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Abstract: The processes of lead and zinc electrodeposition from the very dilute
electrolytes were compared by the analysis of polarization characteristics and
by the scanning electron microscopic (SEM) analysis of the morphology of the
deposits obtained in the galvanostatic regime of electrolysis. The exchange
current densities for lead and zinc were estimated by comparison of experi-
mentally obtained polarization curves with the simulated ones obtained for the
different the exchange current density to the limiting diffusion current density
ratios. Using this way for the estimation of the exchange current density, it is
shown that the exchange current density for Pb was more than 1300 times
higher than the one for Zn. In this way, it is confirmed that the Pb electro-
deposition processes are considerably faster than the Zn electrodeposition pro-
cesses. The difference in the rate of electrochemical processes was confirmed
by a comparison of morphologies of lead and zinc deposits obtained at current
densities which corresponded to 0.25 and 0.50 values of the limiting diffusion
current densities.

Keywords: electrodeposition; lead; zinc; exchange current density; scanning
electron microscope (SEM).

INTRODUCTION

Metals like Pb, Sn, Zn, Cd, and Ag are classified into group of normal
metals characterized by the large exchange current density, low melting point and
high overpotentials for hydrogen discharge.'” The common characteristic of
these metals is the absence of a precise and unique way for a determination of the
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exchange current density (jo) as one of the main parameter characterizing electro-
deposition processes. As result of this, the j, values which can be found in the
literature are often contradictory, or furthermore, there is no data about j, value
for some of them (Pb). On the other hand, diagnostic criteria based on a simul-
ation of the polarization curve equation for a different jy/ji ratios (ji — the limiting
diffusion current density) were proposed recently for a determination of the type
of electrodeposition process control.” It is clear that comparison of the simulated
shapes of the polarization curves obtained for a different jy/j. ratios with the
experimentally obtained polarization curves can be excellent auxiliary criteria for
estimation of the j, values, especially of the normal metals due to a lack reliable
way for determination of their j, values. Since the polarization curves are simul-
ated in a function of jy/j ratios, then the superposition between the experimental
and simulated curves inside the plateau of the limiting diffusion current density is
only relevant for this method of the estimation of j,.* The good agreement
between the j, values estimated by this method* and those found in the literature’
was observed in the case of Zn electrodeposition. Also, application of this unique
procedure enables mutual comparison of the j, values of the different metals,
because all electrodeposition systems are treated in the same way.

Electrodeposition processes of the normal metals are accompanied by form-
ation of various morphological forms, such as granules, crystals of regular and
irregular shapes, needle-like and spongy-like particles, dendrites, efc.”* During
many years systematic investigations,**** differences in formation of the morpho-
logical forms of these metals were specified. It is concluded that Pb and Zn can
be denoted as the limiting cases from the group of the normal metals. Namely,
the processes of electrodeposition of Pb belong to very fast electrochemical pro-
cesses with a significant contribution of the ohmic control.'”* On the other hand,
the processes of Zn electrodeposition contain certain similarities with those of Cu
belonging to group of the intermediate metals characterized by the lower values
of the exchange current density than the j, values of the normal metals.

In this study, Pb and Zn electrodeposition processes from the dilute electro-
lytes were compared with the aim to estimate the exchange current density values.
The compositions of electrolytes were selected to approach the experimental
shapes of polarization curves with the simulated ones. Morphologies of Pb and
Zn deposits obtained in the galvanostatic regime of electrolysis at the same ratios
of the current density of electrodeposition to the limiting diffusion current den-
sity (j/jL) were also compared.

EXPERIMENTAL

Lead and zinc were electrodeposited from the following electrolytes:
a) 0.010 M Pb(NO;), in 2.0 M NaNOj; and
b) 0.010 M ZnSO, in 2.0 M NaOH.
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For preparation of the electrolytes for electrodepositions of Pb and Zn were used doubly
distilled water and analytical grade chemicals. All electrodepositions were performed at the
room temperature in an open cell.

