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The initial stages of Bi deposition onto smooth polycrystalline Pt electrode
from acidic 0.1 M Bi** perchlorate solution at 20 °C were investigated using
a potential step technique. On the basis of analysis of the current transients,
it has been shown that the initial stages of Bi electrocrystallization onto Pt
quite well fit the progressive 3D nucleation and diffusion-controlled growth
mechanism by Scharifker and Hills, taking into account the presence of the
separate zones with different metal nucleation rates on the electrode surface.
It was also assumed that these separate zones should be of macroscopic di-
mensions rather than microscopic or atomic ones.
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INTRODUCTION

The initial stages of electrodeposition of metal (M)
on a foreign substrate (§) are of practical importan-
ce in various fields of modern technology, e.g. in
producing materials for electrocatalysis, microelec-
tronics, magnetic devices, etc. Investigations of the
M ions adsorption reactions and 2D and 3D nucle-
ation and growth processes, which play a crucial ro-
le in electrochemical phase formation, have been
reviewed recently (see, e.g., [1-4]). Three types of
growth modes were distinguished, depending on the
binding energies of M adatoms on a foreign and on
the same S and the crystallographic M-S misfit (the-
se typical modes are known as Frank-Van der Mer-
we, Stranski—Krastanov and Volmer—Weber mecha-
nisms [1]). Mathematical description of 3D nuclea-
tion / growth processes in the overpotential range
for different models was presented in detail in a
number of papers [5-16]. The morphological and
energetic state of S surface was pointed out to be
an important problem connected with the electro-
chemical new phase formation [17, 18]. Besides, the
underpotential phenomena, which are frequently ob-
served, can complicate additionally the examination
of the nucleation process because in that case an
original S surface becomes rather masked [17, 18].

Among metals which have considerable promises
for the modern technology, bismuth seems to be
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worth mentioning [19-21]. Bi in a submonolayer ran-
ge on various S was proposed to be used widely for
electrocatalysis in numerous redox reactions. Thin
films of this metal have technological application in
wide-range field and current sensors, owing to Bi
unusual electronic properties. Although the under-
potential deposition (UPD) of Bi onto various § is
well documented in a number of papers [22-39], to
our knowledge, there are actually no investigations
of early stages of Bi electrodeposition onto a fo-
reign S.

The preliminary results on this subject have be-
en presented recently in our study [40]. In particu-
lar, analysing the experimental chronoamperometric
data within the framework of the theory of Scharif-
ker and Hills [10], it was found that the initial sta-
ges of Bi deposition on a smooth polycrystalline Pt
electrode from acidic perchlorate solutions quite well
fitted the progressive 3D nucleation and growth un-
der diffusion control model. Some nucleation para-
meters were also evaluated, depending on the expe-
rimental conditions. However, predictions derived
from the theory[10] were satisfied not in all cases. For
example, it was found that the conventional treat-
ment of the current transients led to a significantly
lower value of the diffusion coefficient of Bi** ion
[40]. Besides, under certain conditions of electroly-
sis, two waves in the current-time curves were ob-
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served. These findings were not sufficiently explain-
ed in the cited work.

The aim of the present work was to investigate
the initial stages of Bi electrodeposition onto a smo-
oth polycrystalline Pt electrode from acidic perchlo-
rate solution. With this purpose in mind, attempts
were also made to interpret the features of the cur-
rent transients mentioned above, which until now
remained little understood.

EXPERIMENTAL

The chronoamperometric experiments were carried out
in 1 M HCIO, + 0.1 M Bi(CIO,), solution prepared
from chemicals of the highest purity and triply-distil-
led water. The electrolyte was deaerated prior to each
experiment by bubbling purified argon for 1 h.

