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The early stages of bismuth (Bi) electrodeposition on glass carbon electrode from alkaline electrolyte were

studied by cyclic voltammetry, chronoamperometry, scanning electron microscopy, atomic force microscopy

and X-ray diffraction. The CV analysis showed that the electrodeposition of Bi was determined to be quasi-

reversible process with diffusion controlled. The current transients for Bi electrodeposition were analyzed

according to the Scharifker-Hills model and the Heerman-Tarallo model. It can be concluded that the

nucleation and growth mechanism was carried out under a 3D instantaneous nucleation, which was confirmed

by SEM analysis. The kinetic growth parameters were obtained through a nonlinear fitting. In addition, the Bi

film obtaining at −0.86 V for 1 hour was of compact and uniform surface with good smoothness, small

roughness and a very high purity. The Bi film were indexed to rhombohedral crystal structure with preferred

orientation of (0 1 2) planes to growth.
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Introduction

Bismuth (Bi) is a semimetal with a rhombohedral struc-

ture. Bi has been attracted many interests from physicists

and chemists because of its unique physical and chemical

properties. Owing to its large magnetoresistance,1-5 thermo-

electric efficiency6 and interesting quantum effects,7 Bi films

possessed many applications in electrochromic devices,

environmental detection, catalysis, superconductivity, thermo-

electric, and piezoelectric.8-13 

In recent years, electrodeposition is the least expensive,

effective, and readily adoptable method to deposit Bi films.

Much of previous studies of the electrodeposition of Bi films

from nitrate, perchlorate, lactate, silicate, sulfate and pyro-

phosphate electrolytes.14-19 Highly textured Bi films with 1

to 15 μm thick have been electrodeposited onto semicon-

ductor substrates,20,21 noble metals (such as evaporated Au

and polycrystalline Cu)14,22 and glassy carbon electrode.15

The electrodeposits of Bi have exhibited various morpho-

logies,22 such as prickly rod, branch, skeleton and strip-like

shape.

However, those studies mainly focused on acid electrolyte.

But almost all acid electrolytes contain a large excess of free

acid which are harmful to both human health and the

environment. The Bi films usually are of poor quality because

there are hydrogen evolution reactions in acid electrolyte.

There is a paucity of studying electrodeposition of Bi films

from alkaline electrolyte. The investigation on the initial

stage of Bi electrodeposition in alkaline electrolyte, includ-

ing the nucleus formation and its growth mechanism, is very

insufficient. Consequently, an intensive understanding of nu-

cleation and growth during Bi electrodeposition is very

important for obtaining Bi films with good quality.

Herein, we reported the electrodeposition of Bi onto

glassy carbon electrode (GCE) from alkaline electrolyte, and

its nucleation and growth mechanism was investigated.

Cyclic voltammetry (CV) and chronoamperometry (CA)

techniques were used to study the initial stages of Bi

electrodeposition on GCE. The Scharifker-Hills model was

used to determine the nucleation and growth mechanism.

The Heerman-Tarallo model was used to extract the kinetic

parameters of the electrodeposition progress. Scanning elec-

tron microscopy (SEM), atomic force microscopy (AFM)

and X-ray diffraction (XRD) were used to determine the

surface morphologies and crystal structure of Bi electro-

deposits.

Experimental

The Bi electrodeposition electrolyte consists of 80 g L−1

Bi(NO3)3, 90 g L−1 ethylene diamine tetraacetic acid (EDTA),

120 g L−1 5-sulfosalicylic acid, 75 g L−1 potassium sodium

tartrate and 80 g L−1 KCl. The pH of the electrolyte was

adjusted to 8-9 by adding drops of high concentrated KOH

(500 g L−1). All the chemicals used in this work were

analytical grade. Electrochemical measurements were per-

formed at Pine AFCBP1 Bipotentiostat (Pine Instrument

Company, USA). The electrochemical experiments, includ-

ing CV and CA measurements, were carried out in a three-

electrode cell configuration with a GCE (3 mm in diameter)

as working electrode, a saturated calomel electrode (SCE) as

reference electrode and platinum wire as counter electrode.

All potentials were given versus the SCE electrode.

