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A new phenomenological approach is proposed to formalize "the elongated element” as
electrochemical medium in which electrode reactions are localized on the surface of an
elongated first-class conductor with the outline dimensions ratio (d/l,) — 0, where d is the
effective cross section size and [, is the length of the conductor in contact with a second-class
conductor. This architecture of electrochemical system is used to develop ultrasensitive
broadly functional sensor devices. The object under consideration can become the basis for
creation of state-of-the-art, yet inexpensive, technologies for synthesizing functional atom-
sized structures and nanostructured materials.
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IIpennosxen (PEHOMCHOJOIMUYECKHAN IOAXOM K (POPMAIMBAIAN  IIPOTAMEHHOIO JJIEMEHTA KAaK
JIEKTPOXMMUUECKON CUCTEMbI, B KOTOPOIl BJIEKTPOAHBIC PEAKIIMHI JOKAJIN30BAHbl HA IOBEPXHOCTH
IIPOTAMCEHHOTO IIPOBOJHMKA IIEPBOIO POJA C COOTHOIIEHWeM rabapuTHeIX pasmepos (d/l,) — O,
rae d — >(PMEKTUBHLEIA pasMep IIONEPEYHOro CeueHws, [, — JIMHA IPOBOJHHKA B KOHTAKTE C
IPOBOAHMKOM BTOporo poxa. Takas apXUTEKTypa SJIEKTPOXMMUYECKONM CHCTEMBI HCIIOJb30BAHA
A paspaboTKY CBEPXYYBCTBUTEILHBLIX CEHCOPHBIX YCTPOMCTB ¢ IIHPOKUMU (PYHEIMOHAJILHBIMUI
BO3MOYKHOCTAMU. PacCMOTPEHHBIHI 00BEKT MOXKET CTATh OCHOBOI [JIf CO3IaHUA IIePefoBbIX, B TO
JKe BpeMsA HeJOPOIMX TEeXHOJOIHM CcuHTe3a (PYHKIMOHAJIBHBIX ATOMHO-PASMEPHBIX CTPYKTYP U
HAHOCTPYKTYPHBIX MaTEPUAJIOB.

Makpockomiune MOAEJIIOBAHHA AaTOMHO-PO3MIPHHX CTPYKTYP (YHKIHiOHAJIBHUX
MaTepiagis: peHOMEHOJOTiA MPOTAKHOI edeKTpoaHol cucremu. O./1.I1ocnenos, I'.B.Kamap-
wyr, A.B.Casuyvruii, M. J[.Caxnenrxo, M.B.Bedv, B.JI.Baxy.aa.

BarmpononoBano (PeHOMEHOJIOTIUHUH TAXIA 10 PopMatisalii “TPOTSKHOrO eJeMeHTa AK eJIeKT-
poximiuHOl cucTeMU, B AKil eJIeKTPOJHI peaKIlii JoKamisoBaHi Ha MOBEPXHI MPOTSAYKHOIO MPOBITHI-
Ka TepIIoro pofAy is chiBizHomeHHAM rabapuTHMX posMmipie (d/l,) — 0, gze d — edexTuBHUIHA
PO3MIp IOIEepPedHOro mepepiay, l,; — MNOBXHHA IPOBITHMKA y KOHTAKTL 3 IPOBLIHMKOM IPYyroro
poxny. Tarky apxiTeKTypy eIeKTPOXiMiuHOl cHCTEMH BUKOPUCTAHO [JI PO3POOKH HATUYTIMBUX CEH-
COPHMX IIPHCTPOIB 3 IIMPOKUMK (PYHKIIOHAJILHUMY MOXMJIUBOCTAMMU. POSIIAHYTHH 00’€KT MOMKe
CTATH OCHOBOIO [JIsi CTBOPEHHS II€PeJOBUX, B TOU JKe UaC HeJOPOTMX TEeXHOJIOTil cuHTe3y (YHK-
HMiOHAJIBHUX ATOMHO-PO3MIPHUX CTPYKTYP i HAHOCTPYKTYPHUX MaTepiaiis.
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1. Introduction