The polarization curves for Zn and Pb were recorded by potentiostatically at working
electrodes of Zn (for Zn) and Pb (for Pb). The reference and counter electrodes were of either
Zn or Pb. The procedure for recording of the polarization curves is described elsewhere.***’

For morphological analysis, Zn and Pb were electrodeposited galvanostatically at current
densities (j) which corresponded to 0.25j; and 0.50j;. These current densities were 0.15 and
0.30 mA cm™ (Zn), and 0.065 and 0.13 mA cm™ (Pb). For electrodeposition of the both
metals, the working electrodes of polycrystalline copper wire, the surface area of 0.50 cm’,
were used. The length of Cu electrode was 2.0 cm, while its diameter was 0.080 cm.The
counter electrodes were either of pure Zn (in the case of Zn electrodeposition) or of pure Pb
(in the case of Pb electrodeposition). Lead was electrodeposited with quantities of the elec-
tricity of 19.5 mA s cm?, and 234 mA s cm™. Zn was electrodeposited with a quantity of the
electricity of 1080 mA s cm™ The electrodeposition of Zn with the lower quantities of
electricity did not affect the surface morphology. The times of electrodeposition for each
sample are provided in Figure caption.

Morphologies of Pb and Zn deposits were characterized by the scanning electron micro-
scope Tescan digital microscopy.

The polarization curves were simulated using the software MatLab.

RESULTS AND DISCUSSION

The polarization curves for electrodeposition of lead from 0.010 M Pb(NOs),
in 2.0 M NaNOQO; and zinc¢ from 0.010 M ZnSO, in 2.0 M NaOH are shown in Fig.
la. The polarization curves normalized to the limiting diffusion current density
values (j/j. vs. 7)) are given in Fig. 1b. Then, comparison of the normalized pola-
rization curves was made with the simulated curves with the aim to estimate the
exchange current densities for Pb and Zn.

The shape of the polarization curve taking the concentration dependence of
the exchange current density into account in the form given by Eq. (1) was used
to obtain the simulalated dependences of j/j vs. 77:%%

. ]..70(fc_fa)
.LZJL.— (1)
L (g 1)
JL

Equation (1) is valid for all both j/j; ratios and overpotentials. In Eq. (1), j is
the current density, j, is the exchange current density, ji is the limiting diffusion
current density and:

n n
f.=10% and f, =10 %
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where b, and b, are the cathodic and anodic Tafel slopes and # is the overpot-
ential. The Eq. (1) is modified for use in electrodeposition of metals using the
values of the cathodic current density and overpotential as positive.
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Fig. 1. a) The polarization curves
for electrodepositions of Pb from
0.010 M Pb(NOs), in 2.0 M NaNOs;
and Zn from 0.010 M ZnSO, in 2.0
M NaOH, and b) the normalized
polarization curves to the limiting
diffusion current density values
(j/jL vs. i) for the same electrolytes.

For electrodeposition of zinc from alkaline electrolytes, the values of the
anodic and cathodic Tafel slopes are: b, = 40 mV dec! and b, = 120 mV dec'.’
The same values of the anodic and cathodic slopes are valid for electrodeposition
of lead if the one electron reaction step is supposed.'” The comparison of expe-
rimental and simulated dependencies j/ji vs. 7 for Pb is shown in Fig. 2a. As
already mentioned, since the simulated curves as a parameter consider ji/j_ ratios
then comparison with the experimental values in the region of the limiting dif-
fusion current density is only relevant for this method. For more precise estim-
ation of j, value, the dependencies of j/j. in the range of 0.997 to 1 on 77 for the
very high jo/ji ratios were analyzed and presented in Fig. 2b, from which can be
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noticed that the best superposition between the experimental and simulated
curves inside the plateau of the limiting diffusion current density is obtained for
the jo/j. ratio of 30000. It is necessary to note that the good superposition
between experimental and simulated polarization curves will also be achieved for
the jo/j. ratios larger than 30000. Anyway, we define the jy/j. ratio of 30000 as
the lowest value of the good superposition between experimental and simulated
curves, and take it for the estimation of j, value for Pb. For the limiting diffusion
current density for Pb of 0.26 mA c¢m™ (Fig. 1a) and the jo/ji. ratio of 30000, the
estimated exchange current density for this Pb system is 7800 mA ¢cm™ or higher.