Prior to the electrochemical experiments, GCE was mech-

anically polished to a mirror-like with slurry of alumina, and

then cleaned in an ultrasonic bath of distilled water for 2

min. CV measurements were performed in the potential

range between +400 and −900 mV at different scan rates.
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CA measurements were carried out by using a cathodic

pulse from 0 mV to different deposition potentials from

−770 mV to −890 mV. In order to clear out the residual

metal, GCE were cleaned by continuously sweeping at +500

mV for 1 min before each experiment. The surface morpho-

logies and crystal structures of Bi electrodeposits were ex-

amined by S440 stereo SEM (Leica Microsystems Cambridge

Ltd Company, UK) operating at 25 kV and 200 pA,

SPI3800N AFM (SIINT Company, Japan), and X' Pert PRO

XRD (Panalytical Company, Netherland) operating at 35 kV

and 60 mA with Cu Kα radiation.

Results and Discussion

Cyclic Voltammetry. CV was used to define the potential

region for deposition and dissolution of Bi on GCE. Figure 1

shows a series of cyclic voltammograms for Bi electro-

deposition on GCE from alkaline electrolyte at different scan

rates. The cyclic voltammograms were consistent with that

of typically observed in metal deposition-stripping processes.

Each curve displays a couple of well-defined cathodic and

anodic peaks and a crossover between the cathodic and anodic

branches. The presence of the crossover of the reverse

anodic scan over the cathodic scan, giving rise to what has

been called the “nucleation loop”,23 which indicated the

formation of Bi nuclei on GCE. Also, it can be seen from

Figure 1 that the peak potential shifts to more negative

potentials upon increasing the scan rate, which was typically

associated with quasi-reversible electrochemical reactions.14

In order to determine the type of control limiting the de-

position process, the cathodic peak current (IPeak) versus the

square root of the sweep rate (ν1/2) for the cyclic voltam-

mograms was plotted and shown in Figure 2. It can be seen

that the plot displays an excellent linear relationship,

indicating a diffusion controlled process. 

Nucleation and Growth Mechanism. The study of nu-

cleation and growth via electrochemical methods offers a

certain advantage over other methods, because the driving

force of nucleation can be simply varied by changing the

applied potential. Therefore, the mechanism of nucleation

and growth can be determined by analysis of current transi-

ents from CA measurements. Figure 3 shows a series of

current transients for Bi electrodeposition on GCE from

alkaline electrolyte at different deposition potentials. After

applying the potential step, due to the double layer charging,

a rise and then fall in current can be observed, which is

characteristic of Bi nucleation and growth.14,15,24 In this latter

region, the current maximum (Imax) increases while the time

(tmax) required to reach Imax decreases with increasing over-

potential as a consequence of the higher nucleation den-

sities.14 Figure 4 shows a series of current transients (I)

versus t −1/2 curves for CA measured value presented in

Figure 3. It can be seen that the current transients in the last

part showed a good linear relationship according to the

Conttrell equation. And these curves present a function of

t
−1/2 relaxation as individual hemispherical diffusion zones

overlap to form a linear diffusion gradient,25 which is a

typical response of three-dimensional (3D) multiple nu-

cleation with diffusion controlled growth.26,27

The 3D-nucleation model with hemispherical diffusion

control to the growing 3D clusters describes the kinetics of
Figure 1. Cyclic voltammograms for Bi electrodeposition on GCE
from alkaline electrolyte at different scan rates.

Figure 2. Plot of the cathodic peak current (IPeak) versus the square
root of the sweep rate (ν1/2) for the cyclic voltammograms
presented in Figure 1.

Figure 3. Current transients for Bi electrodeposition on GCE from
alkaline electrolyte at different deposition potentials. The starting
potential was 0 V.
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electrolytic phase formation at the early stages, when diffu-

sion of the depositing species from the bulk of the solution to

the electrode/solution interface is the slow step of the

process, considering the eventual overlap of diffusion zones

and the development of nucleation exclusion zones around

already established nuclei.28,29 Scharifker-Hills25 have develop-

ed a convenient model to identify the nucleation and growth

mechanism. According to this model, there are two limiting

nucleation and growth mechanisms, i.e. the instantaneous

and progressive nucleation. For instantaneous nucleation, all

nuclei are immediately formed after it is applied a potential

step. While in progressive nucleation, the number of nuclei

increases gradually with the deposition time.30 

The expressions for instantaneous and progressive nu-

cleation with 3D growth are given by Eq. (1) and Eq. (2),

respectively.25

 (1)