Chronoamperometric studies were performed in
a conventional three-electrode cell. The working elec-
trode was a vertical disc made from a mat polycrys-
talline Pt foil (99.99% purity) and sealed into a soft
glass tube. The geometric area of the working
electrode was 1 cm? Its real area was determined
from a hydrogen adsorption voltammetric profile re-
corded at 50 mV s in 0.5 M H,SO, solution, ta-
king the theoretical hydrogen adsorption charge of
210 uC cm™, as noted in [41]. The roughness factor
(f) was found to be equal to 2.0 = 0.1. The coun-
ter-electrode was a Pt sheet of ca. 6 cm? in area.
The reference electrode was an Ag/AgCl/KCl(sat.)
electrode provided with a KNO, salt bridge in or-
der to avoid contamination of the working solution
with CI ions. All potentials (E) in the text are re-
ferred to the SHE scale. Unless otherwise noted, all
currents (i) are reported with respect to the geo-
metric area of the Pt working electrode.

All glassware was cleaned before use with warm
concentrated H,SO, for 2 h, rinsed with doubly-dis-
tilled water and left in it overnight.

The working electrode was subjected to an ini-
tial pretreatment as follows: (i) slight mechanical
polishing with diamond paste down to 0.1 um; (if)
immersion in chromic acid for 4 h at ambient tem-
perature followed by immersion in 0.5 M H,SO, for
24 h and thorough rinsing with doubly-distilled wa-
ter; (iii) electrochemical activation by repetitive trian-
gular cycling between +0.05 and +1.30 V in 0.5 M
H,SO, solution at 50 mV s for 15 h (a volume of
solution was changed several times). Before each
experiment, the pretreatment involved such stages:
({) immersion in chromic acid for 10 min followed
by immersion in 0.5 M H,SO, solution for 0.5 h
and electrochemical activation by repetitive cycling
in 0.5 M H,SO, solution at 50 mV s between +0.05
and +1.30 V until a stationary voltammogram cha-
racteristic of polycrystalline Pt [42, 43] was obser-
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ved (the potential scan was stopped during the cath-
odic half-cycle at £ = +0.40 V); (ii) finally, trans-
fer of the electrode to the another cell with the
working solution under a drop of electrolyte.

The experimental procedure was as follows: (i)
after contacting with the working solution, the wor-
king electrode was held for 5 min at the starting
potential £ = +0.3 V being in the UPD range;
(ii) then, E was stepped to the selected deposition
potentials E,_in the OPD zone for the deposition
time 7, = 40 s; (i) after disconnecting the electron-
ic circuit of the potentiostat, the bismuth-covered Pt
electrode was left in the working solution until its E
approached spontaneously the value of ca. +0.8 V;
(iv) the remaining amount of Bi deposit was desor-
bed oxidatively by polarization at +1.30 V for 1
min, followed by immersion in nitric acid (1:1) for
5 min and rinsing with doubly-distilled water; (v)
the working electrode was then transferred to the
cell with 0.5 M H,SO, solution to be subjected to
repetitive cycling at 50 mV s between +0.02 and
+1.30 V until the i/E profile characteristic of the
clean Pt electrode [42, 43] was again recorded. Each
single-step potentiostatic experiment was preceded
by such a pretreatment of the working electrode.

The chronoamperometric measurements were car-
ried out at a temperature of 20 °C, using a PI 50-1
potenciostat (made in Belorus) interfaced through a
home-made analogue to digital converter with a PC
(Siemens) and a PR-8 programmer (made in Belarus).
The experimental data acquisition was in a nume-
rical form with a time resolution of 4 or 50 ms per
point.

RESULTS AND DISCUSSION

The nucleation process was analyzed using the sin-
gle potential step technique. Figure 1 shows a fami-
ly of typical current transients obtained at different
E pulses. In most cases, the shape of the transients
can be formally explained on the basis of the theory
of 3D nucleation with diffusion-controlled growth
[10], i.e. a rising current in the initial part of the
transient showing an increase in the deposit forma-
tion rate to a certain maximum is followed by an
asymptotically descending part before the curves mer-
ge into one. In some instances, the shape of the
current transients, however, departs from that pre-
dicted by the theory [10]. In particular, a second
increase in current in the range of longer times can
be observed in the transients (Fig. 1, curve 2). Such
an observation appears to be not reported in the
available literature, but some information on this
point was presented in our previous work [40].
Assuming that for Bi, as for most metals, the
charge transfer rate is sufficiently high and the con-
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Fig. 1. Typical potentiostatic current transients for the
electrodeposition of Bi onto smooth polycrystalline Pt from
0.1 M Bi** perchlorate solution at overpotentials: / — 49 mV,
2-53mVand3-57TmV.E_= +0238 V,E = +030V,
temperature 20 °C

