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The effect of deposition process exchange current density on the thin
metal film formation on inert substrate
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The initial stage of thin surface metal film formation on inert substrate is considered. The
simultaneous action of both active centers and nucleation exclusion zones was taken into consid-
eration when discussing the saturation nucleus density. The saturation nucleus density increases
with increasing number of active centers and decreasing the radii of nucleation exclusion zones
(enhancing the thin metal film formation). At one at the same deposition current density deposition
overpotential increases with decreasing deposition process exchange current density, leading to the
increase in the number of active centers and to decrease of crystallization overpotential and radii
of nucleation exclusion zones. Because of this compact surface metal film will be formed at a lower
quantity of electrodeposited metal with a decrease in exchange current density.
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Metal electrodeposition on inert electrodes begins by the formation of separate centers
growth until a continuous or disperse deposit is produced. Although the kinetics of electro-
lytic nucleation and subsequent growth have been the subject of extens’ve studies, little
attention has been given to the screening action of the growing nuclei. The nature of this
phenomenon should be made clear by the following arguments: once a nucleus of the
depositing metal is formed, the flowing current causes a local deformation of the electric
field in the vicinity of the growing center. As a result, an ohmic potential drop occurs along
the nucleus-anode direction. Considering the high dependence of the nucleation rate on the
overpotential, new nuclei should be expected to form only outside the spatial region around
the initial nucleus where there potential difference between the cathode and the electrolyte
surpasses some critical value 1. Using simple mathematics one obtains for the radius of the
screening zone in the ohmic-controlled deposition:

(1

where 1 is the critical overpotential for nucleation to occur, £ is the ohmic drop between anode
and cathode, f'is the numerical factor and p is the radius of the nucleus. The radius of the screening
zone depends on the £ and 1 values. At contant 1\ an increase in £ leads to a decrease in the
radius of the screening zone; the same appears if 1) decreases at constant E.! 3

During the cathodic process at low j/j, the crystallization overpotential is considerably
high; with increasing j/j, however, it radpidly decrease.? Hence, for j, =0, r—0.
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It has been established experimentally that the number of nuclei deposited electrolyti-
cally onto inert electrodes increases linearly with time after a period of induction. After a
sufficient length of time it reaches a saturated value that is independent of time. The
saturation value’s density increases with the overpotential applied and is strongly dependent
on the concentration of the electrolyte and the state of the electrode surface.’">

Kaischew and Mutaftchiew® explained the phenomenon of saturation on the basis of
energetic inhomogeneity of the substrate surface. They assumed that the active centers have
different activity, or different critical overpotential, with respect to formation of the nuclei.
Nuclei can be formed on those centers whose critical overpotential is lower than or equal to
that applied to the electrolytic cell from the outside. The higher the overpotential applied,
the greater the number of weaker active sites taking part in the nucleation process and hence
the greater saturation nucleus density. The formation and growth of nuclei is necessarily
followed by the formation and growth of nucleation exclusion zones. After some time the
zones overlap to cover the substrate surface exposed for nucleation, thus terminating the
nucleation process.

The simultaneous action of both active centers and nucleation exclusion zones must
be taken into consideration when discussing the dependence of the number of nuclei on time.
In the limiting case for active centers, when screening zones are not formed, the saturation
nucleus density is exactly equal to the integral number of active centers. In the limiting case
for nucleation exclusion zones the saturation nucleus density is directly proportional to the
nucleation rate and reversely to the zone growth rate.” It is obvious that saturation nucleus
density is larger in the first than in the second case, because of the deactivation of active
centers by the overlapping nucleation exclusion zones.

The classical expression for the steady state nucleation rate J is given by:’™
K 2
J=K|exp(———§J @
n

where K| and K are practically overpotential-independent constants. The equation is valid
for a number of systems regardless of the exchange current density value for the deposition
process.'%14 At one and the same deposition current density, j decreasing j, leads to an
increasing nucleation rate and a decrease in the radii of the nucleation exclusion zones.
Hence, for j/j, — 0 the limiting case for nucleation exclusion zones can be expected, and for
Jljo = oo the limiting case for active centers.

The saturation nucleus density, i.e., the deposition process exchange current density,
strongly affects the morphology of metal deposits. At high exchange current densities the
radii of screening zones are larger and saturation nucleus density is low. This permits the
formation of large, well- defined crystal grains and granular deposit growth. At low exchange
current densities the screening zones’ radii are low, or equal to zero, the nucleation rate is
large and thin surface film can be easily formed.

Nucleation does not occur simultaneously over all the cathode surface but is a process
extended in time so that crystals generated earlier may be considerably larger in size than
later generated ones. This causes periodicity in the surface structure of polycrystalline
electrolytic deposits, as well as coarseness of the thin metal film formed even on ideally
smooth substrate. Hence, the larger the nucleation rate, the more homogeneous the distribu-
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tion of crystal grain size which leads to a smoother deposit. Obviously, periodicity in the
surface structure is a more complicated problem, as shown by Kovarskii and Lisov, 'S but
for the purpose of this article the above conclusion is sufficient. The purpose of this work is
to confirm the basic facts of the above theories and to show the effect of exchange current
density on the deposition process of thin metal film formation on inert substrate.