Creation of new functional nanostruc-
tured materials is one of the most topical
and promising research areas in modern ma-
terials science [1-3]. Traditionally, this
kind of studies requires a high-tech synthe-
sis process followed by investigation of the
obtained products. This results in the high
cost of developments, which may become an
obstacle to their implementation. Develop-
ment of nanomaterials and nanostructures
based on technological principles which are
free of these drawbacks is thus quite prom-
ising. This approach can successfully be re-
alized through employment of fundamental
laws of physical chemistry and Yanson
point-contact spectroscopy [4]. As has re-
cently been shown [4, 5], a Yanson point
contact in the model of long channel allows
one to realize and demonstrate unique fun-
damental properties of the new type of
nanostructured electrochemical electrode
system. The system was given the name of
elecirochemical elongated element [6]. This
object can become a basis for development
of advanced, yet not expensive, technologies
of synthesis of functional atom-sized struc-
tures and nanostructured materials [4, 7],
hence the importance of learning the nature
and main physico-chemical properties of the
electrochemical elongated element.

Presently, the theory of elongated ele-
ment is still evolving. At this stage, a phe-
nomenological description of the object is
needed to create a logically interrelated sys-
tem of concepts and statements about its
properties and develop an internally coher-
ent thesaurus. The aim of the present paper
is to phenomenologically consider one of the
aspects of the elongated electrode system
(EES), viz. the distance between the elec-
trodes formed on the surface of this object
when an electric field is applied.

In the classical case, electrochemical cells
contain at least two electrodes made of solid
electroconductive material with its surface
in contact with electrolyte. Modernization
of the electrochemical cells with the purpose
of meeting the present-day technological re-
quirements was aimed mainly at solving the
problem of energy consumption reduction
and reaching new levels of miniaturization
and functionality. This was largely achieved
by reducing the distance between the elec-
trodes. In applied electrochemistry, the
lower limit of the reduction was determined
by technological factors (impeded electrolyte
circulation, growing probability of direct
electric conductivity with growing den-
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drites, surface blocked by gas bubbles, ete.),
but in fundamental research there were no
such restrictions. A new approach to study-
ing thermodynamic and kinetic laws of elec-
trochemical processes was realized on the
basis of the so called thin layer cells [8].
The principal element of these cells is a pair
of flat electrodes with a few-micron-wide
gap in between. In the last decades, the
rapid development of nanotechnologies
made it possible to reduce the distance be-
tween the electrodes to a few hundreds of
nanometers. In these electrochemical cells,
the diffusion and diffuse layers of the
counter electrodes overlap, which causes
hard-to-explain size effects and substantial
deviations from the classical thermodynamic
laws [9]. The cells are produced with the
help of expensive ultrahigh-precision in-
struments which require specially trained
operating personnel. Further decrease in the
interelectrode distance will require even
more complex equipment and highly special-
ized maintenance staff.

Are there any technical tools left in re-
serve and can they be used to push the ex-
isting limits? To answer the question one
needs to go beyond the linear logical prem-
ises which imply reducing the distance be-
tween the electrodes. An alternative ap-
proach is to fundamentally change the ar-
chitecture of the electrode system to form
an elongated element [6]. Since the current
distribution in the electrochemical elon-
gated element [10] is indicative of electro-
chemical conjugative processes taking place
along its surface, it is possible to give a
more detailed definition of the structure —
elongated electrochemical system. EES is
viewed as an electrochemical system in
which electrode reactions are localized on
the surface of an elongated first-class con-
ductor with its outline dimensions ratio
(d/l,;)) — 0, where d is an effective cross
section size (diameter) and [, ("elongated™)
is the length of the conductor in contact
with the second-class conductor. The in-
terelectrode distance is understood to be the
shortest distance between the areas of the
conductor surface affected by electrochemi-
cal conjugative reactions. This interpreta-
tion allows the interectrode distance to be
formed not only by mechanically pulling
apart the counter electrodes until the neces-
sary distance is achieved, but also by choos-
ing the appropriate materials for the system
and the regime of electrolysis.
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2. Experimental