tinued growth of formed nuclei is entirely mass-trans-
fer-controlled, two limiting cases of multiple nucle-
ation with diffusion-controlled growth can be con-
ventionally considered depending on the nucleation
rate, in accordance with the theory [10].

In the first case, at high nucleation rates, all nuc-
lei are formed immediately after the potential step
and their number remains constant during the growth
process. This case is considered as instantaneous nuc-
leation and is described by [10]:

i(t) = [zFD%c/(mt)*] [1-exp(-NmkDt)], 1)

where i(z) is current density related to the geomet-
ric area of the electrode surface, N the total num-
ber of the formed nuclei, k£ the numerical constant
calculated from [10]:

k = (SmcM/p)®s, (2

M and p are the molar mass and the density of
deposited metal, zF the molar charge of the electro-
depositing species, D the diffusion coefficient, ¢ the
bulk concentration (in mol cm>).

The second case, at small nucleation rates, when
the nuclei are continuously formed during the who-
le time window before overlapping of diffusion he-
mispheres around the growing nuclei, is called pro-
gressive nucleation [10]. In this case, the metal clus-
ters of different sizes can be formed, especially at
the very initial ¢#. The current transients for the pro-
gressive 3D nucleation-growth mechanism are given
by [10]:

i(t) = [zFD%¢/(nt)*] [1-exp (-aN,m k'DE2), (3)

where N is the number density of substrate active
sites, a is the steady-state nucleation rate constant

per site, k’ is again a numerical constant given by
[10]:

k' = (4/3) (8mcM/p)™. 4)

In order to characterize the nucleation process,
the current transients can be plotted in reduced va-
luables (i/i )* vs. t/t_ [10]. Figure 2 shows such a
presentation of the (i/i )* vs. t/t__ plots calculated
from the relations [10] — for instantaneous nuclea-
tion:

Né 12 N iN'V;
10 ¢ o -0.049
og . /e - o -0.053
Y 8% a -0.057
08 - fa_ Y
04 +fo =
0.2 Hod
a
0.0 . ; : :
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Fig. 2. Non-dimensional (i/i_ )*vs. t/t_ plots. Calculated
curves: for instantaneous 3D nucleation and diffusion-con-
trolled growth model [10] (curve 1) and for progressive
one [10] (curve 2). Experimental data are given as res-
pective points

(i )P =1.9542 (1. )" {1-exp[-1.2564 (t/_ )]}* (5)

max- max.

and for progressive nucleation:

@i )*=1.2254(t/t_ )" {1-exp[-2.3367 (¢/t_, )*]}* (6)
together with the experimental data obtained in the
present work. Although there is a certain scattering
of the experimental points, it seems that the expe-
rimental data fit rather well those calculated for
the progressive nucleation mechanism. Therefore, the
Bi electrodeposition onto smooth polycrystalline Pt
is assumed to be described by a model involving
progressive 3D nucleation and diffusion-controlled
growth.

On the other hand, it is important to note that
this assumption strongly needs to be complemented,
because some characteristics of the transients re-
corded here do not satisfy the theory [10] require-
ments. The occurrence of the second increase in
current at longer times in the transients (Fig. 1)
should be mentioned first. Further, the values of
product aN , i.e. the nucleation rate calculated from
the expressions for ¢ and i _ for progressive
nucleation [10]

X ax
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t = (46733 / aN, & k'D)’, (7)
i = 04615 zZFD*(k'aN )" (8)

were obtained to be different. Besides, although the
calculated value of product i ¢ is independent

of m_applied, as is evident from expression [10]

P2 oot = 02598 (zFc)D, )
it was obtained that this product varied rather indefi-
nitely with n_and its average value gave D being about
two orders of magnitude less than the value characte-
ristic of the diffusion of ions in aqueous solutions
(in this paper overpotentials n_ were referred to the
equilibrium potential E__ of the couple Bi/Bi** which
was found to be equal +0.238 V).

