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Abstract: The processes of lead electrodeposition from electrolytes of various
concentrations of sodium nitrate as the supporting electrolyte have been
examined by chronoamperometry and by the scanning electron microscopic
(SEM) analysis of deposits obtained in the potentiostatic regime of electrolysis.
The good agreement between the diffusion coefficents determined by Cottrell
equation and non-linear fitting method was observed. For the first time, the
transition from the mixed ohmic-diffusion to the full diffusion control was
defined from the analysis of Cottrell equation. The parameters, such as the
number density of active sites and the nucleation rate constant, obtained by
non-linear fitting method were discussed in accordance with the fact that lead
belongs to the group of metals characterized by the high values of the exchange
current density. The data obtained by the chronoamperometric analysis were
succesfully correlated with morphologies of electrodeposited lead obtained in
the different types of electrodeposition control.

Keywords: electrodeposition; chronoamperometry; diffusion; Cottrell equation;
scanning electron microscope (SEM).

INTRODUCTION

Electrodeposition technique is very suitable way to synthesize metal of the
desired characteristics and morphological forms." In the dependence of regimes
and parameters of electrolysis, such as applied current density or overpotential,
composition and type of electrolytes, temperature of electrolysis, the type of
working electrode, time of electrolysis, etc., metals can be obtained at both micro
and nano scale in various forms including both compact and disperse (powder)
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forms. Morphology of metal deposits also depends on the nature of metals, and
metals are usually classified according to the general kinetic behaviour in
aqueous solution on normal, intermediate and inert metals.>” For example, the
affiliation to the determined group of metals results in the different shapes of
powder particles characterizing each of these groups.*”’ Simultaneously, metals
from the group of normal ones cannot be obtained in the compact form without
use of additives, while electrodeposition of inert metals occurs in the whole range
of potentials and current densities together with hydrogen evolution.

The metals from the group of normal metals are characterized by the high
values of the exchange current density (jo — o), low melting points and high
overpotentials for hydrogen discharge.>* The basic characteristics of the elec-
trochemical processes of normal metals are fast charge-transfer step and the
existence of the ohmic control in the initial part at the polarization curve.* '’ Lead
is the typical representative of normal metals which attracts both academic and
technological attention thanking its specific characteristics, such as extremely
high reactivity and superconductivity.'' The electrolysis from the aqueous elec-
trolytes is the most often used way to obtain Pb in the form suitable for some of
above mentioned applications. The different electrolytes including both
acid”'®'*™" and alkaline'"® ones are widely used for the processes of Pb elec-
trodeposition. In the last time, electrolysis from choline chloride-urea deep eutec-
tic solvents also uses to obtain Pb in the desired form.'**°

The various irregular forms of lead from granules and wires at sub-micro-
meter or nanometer scale to dendrites of the different shape are obtained by the
processes of electrochemical deposition in the whole range of current densities or
overpotentials.”'*!*'2° Morphology of electrodeposited lead is strictly related
with the type of electrodeposition control and the correlation between the polar-
ization characteristics and formation of the determined morphological forms was
established.**'**” So the crystals of hexagonal shape are formed by the electro-
deposition at overpotentials belonging to the ohmic control. On the other hand,
elongated crystals known as precursors of dendrites, the needle-like and the
branchy dendrites were formed during diffusion controlled electrodeposi-
tion.”'**’ Simultaneously, the shape of dendrites depends on the kind of electro-
lytes. The very branchy dendrites belonging to secondary (S) or tertiary (T) types
in Wranglen's definition of dendrites™ were formed by electrodepositions from
complex electrolytes, such as acetate (acid)'> and hydroxide (alkaline)'® electro-
lytes. Unlike of these very branchy dendrites, the needle-like and primary (P)
dendrites were predominately electrodeposited from the basic nitrate electro-
lytes.'?!

Influence of regime and parameters of electrolysis on morphology of lead
deposits has been examined in detail and systematized.”” On the other hand, there
is no many data related with kinetic parameters of Pb electrodeposition pro-
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cesses.”’ In this study, the special attention will be devoted to the determination
of kinetic parameters of the electrodeposition processes and the results obtained
in this investigation will be correlated with the already existing knowledges. In
this way, the completed insight in mechanism of Pb electrodeposition processes,
as the typical representative of the very fast electrochemical processes, will be
obtained. This will be done through the analysis of the effect of supporting
electrolyte on the Pb electrodeposition processes from the nitrate electrolytes.