Experiments were carried out at room
temperature in a special electrochemical cell
in the form of a cylindrical container made
of glass. A straight metallic conductor was
placed in the cell. The geometry of the ex-
periment was to reproduce a macroscopic
model of a nanostructured elongated ele-
ment [4]. An EES was created by immersing
a silver wire with a diameter of 0.2 mm
into a 0.1-mole aqueous solution of analyti-
cally pure AgNOQO;. Bidistilled water was
used as the solvent. The length of the wire
section immersed into the electrolyte (i)
was 260 mm. To polarize the EES, a stabi-
lized power source GW INSTEK GPS-2303
was used, the current in the polarization
circuit was controlled with a KEITHLEY-
2000 multimeter. In order to electrically
separate the power circuit and the metering
circuit, an autonomous 220-V ac power sup-
ply was organized from a dec-to-ac converter
connected to a 12-V rechargeable battery.

The metering circuit included a KEITH-
LEY-2000 multimeter operating in the re-
gime of high-resistance voltmeter, a silver
chloride reference electrode ESr-10103 im-
mersed into a saturated aqueous solution of
KCI, a pressure probe with a conducting sil-
ver contact, a buffer container with a
0.1 mole aqueous solution of KNOj3, and two
electrolytic bridges made as U-shaped glass
tubes, one of which filled with KCI solution
and the other containing KNO; solution.
The solutions in the tubes were thickened
with agar-agar.

Experimental studies included scanning
(recording) electrode potential along a con-
ductor length x in the range x={0 — .}
with a measurement pitch Ax upon its po-
larization by currents of various magnitude
(I), obtaining an array of E(I, x) values,
and comparing them with calculated de-
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pendences. The arrangement of the setup
was standard; the measurement procedure
consisted of traditional operations [11].

3. Results and discussion

In the simplest case, an elongated ele-
ment is realized when a current I flows
through a first-class conductor with its sur-
face in contact with a second-class conduc-
tor. Since electrochemical processes take
place on the surface of a conductor of finite
cross-section, let us introduce the concept
of voltage median boundary (VMB). VMB is a
locus of points on the conductor surface
which forms a plane perpendicular to the
main axis and divides the conductor into two
sections characterized by equal potential
drops. It is obvious that if the cross-section
of the first-class conductor AD is constant,
the VMB belongs to the plane which passes
through its geometrical centre F (Fig. 1). To
adapt the considered model for real condi-
tions [4], let us use a truncated cone as an
approximative figure (Fig. 1, dashed line).
This reflects the fact that redox processes
which involve first-class metallic electrodes
result in accumulation of solid metal in the
cathode section and its dissolution in the
anode section. The potential distribution
along the main axis of the conductor is mo-
notonous. Let x, be a normalized coordinate
(in portions of I,) on the longitudinal axis
of conductor of length [, i.e. x,. = x/l,;. Let us
assume that the cone base has a diameter d;
and crosses the coordinate axis, which coin-
cides with the truncated cone axis, at x =0,
while its top with a diameter d, crosses it
at x = [,;. With an electric field applied, the
processes of metal deposition and dissolu-
tion occurring at the conductor surface will
change the cone dimensions: the base diame-
ter d; will grow, while the diameter of the
cone top d, will tend to zero (until the di-
rect electronic conduction ceases at the wa-
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Fig. 1. A schematic view of an elongated element. Original state: d; = d,, x, = a; F is the coordinate of
the polarization inversion boundary (PIB). State after exposure to electric field: d’; > d’y, x, = o; F' is

the PIB coordinate. AC is the section of cathode polarization of the surface; BD is the section of anode
polarization of the surface. d; is the diameter of the base connected to the negative pole of the source,
dy is the diameter of the top connected to the positive pole of the source.

Functional materials, 24, 3, 2017

465



A.P.Pospelov et al. /| Macroscopic simulation of ...

terline) and the VMB will thus approach the
D point.