Our starting point for the interpretation of the
observed features of the experimental current tran-
sients will be a concept of inhomogeneity of an inert
S surface as to a nucleation rate aN, being different
in different zones of the § surface due to a certain
accumulation of surface crystallographic defects in
these zones, while the rest of surface is likely cha-
racterized by a rather random distribution of the
defects.

It will be recalled that the impact of the state of
various S in electrochemical nucleation has been al-
ready studied in a number of papers, mainly with
regard to an agreement of the number density of
actives sites (N,) on the foreign S surface with the
maximal number of nuclei which can be formed at
given experimental conditions (see, e.g. [11, 12]), or
to the nucleation rate as a phenomenon in which
nucleation occurs at different rates at different ac-
tive sites on the § surface [44], and to changes in
the electrochemical responses of inert electrodes de-
pending on their pretreatment (see, e.g. [18, 45]).
Much attention has been paid to the problem of
the distribution of the steady-state nucleation rate
around a growing cluster of the new phase as well
(see, e.g. [46] and Refs. cited therein).

The concept proposed in our work will be con-
sidered for inhomogeneity of polycrystalline Pt sur-
face which may be of macroscopic rather than of
microscopic or atomic range when it comes to the
separate zones. To our mind, it can elucidate addi-
tionally the role of the state of the surface of an
inert electrode in the nucleation-growth processes.
As far as we know, such an approach has not been
dealt with in the literature up to now. The propo-
sed concept can be illustrated as follows.

The progressive 3D nucleation with a diffusion-
controlled growth mechanism for Bi deposition onto
the working Pt electrode is further assumed to be
the case as stated above. Then, for simplicity sake,
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one can assume that there are two zones 1 and 2
on the surface of the Pt electrode with different
values of the Bi nucleation rate, and that, say,
(aN,)), > (aN,),. In terms of the theory of Scharifker
and Hills [10], the nucleation rate for zone 1, (aN,),,
can be estimated from ¢__ (as from the parameter
independent of the area of the electrode) using
Eq.(7) and the value of D for Bi** ion taken here
as 6.710° cm?™. This parameter was found to be
equal to 1.55-10% cm™s™ at the particular value of
n, of 0.053 V. Then, the theoretical value of i
was calculated from Eq.(8), and 6, =i /i . .
was estimated (8, = 0.039). This value of 6, was
introduced into Eq.(3), and the current transient re-
lated only to the zone 1 was calculated (Fig. 3, cur-
ve 1). The subtraction of the calculated current tran-
sient (i/t), from the experimental one (Fig. 3, trian-
gles) led to the current shown by open circles. The
latter data in turn, were used to determine the in-
duction time ¢, , as shown in Fig. 4, and thereafter
the values of 7 .. Again, from the values of 7,
and D for Bi** ion, the product (aN,), for zone 2
can be calculated through Eq.(7). The theoretical
value of i, was calculated from Eq.(8) and then
0, as a ratio between i denoted by open circle in
Fig. 3 and i, . Was estimated (8, =~ 0.047 at n_ =
= 0.053 V). Analogously to the previous case, the
current transient (i/f), for zone 2 was constructed
using 6, and Eq.(3) (Fig. 3, curve 2). Finally, sum-
ming the both calculated current transients, (i/f), and
(i/t),, the predicted total current transient was ob-
tained (Fig. 3, entire curve 3). As can be seen, the-
re is a good agreement between the experimental
(triangles) and calculated (entire line 3) chronoam-
perometric data, provided the appropriate values of
such parameters as aN_  and © are applied for cal-
culation.

ax, 1

ts

Fig. 3. Experimental (triangles taken from Fig. 1, curve
2) and calculated (full curves 1-3) current transients for
M. = 0.053 V. Open circles denote the current obtained
by subtraction of the calculated curve 1 from the experi-
mental one (triangles). Calculated curves: I — using (aN),
and 6, by Eq.(3), 2 — using (aN, ), and 6, by Eq.(3), 3 -
corresponds to a sum of curves / and 2
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Fig. 4. *® vs. t curve at n_ = 0.053 V for illustration of
induction time determination

The procedure described thus far should be ap-
plied to all current transients within the m_ interval
used.

