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Abstract Atomic layers of antimony can be electrodepos-
ited onto the Se monolayer covered Au electrode in the
underpotential region. In this paper, the formation and
dissolution kinetics of antimony monolayer on the Se
monolayer covered Au electrode are investigated using
cyclic voltammetry (CV) and chronoamperometry (CA)
techniques. Scanning-rate-dependent CVexperiments reveal
that the peak current of underpotential deposition (UPD)
wave of antimony is not a linear function of the scanning
rate, υ, but scales as υ2/3. Similar behavior is observed when
the Antimony monolayer is stripped from the modified
substrate. These results indicate the character of monolayer
formation and dissolution by a two-dimensional nucleation
and growth mechanism. Additionally, current density−time
transient obtained through CA experiments also reveal that
both the deposition and stripping of the antimony monolayer
involve an instantaneous nucleation and two-dimensional
growth process.
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Introduction

Antimony selenide, a member of V–VI semiconductor with
a layer-structured semiconductor of orthorhombic crystal
structure, has attracted much attention in recent years due
to its good photoconductivity and thermal electronic
properties [1, 2], which allow possible applications for

micro- and optoelectronic and biomedical fields, such as in
situ powering or minicooling integrated circuit (IC) chips,
optoelectronic sensors, micro-electro-mechanical system
(MEMS) devices, and biochips [3]. Various methods such
as chemical baths in aqueous and non-aqueous solutions,
spray, vacuum evaporation, electrodeposition techniques,
etc. have been used for preparation of Sb2Se3 film [2, 4–7].
Of all this preparation techniques, electrodeposition is a
simple, convenient, quick and economical method for the
preparation of thin films but leads to polycrystalline
deposits. Recently, Stickney and coworkers have developed
an electrochemical analog of conventional atomic layer
epitaxy which has been used to produce a wide variety of
well-ordered semiconductor deposits [8–10]. Electrochem-
ical atomic layer epitaxy (EC-ALE) takes advantage of
UPD phenomenon [10], where the electrodepostion of a
metal on a foreign metal at potentials less negative than the
equilibrium potential of the deposition reaction. Such a
process is energetically unfavorable and it can occur only
because of a strong interaction between the two elements,
with their interaction energy changing the overall energies
to favorable. If the process is oxidative, the potential is less
positive. The resulting deposit is generally limited to an
atomic layer. This method has been used to grow many
binary compound thin film deposits in a layer-by-layer
pattern, including CdS [11, 12], Bi2Te3 [13, 14], SnSe [15],
and CdTe [16, 17].

Our interests are in the kinetics of initial layer of Sb2Se3
super-thin film formed by the EC-ALE technique. Under-
standing the formation kinetics of the first monolayer is
crucial to achieving an atomic-level of any interface.
However, no study has been done on the growth of Sb2Se3
thin films. Chronoamperometric and voltammetric tech-
niques are useful tools for understanding the kinetics of thin
film formation involved in UPD.
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In this paper, cyclic voltammetric and chronoampero-
metric techniques were used to investigate the deposition
and stripping kinetics of antimony on Se-modified gold
electrode. Analysis of the CV data suggests that the
deposition and stripping of antimony on Se-modified gold
surface in the underpotential region proceed by a two-
dimensional nucleation and growth mechanism in terms of
two-dimensional phase transition model developed by
Maestre et al. [18]. Besides the CV data, current−time
transients were analyzed using two-dimensional nucleation
and growth model which was developed by Fleischmann
[19, 20]. Potential step experiments indicates that the
kinetics of monolayer of antimony on Se-modified gold
surface proceeds an instantaneous two-dimensional nucle-
ation and growth mechanism and its stripping also proceeds
an instantaneous two-dimensional mechanism.