EXPERIMENTAL

Silver was deposited on platinum plane electrode, nickel and cadmium on copper stationary wire electrode
and copper on silver stationary wire electrode. Potentiostatic polarization measurements and galvanostatic deposi-
tion were performed in the open cells at room temperature. The counter and reference electrodes were of pure
corresponding metal. The solutions used were: 0.1 M AgNO3; + 0.5 M HNO3; 0.1 M AgNO; + 0.5 M (NHy4),SO,
solution to which was added ammonium hydroxide to dissolve the silver precipitate; 0.07 M CuSO, +0.5 M H,SOy;
0.07 M NiSO4 +0.5 M NaySO, + 30 ¢/l H3BOs, pH =4, and 0.07 M CdSO, + 0.5 M H,SO, made of p.a. chemicals
and doubly distilled water.

Exchange current densities for copper and nickel deposition processes were obtained by extrapolatin g the
Tafel line to the zero overpotential, and for cadmium from the slope of the overpotential-current density dependence
in the linear polarization experiments (£10 mV around zero overpotential). The morphology of the metal deposits
was investigated by means of scanning electron microscopy (SEM), using a JOEL T20 microscope.

RESULTS AND DISCUSSION

It was shown' that silver deposition from the nitrate bath is characterized by j, >> ji ,
while from the ammonium complex salt bath there is a well-defined region in which the
deposition process in under pure activation control (bx = 60 mV dec™!, j, = 0.25 mA cm 2,
JjL=8mA cm, jo < <jL).

Fig. 1. Silver deposit on the platinum plane electrode from 0.1 M AgNOs in 0.5 M HNOj5 at room temperature.
Deposition overpotential 6 mV. Deposition time 45 min. Magnification: a) x500: b) x2000.

The silver grains obtained from the nitrate solution on the platinum substrate are
presented in Fig. 1. In Fig. 2 silver deposit from nitrate bath on the substrate obtained as this
from Fig. 1 and in Fig. 3 silver deposit from ammonium complex bath on the substrate
obtained as this from Fig. 2 are shown. It is seen from Fig. 2 that a large nucleation exclusion
zones are formed around initial grains during deposition from nitrate bath. It is to note that
the same situation as in this case appears in deposition of silver from nitrate solution on the
glassy carbon electrode,'” meaning that exclusion zones formation do not depend on the
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Fig. 2. Silver deposit on the substrate formed as this from Fig. I, from the same electrolyte. Current density 2.9
2 o . . o . c
mA/cm™. Deposition time 2 min. Magnification: a) X500: b) x2000.

substrate. They practically do not exist in deposition from the ammonium complex bath.
Besides, new nucleation is seen on the initial grain in Fig. 3. It seems that exchange current

Fig. 3. Silver deposit on the substate formed as this from Fig. 2 from 0.1 M AgNO; in 0.5 M (NH,4),SO, to
which was added ammonium hydroxide to dissolve the silver precipitate. Current density 2.9 mA/Cm™. Deposi-
tion time | min. Magnification: a) X500; b) x2000.

density value for the deposition process on the same substrate can be used in the analysis of
the surface film formation on an inert substrate. This fact requires further investigations.

TABLE L. The exchange current density, and j/ /j, ratios for Cd, Cu and Ni deposition processes

Metal Jo/A cm’” Jlo
Cadmium 15%x 107 3.0

Copper 32x107" 14.4

Nickel 1.6 x 1077 2.9% 10°

The polarization curves for nickel, copper and cadmium deposition, corresponding
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Fig. 4. Polarization curve for (O),
cadmium, (O) copper and (A) nickel
depositions.

Fig. 5. Tafel plots of (O) copper and
(A) nickel depositions.

Fig. 6. Linear overpotential-current
density dependence of the cadmium
deposition-dissolution process.
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Fig. 7. SEM microphotograph of cadmium deposits on copper substrate obtained at current density of I mA cm™.
Deposition time: a) t=120s, b) 1 =300, c) r = 1200 s. Magnification x 2000.

Tafel plots and the results of linear polarization experiments are shown in Figs. 4, 5 and 6,
respectively. The limiting diffusion currents in all cases are practically the same, but
exchange current densities (given in Table I) are very different. Hence, the ji /j, ratio, Table
I, which determines the morphology of electrodeposited metal'® depends only on the
exchange current density values.