As is customary, the critical number of atoms in
the stable nuclei (N, ) can be estimated from the
In (@aN)) vs. m_ plot [2]:

N_, = (RT/zF) [d In(aN)/d m]. (10)
Such calculated plots for zones 1 and 2 are presented
in Fig. 5. From the respective slopes, it follows that
N, =113and N_, , = 1.97. Rounding off these nu-
merical quantities to the nearest whole numbers one
obtain, respectively, Ny = 1 and Ncm’2 = 2. So, it can
be seen, that, in the case of the zone 1, each Bi atom
deposited onto the Pt electrode may be considered as
a separate stable nucleous.

For the model outlined above, the 8 vs. n_ plots
were constructed for zones 1 and 2 (Fig. 6). Alt-
hough the fractional surface of zone 1, 0,, increases
with m_ in the interval 0.049 to 0.057 V, its value
does remain rather small. On the contrary, the ana-
logous fractional surface relative to the zone 2, 0,,
decreases within the same interval of m, but this
parameter is also rather small. It should be noted
that the sum of 6, and 0, tends to be almost cons-
tant (Fig. 6). This finding seems to suggest that an
increase in O, with n_ takes place actually only at
the expense of 0,, and the total surface area of Pt
accessible for Bi nucleation re-
mains approximately constant

15
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Fig. 5. Variation of the nucleation rate with overpotential
for separate zones 1 (line /) and 2 (line 2)
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Fig. 6. Variation of fractional Pt electrode surface areas —
zone 1 (1) and zone 2 (2) — and of sum of these zones (3)
with overpotential

N, = (aN J2k’D)". (11)
Since £’ = 0.3078, as calculated from Eq.(4), D =
= 6.7-10° cm?s™ for Bi’** ion, (aN ), = 1.55-10° cm™
and (aN,), = 2-10* cm™ at n_ = 0.053 V for zones 1
and 2, respectively, the calculation yields N, = 6.1-10°
and N, = 7-10* cm™. ’

The parameters of Bi nucleation onto the poly-
crystalline Pt electrode, calculated for other values
of m, in the framework of the proposed model, are
presented in Table.

and does not exceed 10% of the
geometric surface area of the
electrode. The rest of the surfa-
ce of Pt electrode, therefore, can

Table. Some characteristics of initial stages of Bi deposition onto smooth
polycrystalline Pt from acidic 0.1 M Bi** perchlorate solution, taking into
account the presence of separate zones with different nucleation rates on the
surface of the working electrode

be considered as unfavourable o . Zone 1 Zone 2
for nucleation. verpotential,
The density of nuclei at sa- mV Eil]\_]gs)_‘i i\rl;il_’z ®, Efn]\_fgs)}f ivnsii
turation, N, observed at long ti-
mes, ie. after the entire surface 49 0.0200 8.00 -10° 4.41 -10° 0050 7.20 -10° 4.18 -10*
becomes covered with nucleation 53 0.0387 155 110° 6.14 -10°  0.047 200 10° 697 -10*
57 0.0540 2.23 -10° 7.36 -10° 0.023 8.00 -10* 1.39 -10°

exclusion zones, is given by [10]:
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To conclude, it was shown that the current tran-
sients observed at Bi electrocrystallization onto po-
lycrystalline Pt within a certain range of overpoten-
tials can be described by a model involving the pre-
sence of separate surface zones with different metal
nucleation rates. It was also shown that the initial
stages of Bi deposition onto polycrystalline smooth
Pt from acidic perchlorate solution can be described
by the progressive 3D nucleation and diffusion-con-
trolled growth mechanism [10], taking into account
the presence of the aforementioned separate surfa-
ce zones.