 (2)

Where Imax is the maximum current density, and tmax is the

time corresponding to the maximum current density. Eq. (1)

and (2) provide a convenient criterion for distinguishing

between these two extreme cases of nucleation kinetics. The

experimental data may be presented in a nondimensional

plot, (I/Imax)
2 vs. t/tmax, facilitating comparison with the

behavior predicted for each of these limiting nucleation and

growth mechanisms.30

Figure 5 shows a non-dimensional plot of the experi-

mental current transients for Bi electrodeposition onto GCE

from alkaline electrolyte at different deposition potentials.

The figure shows that at a very short time, before reaching

the maximum points, all of the experimental curves change

from the 3D progressive nucleation toward 3D instantaneous

nucleation. After for longer periods, during the fall of the

current transients, the experimental curves were a little

negative deviation from the 3D instantaneous nucleation.

Thus, it appears that nucleation and growth mechanism was

carried out under a 3D instantaneous nucleation. Similar

results can be also found in several papers by other authors.15,29

In order to extract quantitative information on the kinetics

mechanism associated with the Bi nucleation and growth

process, the model of Heerman-Tarallo31 have proposed a

convenient method to identify the typical kinetics parameters.

According to this model, which merges the approaches of

Sharifker-Mostany32 and Sluyter-Rehbach,33 the nucleation

rate constant (A), and the number density of active sites (N0)

can be fitting the entire experimental current density

transients to the following expression31:

,

(3)

with

 (4)

 (5)

.  (6)

Where zF (z is the number of electron involved in the

chemical reaction and F is the Faraday’s constant) is the

molar charge transferred during electrodeposition, D is the

diffusion coefficient, C is the metal ion bulk concentration,

M is the molar mass and ρ is the density of the Bi deposit.

The function Φ is directly related to the Dawson’s integral

and reflects the retardation of the current by slow nucleation,

and Θ reflects the retardation of the growth of the coverage

as a result of slow nucleation.28 The Eq. (3) has some

mathematical complexity due to the presence of Dawson’s

integral in calculate the kinetics parameters. Since the func-

tion  can be efficiently approxi-

mated with the polynomial34
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Figure 4. Current transients (I) versus t
−1/2 curves for CA measur-

ed value presented in Figure 3. Figure 5. Comparison of theoretical non-dimensional (I/Imax)
2 vs.

t/tmax plots for instantaneous nucleation from Eq. (1) and
progressive nucleation from Eq. (2), to the experimental current
transients of Figure 3.
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.  (7)

Eq. (4) can be rewritten as

.  (8)

1stOpt (7D-Soft High Technology Inc., China) as a com-

mercial software based on the Levenberg-Marquardt algorithm

was served as the tool for the nonlinear fitting. Figure 6

shows a comparison between the experimental current transi-

ents and the corresponding theoretical current transients

obtained by nonlinear fitting the Eq. (3) to the experimental

data using A, N0 and D as fitting parameters. The constants

of the nonlinear fitting were: zF = 289456 C mol−1, C =

1.6491 × 10−4 mol cm−3, M = 208.98 g mol−1 and ρ = 9.8 g

cm−3. As it is showed in Figure 6, the Heerman-Tarallo

model could be applied with sufficient accuracy in the

studied potential range and the best-fit of these kinetics

parameters, A, N0 and D, were listed in Table 1. It can be

concluded that A were linear growth and N0 were expon-

ential growth with the increase of deposition potential, while

D (3.0 ± 0.14 × 10−6 cm2 s−1) almost unchanged. Similar

results can be also found in several papers by other

authors.28-30 The behaviour of N0 indicates the existences of

energies distribution on the surface with a larger fraction of

sites are becoming active with the increase of deposition

potential.35 If the influence of hydrogen evolution reaction is

lesser, with the increase of N0 values, it is easier to get less

crystal sizes, more compact structure and better performance

of Bi films.

Characterization. Figure 7 shows the SEM micrographs

of Bi electrodeposits on GCEs from alkaline electrolyte at

different deposition potentials for CA experiments. Figure

7(a) corresponds to the Bi electrodeposits at −0.80 V for 10s.