EXPERIMENTAL

Electrodeposition of lead was performed in an open cell at the room temperature from
the following solutions: a) 0.10 M Pb(NOs), in 0.50 M NaNQO;, b) 0.10 M Pb(NOs), in 2.25 M
NaNOj; and ¢) 0.10 M Pb(NOs), in 4.0 M NaNOs.

Doubly distilled water and analytical grade chemicals were used for the preparation of
the solutions for the electrodeposition of lead. All electrodepositions were performed on
vertical cylindrical copper electrodes. The geometric surface area of copper electrodes was
0.25 cm’. The reference and counter electrodes were of pure lead. The counter electrode was a
lead foil with a surface area of 0.80 dm” that was placed close to the cell walls. The reference
electrode was a lead wire the tips of which were positioned at a distance of about 0.2 cm from
the surface of the working electrodes. The working electrodes were placed in the center of a
cell, at the same location for each experiment.

Polarization curve for electrodeposition of lead was recorded potentiostatically by
changing overpotential in 5 mV steps. In order to obtain a reproductive shape of the polar-
ization curves for this reaction, the following experimental procedure™’ usual for the rec-
ording of the polarization curves of fast electrodeposition processes, was applied. At low
overpotentials the values of the current obtained after reaching steady-state values were used
for constructing the polarization curves. Since at the overpotentials after the inflection point
the current increased dramatically over time, the values recorded immediately after setting the
selected overpotential values were used.

The potentiostatic current transients were recorded using Autolab potentiostat/galva-
nostat PGStat 128N (ECO Chemie, the Netherlands).

For the morphological analysis of lead deposits, lead was electrodeposited potentio-
statically using a Wenking potentiostat/galvanostat — model 68 FR 0.5 at overpotentials of 20,
50 and 80 mV from 0.10 M Pb(NOs;), in both 0.50 and 4.0 M NaNO; with the following
quantities of electricity: 1.33 mA h cm™ at 20 and 50 mV, and 0.55 mA h cm * at 80 mV. The
obtained lead deposits were examined using a scanning electron microscope — Tescan digital
microscope.

RESULTS AND DISCUSSION
Polarization characteristics
Polarization curves for Pb electrodeposition from solutions containing 0.10
M Pb(NOs), in various concentrations of NaNO; as the supporting electrolyte
(0.50, 2.25 and 4.0 M NaNOs) are shown in Fig. 1. The linear dependencies of
the current density on the overpotential correspond to the ohmic control, and the

length of linear parts at the polarization curves decrease with increasing NaNO;
concentration. The ends of the ohmic control are denoted by vertical lines in Fig.
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1. After the ohmic control, the electrodeposition systems enter the diffusion
control, and the overpotentials up to the inflection points are characterized by
dendritic growth inside the diffusion layer of the macroelectrode."'* *'* After
the inflection points, the electrodeposition systems remain the diffusion con-
trolled and the rapid increase of the current density with increasing the over-
potential is a consequence of the fast growth of dendrites which cause the strong
increase of the electrode surface. In this zone, the outer limit of the diffusion
layer of the macroelectrode is disrupted and this fast increase in the current
density is ascribed to the activation controlled electrodeposition at the tips of
growing dendrites."'>*'

304 —0—0.10 M Pb(NO,), +0.50 M NaNO,
| —0—0.10 M Pb(NO,), +2.25 M NaNO,
254 —A—0.10 M Pb(NO,), + 4.0 M NaNO,
. ]
g 204
S
E 15-
L
~ 10
5
0
T T T x 1 T T
0 20 40 60 80 100
n/ mV

Fig. 1. Polarization curves for electrodeposition of lead from 0.10 M Pb(NO3), in 0.50,
2.25 and 4.0 M NaNO:s.

Determination of kinetic parameters of Pb electrodeposition processes

The analysis of chronoamperometry data based on Cottrell equation is
widely used way for the determination of kinetic parameters of the electrodep-
osition processes. The potentiostatic current transients recorded from electrolytes
containing 0.10 M Pb* in 0.50, 2.25 and 4.0 M NaNOs; at overpotentials of 20,
35, 50, 65 and 80 mV are shown in Fig. 2. At the first sight, aside from the
potentiostatic current transient obtained at 20 mV from the electrolyte with the
addition of 0.50 M NaNO;, the other potentiostatic current transients seems as
the typical diffusion-limited ones.*® The characteristics of these current transients
are the increase in the current density up to the maximum, j,,, reached in a time,
tm, and the fall in the current density occuring after it. The rise in the current
density up to maximum corresponds to either the independent growth of existing
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nuclei or formation of new nuclei at the electrode surface, while the descending
part in the potentiostatic current transients ascribes to linear diffusion to the pla-
nar electrode, described by the Cottrell equation.’® The decrease in current den-
sity is sharper with the increase of both the overpotential and NaNO; concen-
tration, i.e. with a strengthening of the effect of diffusion. From Fig. 2, it can be
noticed that the j,, increases as t, decreases with the shift to the higher applied
overpotentials.