In the general case, some voltage must be
applied to the EES ends to get the electrode
processes started. This voltage can be called
electrode system decomposition voltage
(W4ee)- It has its own value for every sys-
tem. The value corresponds to the differ-
ence of the lowest (in absolute values) po-
tentials on the EES surface at which conju-
gative electrode reactions start. The
decomposition voltage of an electrode sys-
tem is determined by its nature. Initially,
this voltage is realized over the whole con-
ductor length (section AD). As current I
grows, there appear on the conductor sur-
face areas with cathode (AC) and anode
(BD) processes taking place. Section CB
thus becomes a measure of Ug,,., being ex-
actly the interelectrode distance in a planar
configuration. Further current growth
shortens the CB section. But for any infi-
nitely large current the distance will remain
nonzero because in the discussed case U, # 0.
It should be taken into account that the last
statement is a formalized one and clearly
characterizes the model under considera-
tion. Larger currents will lead, quite natu-
rally, to thermal destruction of the conduc-
tor.

Having said that, we can use the following
equations for the coordinates of C and B:

B (1 - U'dec)oc 1)
1+ U0,/1-20)°

(1 + Uged (2)
1 -Uydl - 20)

Here ﬁdec =Uyg,/U is a reduced value of
decomposition voltage U,,. of the electro-
chemical system, while o is a reduced VMB
coordinate defined as

o=+, (3)

where 0 = dy/d; is the degree of taper.

Thus the zone of electrochemical indiffer-
ence can be defined as one including the
VMB section of the EES surface where the
potential drop is U ,.. Then the indifference
zone length, that is the distance between
the spots where the realization of anode and
cathode processes starts (section BC), is

o= 4001 — oc)ﬁdec 4)
1-U3,(1-20)2
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Fig. 2. Distribution of surface polarization of
an elongated electrode system AgJAgNO;,,
H,O|Ag along the main axis when the follow-
ing currents (in A) flow through the conduc-
tor: 0.7 (1), 0.5 (2), 0.2 (3). E is the polari-
zation, x, is a reduced coordinate along the
longitudinal axis of the conductor.

It thus follows that in the considered case
the electrode distance is not related to the
steric parameters of the system, being de-
termined by its character and the magni-
tude of electric field.

Finally, we can create a system with U,
= 0, which implies electrochemical destruc-
tion for any arbitrary small voltage U ap-
plied to the ends of the elongated element,
with rates of the electrode processes vary-
ing monotonously (as in the previous case)
along the main axis (Fig. 2).

The experimentally obtained dependences
reported here are in good agreement with
the theoretical ones calculated in accordance
with Ohm’s law with electric parameters of
the conductor taken into account (Fig. 2).
The high degree of correlation between the
measured and calculated data is largely due
to the absence of blocking of electrical ac-
tivity of the polarized surface during the
potential measurement. In the classical
case, the lines of force of the electric field
are on the outer side of the polarized surface
and thus any object near the interface causes
their distortion which results in experimental
errors. In the case of EES, the conductor sur-
face is polarized with no auxiliary electrode
used, which eliminates blocking of surface
and allows most reliable potential values to be
obtained.

Voltage drop over any section of the EES
is equal to the difference of the potentials
at the opposite ends of the section. VMB
with the coordinate x,. = o can be chosen as
the reference point. Thus the polarization
of EES sections decreases monotonously to
zero at x, = o, where no processes occur. At
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any other x,, the polarization is nonzero
and anode and cathode electrochemical con-
jugative decomposition reactions take place.
In this case, VMB becomes polarization in-
version boundary and section BC degener-
ates into a point. Therefore the interelec-
trode distance becomes equal to zero.

To understand the physical meaning of
this statement, one needs to look at the
system on the atomic level. From the view-
point of classical chemistry, the situation
with zero interelectrode distance excludes
presence and, even more so, any influence
of electrolyte, while in a system with an
EES electrolyte plays an important role. Ac-
tually, if an atom is subject to both anode
and cathode polarization, they can be
thought of as compensating each other. In
this case, the atom is in a pseudoequili-
brium state and its behaviour is determined
by the exchange current of the respective
electrode. The atom settled life time (1) can
be estimated with the following equation:

1= F (5)
2nr2NAj0

where nF is the charge needed to reduce to
metal one mole of metal ions M™", r is the
atomic radius of the metal, N, is the
Avogadro constant, and j, is the exchange
current density.