<00/
= ¥ jo/ji.=1000
0.4{; Jo/jL="1750
- Jo/j=500
Jo/jL=100 ---
0 8 aEy T g——
exp. values ¢ ¢ o o ¢
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n/ mV
(a)
0.999]/
(=]
3
~
Jo/ji. = 30000
0.998 Jo/ji = 20000 -----eeeeees
Jo /jL = 10000 --=-sreremmeeeeees
Jo/jr. = 1000
0.997 expivalues - v« - - Fig. 2. Comparison of experimental
70 10 20 30 40 50 60 70 80 and simulated dependencies of j/j vs.
n/mV 7 for Pb (b, = 40 mV dec” and b, =
(b) =120 mV dec™).

Comparison of the experimental and simulated dependencies j/ji. vs. 77 for Zn
is shown in Fig. 3. In this case, the nearest superposition of the experimental and
simulated dependencies for the values corresponding to the plateau of the limit-
ing diffusion current density was achieved for jo/ji. = 10. Taking the value of the
limiting diffusion current density for Zn of 0.60 mA cm * (Fig. 1a), the exchange
current density for Zn from this solution was estimated to be 6.0 mA cm .
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Hence, the estimated exchange current density for Pb was more than 1300 times
higher than the one for Zn for the same concentration of depositing ions.
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Fig. 3. Comparison of experimental and simulated dependencies of j/j. vs. 77 for Zn
(b, =40 mV dec” and b, = 120 mV dec™).

In this study, since the polarization curve equation taking the concentration
dependence of the exchange current density was used in the process of simul-
ation, the electrolytes with the same concentrations of Pb(Il) and Zn(II) ions were
analyzed. The second way for estimation and comparison of the exchange current
density values would include comparison of the electrodeposition systems with
approximately the same values of the limiting diffusion current density. In the
case of Pb and Zn it was no possible because electrodeposition of lead occurs in
the conditions of the mixed ohmic-diffusion control where the the ratio of the
ohmic control to the overall control of electrodeposition process increases with
increasing concentration of Pb(II) ions.'” At the higher concentrations of Pb(II)
ions, the electrodeposition process becomes full ohmic controlled one.'””* For a
concentration of Pb(Il) ions of 0.010 M, the contribution of the ohmic control
was almost negligible (Fig. 1a). This means that the increase of concentration of
Pb(Il) ions would cause the larger deviation of the experimental from simulated
curves because the simulated polarization curves do not include the ohmic con-
trol.>* Also, the well-defined plateaus of the limiting diffusion current density
are lost with the increase of concentration of Pb(II) ions.

Figure 4 shows Pb deposits obtained with a quantity of the electricity of 19.5
mA s cm at current densities of 0.065 mA cm ™ (j = 0.25j;; Fig. 4a and b) and
0.13 mA cm™ (j = 0.50j,; Fig. 4c and d). The cobweb-like or the rose-like par-
ticles were formed at the current density which corresponded to 0.25; (Fig. 4a
and b). This type of the particles is ascribed to the group of spongy-like ones.’'
On the other hand, various regular particles, largely octahedrons and tetrahed-
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rons, surrounded by small needle-like particles were formed at a current density
of 0.505. (Fig. 4c and d).