“ LIGMERING), + 050 MNaNO, 100 0.10 M Pb(NO,), +2.25 M NaNO,
20 mV ) —_—20mV
i A RSV . —352\!
. somv 50mv
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=, = M\
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1204 0.10 M PH(NO,), + 4.0 M NaNO,
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o ——65mV
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7.‘;\ 1
20 .'\\
0 N Fig. 2. The potentiostatic current transients
0 5 1o 15 20 25 30 recorded from 0.10 M Pb(NO;), in: a) 0.50,
t/s b) 2.25 and c) 4.0 M NaNO; at over-
(c) potentials of 20, 35, 50, 65 and 80 mV.

On the other hand, the potentiostatic current transient recorded from 0.10 M
Pb”" in 0.50 M NaNO; at 20 mV contains the plateau of the current density
independent of time instead of the current maximum. This current density plateau
is in the interval of times between 2.2 and 3.8 s. The reason for the absence of the
current maximum lies in the fact that this overpotential belongs to the ohmic con-
trol of the electrodeposition process.

The diffusion coefficients were calculated by the linearization of the falling
part of the transients applying of Cottrell equation given by Eq. (1):***
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j=nFc(D/x)? V2 1)

In the Eq. (1), nF is the molar charge transferred during electrodeposition, C
is the bulk concentration of the electroactive species, D is the diffusion coef-
ficient, and t is time. For the overpotentials belonging to the diffusion parts at the
polarization curves, the values of decreasing current densities after current
maximum were plotted with t'% and the obtained dependencies for various
concentrations of the supporting electrolytes are presented in Fig. 3. The begin-
ning of the validity of Cottrell equation, i.e., the linearization from the origin
shifts towards the lower overpotentials of electrodeposition with the increasing
NaNO; concentration. It is clear that the linear dependence of j on t'* from the
origin denotes that the full diffusion control of the electrodeposition process was
attained. The absence of the linearization from the origin, i.e., the existence of the
current density intercept at the ordinates can be ascribed to the contribution of the
ohmic control to the overall control of the electrodeposition process. It is neces-
sary to note that the size of intercept at the ordinates decreases with increasing
the overpotential, as well as with the increasing NaNO; concentration at the one
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overpotential. The decrease in the size of the intercept at the ordinates means the
decrease of the contribution of the ohmic control. Hence, the beginning of the
validity of Cottrell equation denotes that the effect of the ohmic control is
eliminated and that the electrodeposition system became the full diffusion con-
trolled one. The values of diffusion coefficients calculated from the slope of the
linear dependencies in the range of the validity of Cottrell equation are sum-
marized in Table I. As expected, the decrease of the diffusion coefficient values
with the increasing NaNO; concentration is obtained.

TABLE L. The values of diffusion coefficients (D / 107 cm’ s™) determined from Cottrell
equation for the different concentration of NaNOj;; 0.10 M Pb(NOs),

c(NaNOs) / mol m” 7/ mV

50 65 80
0.50 - - 1.35
2.25 0.88 0.85 0.89
4.0 0.60 0.61 0.60

The obtained diffusion coefficients were compared with those obtained by
fitting the experimental chronoamperogram applying non-linear fitting pro-
cedure.’*® For the fitting procedure, model proposed by Scharifker et al.*****
based on the three-dimensional (3D) nucleation with the diffusion controlled
growth was used. In this model, the current density associated with the 3D nuc-
leation and the diffusion controlled growth is given by Eq. (2):*

| nEDY2c ' 1—exp(—At)
J3D-DC (t)=[W][1—CXp{—NOJZ’k D[t—T}} (2)

In the Eq. (2), the number density of active sites is Ny, the nucleation rate
constant is A, and Eq. (3) defines K':

1/2
4 ( 877cM j 3

K'=—
30 p

In Eq. (3), M and p are the atomic weight and the density of the deposit.