CONCLUSIONS

When investigating the initial stages of Bi deposi-
tion onto a polycrystalline smooth Pt electrode from
acidic perchlorate solution, it was found that the
potentiostatic current transients recorded within a
certain range of overpotentials can be described by
the model involving progressive 3D nucleation and
diffusion-controlled growth mechanism [10], taking
into account the presence of separate surface zones
with different Bi nucleation rates. These surface zo-
nes should be of macroscopic dimensions rather than
microscopic or atomic ones.
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POLIKRISTALINIO PLATINOS ELEKTRODO SU
SKIRTINGAIS BRANDUOLIU UZUOMAZGU
SUSIDARYMO GREICIAIS IVAIRIOSE PAVIRSIAUS
ZONOSE MODELIO TAIKYMAS APRASANT
BISMUTO NUSODINIMO PRADINES STADIJAS
PERCHLORATINIAME TIRPALE

Santrauka

Bi nusodinimo ant glotnaus polikristalinio Pt elektrodo
pirmosios stadijos rig§¢iame 0,1 M Bi** perchloratiniame
tirpale esant 20°C temperatirai buvo tiriamos taikant po-
tencialo jjungimo metoda. Remiantis potenciostatiniy ,,sro-
ve-laikas“ priklausomybiy analize, parodyta, kad Bi elek-
trokristalizacijos ant Pt pirmosios stadijos pakankamai ge-
rai aprasomos Scharifker ir Hills progresuojancio 3D bran-
duoliy uzuomazgy susidarymo ir difuzijos kontroliuojamo
augimo mechanizmu atsizvelgiant j atskiras su skirtingais

branduoliy uzuomazgy susidarymo greiciais zonas elek-
trodo pavirSiuje. Taip pat padaryta prielaida, kad Sios at-
skiros zonos gali biiti grei¢iau makroskopiniy dydziy eilés
negu mikroskopiniy ar atominiy.

B. Kamouroc, JI. I'ynaBuurore, B. Kapnasnuene,
A. CrenonaBu4ioc

MOJEJb NOJUKPUCTAIMYECKOI'O
IVIATUHOBOI'O JJIEKTPOJA C
HEOJMHAKOBOI CKOPOCTBIO
3APOABINTEOBPABOBAHUSA B PASHBIX 30HAX
IHOBEPXHOCTHU JJIs1 OIIMCAHMS HAYAJIBHBIX
CTAJIMII OCAXKJIEHUS BUCMYTA B
HEPXJIOPATHOM PACTBOPE

PeswowMme

Hauanbuble crTaguu ocaxjaeHus Bi
nonuKpucTaumaeckom Pt snexrpone B kucinom 0,1 M B
HEepXJIOpaTHOM pacTBope mpu Temmeparype 20°C wuccie-
JOBaJli C NPUMEHEHHEM METOAA IOTEHIUOCTATUIECKOIO
BKIIoYeHUs. Ha ocHOBe aHamm3a NOTEHIMOCTAaTHYECKUX
3aBUCHMOCTEH ,,TOK—BpeMsI"* NIOKa3aHO, YTO HayajbHbIC CTa-
UM DJIEKTpOKpUcTauM3anuu Bi Ha Pt 10BOJIBHO XOpoOIIO
OMHUCHIBAIOTCS MexaHu3MoM 3D 3apopbliieo0pa3oBaHusl U
nuddys3ueil KOHTPOIMPYEMOTOo POCTa, MPEIOKEHHBIM
[MMapudrepom u XWIcOM, C y4eTOM MPHUCYTCTBHS Ha
TIOBEPXHOCTH JJIEKTPOZa OTAENBHBIX 30H C HEOAMHAKOBOM
CKOPOCTBIO 3apojsllieo0pa3oBaHus. Bricka3aHO Takxke
OPENOJIOKEHHEe, UYTO O3TH 30HBl HMEIOT CKOpee
MaKpOCKOIIMYECKHE Pa3Mephl, YeM MHKPOCKOINYECKHIE HIIH
aTOMHBIE.
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