) _—
20 um 10 um
(© (d)
Fig. 4. Lead deposits obtained by electrodeposition from 0.010 M Pb(NO;), in 2.0 M NaNO;

with a quantity of the electricity of 19.5 mA s cm™ at current densities of: a) and b) 0.065 mA
cm’; the time of electrodeposition: =300's, and ¢) and d) 0.13 mA cm™; 1= 150s.

Pb deposits obtained at the same current densities, but with a quantity of the
electricity of 234 mA s cm™ are shown in Fig. 5. The mixture of particles of var-
ious shapes from crystals of irregular shape (Fig. 5a and b) to regular octahedrons
and small needle-like particles (Fig. 5¢) was formed at a current density of 0.065
mA cm™. It is necessary to note that octaedrons and the needle-like forms are
formed in ,,shadow* of the larger irregular particles. The similar situation was
also observed at a current density of 0.13 mA cm °, as seen from Fig. 5d—f. The
mixture of irregular crystals (Fig. 5d and e) and the needle-like particles of nano
dimensions formed among them (Fig. 5f) were a characteristic of the electro-
deposition process at a current density of 0.13 mA cm ~.
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(e) )

Fig. 5. Lead deposits obtained by electrodeposition from 0.010 M Pb(NO;), in 2.0 M NaNO;
with a quantity of the electricity of 234 mA s cm™ at current densities of:
a)—) 0.065 mA cm™, ¢ =3600 s, and d)—f) 0.13 mA cm™, = 1800 s.

Zinc deposits obtained with the same ratios to the limiting diffusion current
density as those from Pb are shown in Fig. 6. At the first sight, strong difference
with respect to Pb surface morphologies can be noticed. The relatively compact
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deposit with clearly visible grains or crystals was formed at a current density of
0.15 mA cm™ which corresponded to 0.25/, (Fig. 6a and b). On the other hand,
the spongy-like particles constructed from nano-filaments were formed at a cur-
rent density of 0.30 mA cm 2, i.e. at 0.507, (Fig. 6¢c—¢).

10 um 2 um
(d) (e)
Fig. 6. Zinc deposits obtained by electrodeposition from 0.010 M ZnSO, in 2.0 M NaOH with
a quantity of the electricity of 1080 mA s cm™ at current densities of: a) and b) 0.15 mA cm™,
t=2hand c)-¢) 0.30 mA cm?, r=1h.

Comparison of Pb and Zn deposits obtained with the same ratios to the
limiting diffusion current density confirms that the processes of Pb electrodepo-
sition were considerably faster than those for Zn. Namely, unlike from the
relatively compact deposit of Zn (Fig. 6a and b), the spongy-like particles with
the smaller (Fig. 4a and b) and the irregular crystals with the larger quantity of
electricity (Fig. 5a and b) were formed at the current density which corresponded
to 0.25j.. This irregular Pb crystals, denoted as precursors of dendrites,'”'
clearly prove the higher degree of the diffusion control in the case of Pb than in
the case of Zn for the same j/j ratio. The similar consideration can be also per-
formed for the current density which corresponded to 0.50j;. The predominant
formation of the irregular crystals (precursors of dendrites) by the Pb electro-
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deposition in relation to the spongy-like particles constructed from nano fila-
ments obtained by the Zn electrodeposition clearly confirms the fact that the Pb
electrodeposition process is faster than the Zn electrodeposition process at j/ji of
0.50.

Although the obtained values of the exchange current density for Pb and Zn
represent relatively ones, this method enables successfully comparison of the rate
of electrochemical processes of the normal metals, for which there is no a precise
way of the determination of the exchange current density. The validity of pro-
posed method is confirmed by morphological analysis of Pb and Zn deposits
obtained at the same j/j| ratios.

CONCLUSIONS

The exchange current densities for Pb and Zn were estimated using new
method based on comparison of the experimental polarization curves in the form
Jj/jL with the simulated dependencies obtained for the different jo/j. ratios. The
both metals belong to the group of the normal metals for which there is no pre-
cise and unique way for estimation of the exchange current density values. The
estimated values of the exchange current density were larger than 7800 mA cm >
for Pb and 6.0 mA cm ™ for Zn, indicating that the j, value for Pb was more than
1300 times higher than the one for Zn.