The analysis of the Eq. (2) enables to determine kinetic parameters of Pb
electrodeposition process and to obtain some important information related with
the process of nucleation. The method of non-linear fitting using the Levenberg—
—Marquardt algorithm available in OriginPro was applied to determine the kinetic
parameters, such as D, A and N,. During non-linear fitting process, D, A and N,
were independent parameters. The non-linear fitting process was applied for the
potentiostatic current transients obtained at the overpotentials at which the full
diffusion control was attained from the electrolytes with the addition of 2.25 and
4.0 M NaNOs. The results of non-linear fitting processes obtained from these
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electrolytes at 50, 65 and 80 mV are shown in Fig. 4. The good superposition
between the experimental potentiostatic current transients and those obtained by
the non-linear fitting method using Eq. (2) was observed. This good super-
position clearly indicates that the processes of nucleation/growth of Pb from the
analyzed electrolytes really follow the 3D nucleation with the diffusion control-
led growth. The values of parameters (D, A and N,) obtained by non-linear fitting
process are summarized in Table II.

60
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% . ——S0mV g o
£ 40 non-linear fitting 540 RO ICINE
o At -
< £20
E 204 e — ——
ey T —— T
o+———————————r——r————— 0 | 2 3 4 5 6 7 & 9 10
0 I 2 3 4 5 6 7T 8 9 10 tls
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80+ 804 ——65mV
65 mV non-linear fitting
o 604 non-linear fitting
0 ] 0
L 2 3 % 2 8 ¥ O B R Ty 2 3 4 s 8 T E S M
tls t/s
120+
100{ ——80mv Ay

100 non-linear fitting

non-linear fitting

(a) (b)
Fig. 4. The dependencies of j on t recorded at overpotentials of 50, 65 and 80 mV from 0.10
M Pb(NO3), in: a) 2.25 and b) 4.0 M NaNOs, and the corresponding dependencies obtained
through fitting process by non-linear fitting method using Eq. (2).

From Tables I and II, it can be noticed the good agreement between the
diffusion coefficients determined by method of non-linear fitting and by applying
of Cottrell equation for the electrolytes containing 2.25 and 4.0 M NaNOs. Also,
the obtained values were in the good agreement with those observed by Mostany
et al.* for this type of electrolyte. The values of A and N, show overpotential
dependence and increase with the rise in the overpotential, which is in a line with
the basic law of nucleation. Namely, the nucleation rate constant, A depends on
the overpotential, 7 as:
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. K
A=Kjo exp[——gJ 4)
n

where K, and K, are overpotential-independent constants." The analysis of Eq.
(4) shows that increasing the overpotential causes the increase of the nucleation
rate constant, which is experimentally proved (Table II). Simultaneously, the
obtained values of A were considerably larger than those observed during nuc-
leation of Cu®® and Co*'. It is understandable because Pb belongs to the group of
normal metals™’ characterized by the large values of the exchange current density
(jo = °), while Cu and Co belong to the groups of the intermediate (the medium
exchange current density, Cu) or inert (the low exchange current density, Co)
metals.

Table II. The values of the diffusion coefficients (D), the number density of active sites (Ny),
and the nucleation rate constant (A) obtained from best-fit parameters through the fitting
process of the experimental j — t plots using Equation (2).

c(NaNO,) / mol dm™ n/mV  D/10°ecm’s’  N,/10°cm? A/107s"
225 50 0.89 10.1 0.53
65 0.84 20.1 1.7
80 0.89 30.1 2.0
4.0 50 0.60 20.7 0.94
65 0.64 45.7 2.3
80 0.63 81.7 5.0

On the other hand, overpotential dependence of N, can be explained as
follows. The active sites have different activity or different critical overpotential
in relation to the formation of nuclei."** Nuclei can be formed on those centres
whose critical overpotential is lower or equal to the overpotential externally
applied to the cell. Hence, the higher the applied overpotential means that the
greater the number of active sites taking part in nucleation process. The number
density of active sites, Ny also depends on the exchange current density. For
metals with jo — oo like Pb, the radii of the screening zones are large and the N,
is low." At the low exchange current densities, the screening zones radii are low,
or equal to zero, the nucleation rate is large and a thin surface film can be easily
formed.' This is experimentally confirmed by the fact that the obtained values of
N, for Pb were considerably smaller than those observed during Cu’® and Co™'
nucleation.