It can be seen from Figure 7(a) that the polygonal crystals

were randomly distributed over the surface, with particle

sizes of 0.8-1.6 μm. Figure 7(b) corresponds to the Bi

electrodeposits at −0.86 V for 10s. In Figure 7(b) the irregular

crystals were densely and randomly distributed over the

surface, with particle sizes of 0.1-0.4 μm. These results

indicated that the Bi electrodeposits showed 3D morpho-

logical characteristics. As the deposition potential increased,

the number density of nuclei turned denser and the particle

sizes became smaller. This observation is in good agreement

with the results obtained from the study of experimental

current transients, in which the nucleation rate constants (A)
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1 1.2068142x– 1.185724x
2

+
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Figure 6. Comparison between the experimental current transients
(solid line) and the corresponding theoretical current transients
(dot line) obtained by nonlinear fitting the Eq. (3) to the experi-
mental data.

Table 1. Kinetic parameters of the Bi electrodeposition on GCE
from alkaline electrolyte

E vs SCE (V) A (s−1) N0 (× 106 cm−2) D (× 10−6 cm2 s−1)

−0.77 1.06 0.27 2.86

−0.80 4.57 0.57 3.03

−0.83 10.66 1.42 3.04

−0.86 16.52 2.95 2.99

−0.89 22.99 4.96 2.88

Figure 7. SEM micrographs of Bi electrodeposits obtained on
glassy carbon electrodes from alkaline electrolyte at different
deposition potentials. (a) At −0.80 V for 10s. (b) At −0.86 V for
10s.
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are linear growth and the number density of active sites (N0)

are exponential growth with the increase of deposition

potential. This is suggested that the morphologies of Bi

electrodeposits can be adjusted by controlling the deposition

potential.

Figure 8 shows the morphology and crystal structure of Bi

film obtained on glassy carbon electrode from alkaline

electrolyte at −0.86 V for 1 hour. It can be seen from Figure

8(a) that the Bi film was of compact and uniform surface

with good smoothness. As seen from the AFM image of Bi

film (Fig. 8(b)), the average surface roughness (Ra), the root-

mean-squared surface roughness (Rrms) and the maximum

Peak-to-valley distance (RP-V) of the Bi film were 1.239 nm,

1.535 nm and 12.77 nm, respectively. It can be concluded

that the surface of the Bi film was of small roughness and

good smoothness. Figure 8(c) corresponds to the XRD

pattern of the Bi film. In this figure, Bi film has a rhombo-

hedral crystal structure (space group R-3m) with lattice

parameters a = 0.455 nm, b = 0.455 nm and c = 1.186 nm.

To Bi film, the purity was very high, and it was preferred

orientation of (0 1 2) and (0 2 4) planes to growth. A similar

result was also being reported in other studies of Bi electro-

deposition film.14 The results of the SEM micrograph, the

AFM image and the XRD pattern analysis of the Bi film

indicated that the Bi film was of compact and uniform

surface with good smoothness, small roughness and a very

high purity.

Conclusions

In this paper the very initial stages of the Bi electro-

deposition process on GCE from alkaline electrolyte were

studied by CV and CA, and it indicated that the nucleation

and growth of Bi electrodeposition was carried out under a

3D instantaneous nucleation with diffusion controlled. A

comparison between the experimental current transients and

the corresponding theoretical current transients obtained by

nonlinear fitting the Heerman-Tarallo equation to the experi-

mental data showed that the Heerman-Tarallo model could

be applied with sufficient accuracy in the studied potential

range. The quantitative analysis of the experimental current

transients by Heerman-Tarallo model showed that A were

linear growth and N0 were exponential growth with the

increase of deposition potential, while D were almost un-

changed.

The SEM micrographs analysis of the Bi electrodeposits

showed that the number density of nuclei turned denser and

the particle sizes became smaller with the increase of

deposition potential, which were consistent with the results

obtained from the study of experimental current transients.

The Bi film obtaining at −0.86 V for 1 hour was of compact

and uniform surface with good smoothness, small roughness

and a very high purity. The Bi film has a rhombohedral

crystal structure with preferred orientation of (0 1 2) planes

to growth.
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