aKOHY KBaJIPaTHOTO KOPHSI, YTO KOCBEHHO
TIO/ITBEPIKIAaET HECTAMOHAPHYIO AN QY3NOHHYIO KHHETHUKY HPOIEcca CENEKTHBHOTO PacTBOPEHHSI.
BaperpoBaHye aHOHOTO MOTEHIIMAA U AJIEKTPUUECKOTO 3apsi/ia II03BOJISIET ONITHMHU3HPOBATh YCIIOBHS
MEKTPOXUMUYECKOTO CHHTE3a AEeKTPOAHBIX Ag,Pd-MaTepuaon ¢ 3a1aHHbIMH 3HAUYSHUSIMHU CpeTHea-
pu(METHIECKON U CPEAHEKBAAPATUYHOM 1IEPOXOBAaTOCTU. B mpenmonokeHny, 4T0 MUKPONIpOhHiIb
moBepxHOCTH Ag,Pd-crimaBoB onmchIBaeTCs TapMOHUYECKOM CHHYCOMIANBHON (DYHKITHEH, TIONTBEPIK-
JIeHa JIMHEHHAs 3aBUCUMOCTh (h)aKTOpa IIepOXOBAaTOCTH OT BPEMEHHU CEJICKTUBHOI'O PACTBOPEHHMSI.

KarueBble ciioBa: celieKTHBHOE pacTBOpeHue, Ag,Pd-criiaBsl, mepoxoBaToCTh moBepxHOCTH, COM,
ACM.
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