Effect of concentration of NaNOs; on morphology of electrodeposited Pb

To correlate the data obtained chronoamperometry analysis, morphologies of
Pb deposits obtained by Pb electrodeposition from electrolytes containing 0.10 M
Pb(NOs), in both 0.50 and 4.0 M NaNO; were characterized by the SEM tech-
nique.
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Figure 5 shows Pb deposits obtained from 0.10 M Pb(NO;), in 0.50 M
NaNO; at overpotentials of 20 (Fig. 5a and b), 50 (Fig. 5c and d) and 80 mV
(Fig. 5e and f). From Fig. 5a and b, it can be seen thar the regular hexagonal
crystals were formed during electrodeposition at an overpotential of 20 mV.
Formation of the hexagonal crystals at 20 mV is expected because this over-
potential belongs to the ohmic controlled electrodeposition. Namely, the hexa-
gonal shape of crystals is the typical morphological form that is formed under the
ohmic control.”'®* The both, regular and irregular (precursors of dendrites)
crystals, as well as the needle-like dendrites are formed at an overpotential of 50
mV belonging to the initial part of the diffusion control where the effect of ohmic
control is still significant (the mixed ohmic-diffusion control; Fig. 5c and d).
Finally, the two-dimensional (2D) compact dendritic forms of three-cornered
shape are formed at an overpotential of 80 mV in the zone of the fast growth of
current with increasing overpotential (Fig. Se and f).

b
100 pm 100 pm
(d) (e) ®

Fig. 5. Morphologies of Pb deposits electrodeposited from 0.10 M Pb(NO;), in 0.50 M
NaNO;, at overpotentials of: a) and b) 20 mV, ¢) and d) 50 mV, and e) and f) 80 mV.

50 pm

The completely different situation was observed during electrodeposition
from the solution with eight times larger concentration of the supporting elec-
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trolyte. The increase of NaNO; concentration led to the decrease of the ratio of
the ohmic control to the overall control of the electrodeposition process with a
significant consequences on morphology of electrodeposited Pb. Morphologies
of Pb deposits obtained at the same overpotentials, but from 0.10 M Pb(NO;), in
4.0 M NaNO; are shown in Fig. 6. Unlike of the regular hexagonal crystals
formed with 0.50 M NaNQOj; concentration, the irregular elongated crystals (pre-
cursors of dendrites) were formed at an overpotential of 20 mV from 0.10 M
Pb(NOs), in 4.0 M NaNO; (Fig. 6a and b). Formation of this crystal shape was
understandable because an overpotential of 20 mV belongs to the part of the
polarization curve when the effect of diffusion becomes significant (the mixed
ohmic-diffusion control of electrodeposition). The very long needle-like den-
drites were formed during electrodeposition at an overpotential of S0 mV (Fig. 6¢
and d). Finally, the very branchy 2D “tooth of saw” dendrites'® were formed at
an overpotential of 80 mV (Fig. 6e and f).

. e & X L .' o 4 ok ‘.‘.. + } '-. .-'I‘
100 pm 100 pm 50 um

(d) (e) ®
Fig. 6. Morphologies of Pb deposits electrodeposited from 0.10 M Pb(NOs), in 4.0 M NaNOs;,
at overpotentials of: a) and b) 20 mV, c¢) and d) 50 mV, and ¢) and f) 80 mV.

Effect of increasing the concentration of NaNO; on polarization character-
istics and morphology of electrodeposited Pb was equivalent to decreasing con-
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centration of Pb>" (at the constant concentration of NaNO;)."” The obtained
surface morphologies are in line with data obtained by the analysis of Cottrell
equation. Formation of both regular and irregular elongated crystals, as well as
the needle-like dendrites from the electrolyte containing 0.10 M Pb(NO3), in 0.50
M NaNO; at 50 mV can be really ascribed to the electrodeposition in the mixed
ohmic-diffusion control (Fig. 5c and d). The formation of only dendritic forms at
80 mV confirms that this overpotential belongs to the diffusion control of the
electrodeposition (Fig. 5e and f). As far as the electrodeposition from the elec-
trolyte with the addition of 4.0 M NaNQO;, the full diffusion control at 50 and 80
was confirmed by formation of both needle-like and “tooth of saw” dendrites,
that is also in excellent agreement with data obtained by the analysis of Cottrell
equation.