Fig. 8. SEM microphotograph of copper deposits on silver substrate obtained at current density of | mA cm™.
Deposition time: a) 7 =300 s, b) r = 1200 s. Magnification x 5000.
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Fig. 9. SEM microphotograph of
nickel deposits on copper substrate
obla;ned at current density of 1 mA
cm ~. Deposition time: 1= 120 s. Mag-
nification x 5000.
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A Electrodeposits of cadmium, copper and nickel are shown in Figs. 7, 8 and 9,
respectively. In the cadmium deposition, boulders are formed by the independent growth of
formed nuclei inside zones of zero nucleation. Because of the high j, value the deposition
overpotential is lower and the crystallization overpotential is relatively large and the
screening zone, according to Eq. 1, is relatively large. On the other hand, the nucleation rate
is low. This results in deposits shown in Fig. 7.

In the case of copper, the surface film is practically formed at the same or lower
quantity of electricity, as seen from Fig. 8, due to the lower exchange current density.

The value of the deposition overpotential is larger than in the case of cadmium and
the crystallization overpotential is lower, resulting in a decrease in the zero nucleation zone
radius, and the nucleation rate is also considerably larger. A further decrease in the exchange
current density value, as in the case of Ni, leads to the situation shown in Fig. 9. A surface
film is formed, but is a porous one, probably due to the hydrogen co-deposition. It can be
seen from Fig. 4 that the limiting diffusion current density plateaus are not parallel to the
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Fig. 12. SEM microphotograph of me-
tal dcpo§ils at current density of 3.5
mA cm™ for 7 = 1800 s: a) cadmium,

magnification x 1000, b) copper, mag-
7 J nification X 2000 and c) nickel, mag-
c nification x 2000.

x-axis for cadmium and nickel depositions. It can be seen from Figs. 4 and 10 that in cadmium
deposition hydrogen evolution does not takes place at deposition overpotential and the slope
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of the plateau is probably due to the fast increase in electrode surface coarseness and dendritic
growth. In the case of nickel the hydrogen co-deposition can take place even at low
deposition current densities, Figs. 4 and 11.

Cadmium surface film is not formed even at larger deposition current densities and
quantity of electrodeposited metal, as seen from Fig. 12.

At the same time the copper surface film deposited under the same conditions is
completely formed and the amplification of surface coarseness takes place. In the case of
nickel surface, film is also formed as expected ,but it is less coarse and porous.

Hence, a decrease in the exchange current density value of the deposition process
enhances the thin surface metal film formation on inert substrate due to the increase in the
nucleation rate and decrease in the radius of the zero nucleation zones. Because of this,
compact surface metal film is formed at a lower quantity of electrodeposited metal, and its
roughness and porousness decrease with a decrease in exchange current density. On the other
hand, at sufficiently negative equilibrium potentials and low hydrogen overvoltage for an
inert substrate, a decrease in exchange current density of the deposition process can produce
a porous deposit due to hydrogen codeposition.

n3Bojnu

YTUUA] I'YCTHUHE CTPYJE UBMEHE HA IMPOLIEC TAJIOXEIA TAHKUX ®UIIMOBA
METAIJIA HA HECPOJIHUM TMOJIOTAMA

K. W.TIOTNOB.' B. H.TPI'YP. E. P. CTOJUIKOBWR.> M. I'. TABJIOBUR* u H. [l HUKO/IUTY'

ITt'.l’”o.wlIIA'D-.|lelﬂn.1'\’pllll\‘ll aryaitieiti, Ynueepauitieii y Beozpady, Kapuernjesa 4. n. np. 494, Beorpan. 1 Tovoiipuspcont haxyaitieiti,
3emyn - Beozpad. ‘nx TM-Uenitiap 3a eackifipoxesujy, thezowesa 12, Beozpad

Pasmarpana je noueTtHa ¢asa Hacrajara NOBpLIMHCKOr ¢uiMa meTana. [IMCKYTOBaH je yTHuaj
aKTHBHHX LIEHTAapa M 30HA MCK/bY4era Hykjeauuje Ha 3acuheHy ryctuny Hykneyca. 5icuhena ryctuna
HyKJIeyca pacTe ca 1opacToM 6poja aKTHBHHX LIEHTAPa U Ca CMAEHEM TTONYNIPEYHHKA 30Ha HCKIbYUEha
HyKJIlealyje, IITO CTHMYJINILE HACTajake TAHKOT (huama MeTana. [1pu jennoj rycTunn crpyje Tanoxema
[IPEHANETOCT PacCTe Ca CMaWkECHEM TYCTHHE CTPyje M3MEHE 3a IPOLEC TalOXEkha, ITO AOBOIH A0
nosehaBama OpOja aKTUBHUX EHTApPa M CMAH:CH:A KPHCTANH3ALHMOHE NIPEHANETOCTH U NOJIyIPeYHuKa
30Ha HCKJbyyeta. Ha Taj HaunH ce popmupajy KOMIAKTHY NOBPIIMHCKH (DHIIMOBH [IPH TaOXEHY Maibe
KOJIMYMHE MeTaJla Ka/ia j€ MPOLEC TaJlOXKeHha OKapaKTePHCaH MaboM BpefiHoLthy I'yCTHHE CTpYje n3MeHe.

' (Mpumibeno 27. jyna 1996, pesupupano 14, heGpyapa 1997)
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