For an Ag|AgNQO, electrode
(0.1 mole/dm3), the atom settled life time is
T=10"2 s, which corresponds to the fre-
quency of 100 Hz. This frequency charac-
terizes the intensity of the renewal of a
crystalline lattice singularity node. In prac-
tice, PIB includes a cluster of such nodes
residing on a plane normal to the conductor
axis. It should be kept in mind that in a
constant electric field PIB drifts along the
main axis of EES. It is due to the fact that
electrochemical processes cause redistribu-
tion of resistance of cathode- and anode-po-
larized sections of the conductor and, there-
fore, displacement of the coordinate of the
point in which the potential inversion plane
crosses the main axis. This can be seen very
clearly in a system consisting of first-class
metallic electrodes. In such a system, metal
deposits on the surface of the cathode-polar-
ized section of the conductor, while the sur-
face of the anode-polarized section gets dis-
solved. This results in a PIB drift in the
direction of the positive pole of the conduc-
tor. Thus a real system displays the so
called relay-race singularity, which means
that there are no nodes that could be con-
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sidered as "special”. After a long exposure
of the system to electric field significant
transformations take place with a geometry
corresponding to the truncated cone para-
digm: the direct electronic conduction is de-
stroyed in the waterline region on the posi-
tive pole side and a spike is formed with a
radius of curvature of the order of that of
an atom. The cathode-polarized section gets
thicker thanks to the deposited metal and
the cross section diameter reaches its maxi-
mum value in the vicinity of the waterline.
In the region of PIB localization, the diame-
ter does not change because of the absence
of polarization. This process is confirmed by
experimental results [4], which allow multi-
ple observation of the formation of monoa-
tomic dendrite Yanson point contacts dur-
ing the electrochemical cyclic switchover ef-
fect discovered by us.

It should be noted that as PIB drifts to-
wards the positive potential values, the sin-
gularity nodes enter the region of a higher
concentration of metal ions near the solid
phase surface because of the finite value of
the diffusion transfer rate. In the close
proximity of the waterline, this effect be-
comes particularly pronounced, the more so
because the motion is accelerated. Since the
exchange current density increases as ion
concentration grows in the adjacent electro-
lyte layer, we can deduce from Eq. (5) that
the PIB drift is associated with the increase
in the frequency of renewal of crystalline
lattice singularity node. Direct observation
of this oscillation at the tip of the spike is
rather problematic because of the mutual
superimposition of the electrochemical
point-contact switchover effect [4] and the
shell effect, that is the effect of layer-by-layer
dissolution and deposition of metallic phase,
which in an electric field is accompanied by a
coherent displacement of some atoms out of
their lattice sites and back [4, 12].

Of course, the effective exposure time,
that is the forward conductivity interrup-
tion time, depends mainly on the current
and conductor size. If the conductor diame-
ter is comparable with that of an atom,
which is the case in a point contact [13],
and the current flowing through the con-
ductor is microamperes or tens of microam-
peres, then this time interval is no more
than one second in most cases [4]. Investiga-
tion of the current states of such systems
made it possible to find some characteristic
nonlinearities in point-contact structures [5].
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4. Conclusions

We propose a phenomenological approach
to formalize elongated element as an elec-
trochemical system in which electrode reac-
tions are localized (realized) on the surface
of an elongated first-class conductor with
its outline dimensions ratio (d/l,) — O,
where d is a linear size characterizing its
cross section (diameter), {,; is the length of
the conductor in contact with a second-class
conductor. This architecture of electro-
chemical system is used to develop ultrasen-
sitive sensor devices with broad functional-
ity, including those with the purpose of
identifying the metabolic profile of a pa-
tient in medical practice [7, 14]. A compre-
hensive adaptation and further development
of the ideas discussed in the paper can
greatly contribute to the creation of modern
nanotechnologies, improvement of synthesis
of low-dimensional structures, and develop-
ment of a new generation of devices.
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