CONCLUSIONS

The kinetic parameters of Pb electrodeposition processes were determined
from the analysis of chronoamperometry data and correlated with morphologies
of Pb deposits obtained in the different types of electrodeposition control. The
good agreement in the values of diffusion coefficients determined applying
Cottrell equation and non-linear fitting method was observed. The analysis of
Cottrell equation enabled to define the transition from the mixed ohmic-diffusion
to the full diffusion control of electrodeposition. The values of the other para-
meters, such as the number density of active sites and the nucleation rate con-
stant, obtained by non-linear fitting method assuming the three-dimensional (3D)
nucleation with the diffusion controlled growth were in the accordance with the
fact that Pb electrodeposition processes belong to the fast electrochemical pro-
cesses characterized by the extremely high value of the exchange current density.
The data obtained by the analysis of Cottrell equation were successfully con-
firmed by the analysis of surface morphology of lead electrodeposited at the dif-
ferent overpotentials. As expected, the crystals of hexagonal shape are formed
during the ohmic control. Aside from this crystal type, the irregular crystals and
the needle-like dendrites are formed during electrodeposition in the mixed
ohmic-diffusion control. In the dependence of concentration of NaNQOs, the dif-
ferent forms of dendrites were formed during the diffusion controlled electro-
deposition.
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HU3BOJ
BE3A UBMEBY KUHETUYKHX [TAPAMETAPA U MOP®OJIOTHJE EJIEKTPOXEMUICKHU
HUCTAJIOKEHOTI OJIOBA

HEBOJIIA JI. HHKOJIWR ', TIPEIIPAT M. )KHBKOBHWR’, CAFbA M. CTEBAHOBUR' 1 TOPAH BPAHKOBHR®

"UXTM — Lentuap 3a enexttipoxemujy, Ynueep3uiieii y beoipagy, Fbeiowesa 12, Beoipag, *Texnomouio—
—Metlanypwku Qaxyniteit, Ynusep3utieii y beoipagy, Kapneiujesa 4, Beoipag u 3I/Ich7uL_uym 3d
MYyTUUGUCYUTTUHAPHA UCTUpaXcuearea, Ynusepsuiie y beoipaqy, Knesa Buwecnasa 1a, beotpag
Y 0BOM papfy Cy UCIIUTaHU NMPOLIECH EIEKTPOXEMH]CKOT TAJIOKEHha 0JI0Ba U3 EJIEKTPOINUTA

Pa3THYUTHX KOHLIEHTpalMja HATPUjyM-HHUTpaTa kao MoMohHor enextponuTa. Ilpouecu
€JIeKTPOXEeMHU]jCKOT TaJI0Keha 0JI0Ba Cy UCITUTAaHU XPOHOAMIIEPOMETPHjOM M aHAJIM30M Tajiora
0JI0Ba JOOMjEeHUX Yy MOTEHIIUOCTAaTCKOM PeXUMY eIeKTPOoIN3e TeXHUKOM CKeHupajyhe enex-
TpoHCcke MUKpockonuje (SEM). ITocturayTo je nodpo cnarame AU(Y3HOHUX KoedHULMjeHaTa
ogpehennx u3 KoTpenose jeqHaurWHe U METOAOM HEIMHEAPHOT (DUTOBaWka MOTEHIIMOCTATCKUX
CTpyjHUX mpesnasa. [lo mpBU myT, Ipesas U3 MEeIIOBUTEe OMCKO-AX(y3HoHe Y nyHY AUdy3HOHY
KOHTpoIy je medunucaH u3 Korpenose jenHauuHe. [TapameTpH, ka0 LITO Cy ryCTHHA aKTHUB-
HHAX MeCTa M KOHCTaHTa Op3vHe peakiuje, nodWjeHH METOINOM HeITHHeapHOT (UTOBama Cy
JHUCKYTOBAaHH y CKJIaJy Ca YHHEHHIIOM Jla OJIOBO MpHIIafa TPy MeTana OKapaKTepHCaHHX
BHCOKMM BpEJHOCTHMaA TyCTHHE CTpyje u3MeHe. Ilofauu nodujeHn XpoHOaMIEPOMETPHjCKOM
aHaJIM30M Cy YCIEIIHO MO0BE3aHU ca MOp(QoJoTHjaMa eleKTPOXEMHjCKH MCTalT0XEHOT 0J10Ba
DODMjEeHUX Y Pa3TMUATHM THUIIOBUMA KOHTPOJIE MPOLECa e1EKTPOXEMH]jCKOT TaTOXKeHha.

(ITpumsmeno 18. penemdpa 2015, pesunupano 12. pedpyapa, npuxsaheno 19. dpedpyapa 2016)
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