This difference in the exchange current densities was proved by the morpho-
logical analysis of Pb and Zn deposits obtained at current densities which corres-
ponded to 0.25 and 0.50 values of the limiting diffusion current density. The
spongy-like particles with the smaller and precursors of the dendrites (as the
dominant morphological form) with the larger amount of electricity were primary
formed by Pb electrodeposition at a current density of 0.25 value of the limiting
diffusion current density for Pb. Simultaneously, the almost compact deposit with
clearly visible grains was formed in the case of Zn at the same ratio to the limit-
ing diffusion current density.

The fact that the processes of Pb electrodeposition are faster than those for
Zn is also seen by the analysis of Pb and Zn morphologies obtained at the current
densities which corresponded to 0.50 values of the limiting diffusion current den-
sities. The precursors of dendrites are predominately formed by Pb electrodepo-
sition, while the spongy-like particles were formed by Zn electrodeposition.
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U3BOJ
[MPOEHA I'YCTUHE CTPYJE U3BMEHE U YIIOPEOHA AHAJIMU3A MOP®OJIOTUIA
EJIEKTPOXEMUHICKU UCTAJIOXKEHUX TAJIOTA OJIOBA U LIMHKA

HEBOJIIA JI. HAKOJIWR ', TIPEIPAT M. )KHBKOBUR’, TOPAH FPAHKOBUR® 1 MUOMHP T. TTABJIOBUR'

"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
[Tpouecu enexTpoXeMHjCKOT TalOXKema 0JI0Ba M LIUHKA M3 BeOMa Pa3biakeHUX eNeK-

TponuTa cy dunu MehycobHo ynopeheHr aHanM30M MOJIAPHU3aLUOHUX KapaKTEPUCTHKA U MOP-
(onoimkom aHaIM30M Tasora NOOUjeHHX Y ralBaHOCTaTCKOM PEXXUMY €eKTPOJIM3e TEXHUKOM
ckeHrpajyhe enextpoHcke Mmukpockomnuje (CEM). I'ycTuHe cTpyje usmeHe 3a 0JI0BO U LIUHK Cy
npouemeHe nopehemeM eKCIIeEPUMEHTATHO JOOUjeHHX MOaphU3allMOHUX KPUBHUX Ca CUMYJIH-
paHUM KpUBaMa JOOMjeHHMM 3a pas3InyuTe OFHOCE TYCTHHE CTPYje U3MEHE U rpaHHUYHe AUdy-
3voHe ryctuHe cTpyje. Kopuirhemem oBor HauMHa 3a IPOLIEHY T'YCTHHE CTPYyje U3MeHe, MoKa-
3aHO je Ja ryCTHHA CTpyje u3MeHe 3a 0y1oBo je dusa Buie ox 1300 myta Beha ox oHe 3a IUHK.
Ha oBaj HauWH, MOTBpPhHEHO je [a MPOLeCH eeKTPOXeMHUjCKOT TaJ0XKerma 0I0Ba Cy IPUMETHO
Oprku off Ipolieca eeKTPOXEMH]CKOT Ta/llOKewa LIMHKa. Pasnvka y Op3vHU e1eKTPOXeMU)jCKUX
nmpoueca je notsphena nopehemem mopdosnoryja Tamora 0710Ba ¥ LIHUHKA JOOMjEHHUX Ha TycC-
THHaMa CTpyje koje cy oprosapane 0,25 u 0,50 BpeAHOCTH TPaHUYHUX JUDY3UOHUX TyCTHHA
cTpyje.

(ITpummero 14. HoBembpa 2016, peBunupaHo u npuxsahexo 1. mapra 2017)
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