Experimental

The electrochemical cell used for these studies consists of a
conventional three-electrode system and a CHI 660A
electrochemical workstation (CH Instrument, USA). The
auxiliary electrode was a platinum foil, and saturated
calomel electrode (SCE) served as the reference electrode.
The substrate was a polycrystalline gold disk electrode. The
gold substrates were polished with successively finer grades
of alumina powder down to 0.05μm and then cleaned
ultrasonically in twice-distilled water for 5 min. Before the
electrochemical experiments were conducted, an electro-
chemical polishing process was carried out using CV
technique in freshly prepared 0.10 M HClO4 between 1.0
and −0.5 V to assure surface cleanliness.

Antimony deposition solutions consisted of 1 mM tri-
hydrate antimony potassium tartrate with 1 M hydrochloric
acid as supporting electrolyte. Selenium deposition solu-
tions consisted of 1 mM selenium dioxide with 0.10 M
perchloric acid solution used as supporting electrolyte. The
blank solution was 0.10 M perchloric acid and 1 M
hydrochloric acid. Water used for solutions was purified
by the Milli-Q system (Millipore Inc., nominal resistivity
18.2 MΩ cm), and the chemicals were reagent-grade or
better. Prior to each experiment, all the solutions were
carefully deaerated by blowing purified N2.

Results and discussion

Formation of Se atomic layers on Au

The cyclic voltammograms of Au electrode immersed in
1 mM SeO2 in 0.10 M HClO4 supporting electrolyte is
shown in Fig. 1. In order to confirm the UPD peak of Se on

Au electrode, the potential scans negatively from an initial
potential of 1.00 V to different negative potentials 0.20,
0.00, −0.20, and −0.60 V. Three major reductive peaks
(denoted C1–C3) are observed. Peak C1 is attributed to the
surface-limited wave which is qualitatively similar to the
UPD peaks observed for the reduction of metals on high
work function substrates [21, 22] and the charge density for
this peak was calculated as 443μC cm−2 ,the corresponding
coverage for it was 0.46 ML, as expected for UPD of Se; a
ML in this case refers to an elemental atom layer relative to
the number of Au substrate surface atoms, a ratio of 1.0
refers to a full monolayer (ML); the broad-feature-labeled
C2 corresponds to the bulk deposition of Se which also
include some underpotential deposited Se because the
deposition of Se on gold substrate do not process typical
underpotential deposition process [21, 23]. Peak C3,
occurring at a potential of about −0.50 V, corresponds to
the reduction of adsorbed Se(0) to Se(−II) which then
undergoes a comproportionation reaction with Se(IV) in
solution, leading to the chemical formation of Se(0)
according to the following reaction [24]:

H2SeO3 þ 2H2Se! 3Seþ 3H2O ð1Þ
At more negative potentials, the direct reduction of Se

(IV) to Se (−II) also occurred, with transference of six
electrons, in accordance with the following equation [25]:

H2SeO3 þ 6Hþ þ 6e�! H2Se " þ3H2O ð2Þ
It has been reported that the deposition of Se does not

show classical UPD process [21, 23], while requires an
overpotential, but bulk deposition of Se is so slow that a
surface-limited feature is still visible. Therefore, the
following method was employed to obtain a monolayer of
Se on the Au substrate. Namely, an overpotential was
selected to deposit Se, which resulted in a small amount of
bulk deposited Se along with the surface-limited reaction,
and then an extra step was introduced to remove the bulk
deposition Se by reducing the bulk deposition Se to a
gaseous species, hydrogen selenide H2Se, which bubbled

Fig. 1 Cyclic voltammograms of Au electrode in 1 mM SeO2.
Supporting electrolyte, 0.10 M HClO4; scanning rate, 20 mV/s
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out from the solution, leaving the only underpotentially
deposited Se on gold surface:

Seupd þ Sebulk þ 2e� þ 2Hþ! Seupd þ H2Se " ð3Þ
Consequently, the suggested procedure to obtain an UPD

layer of selenium consists of depositing an excess of
selenium at −0.25 V for 20 s and then applying a potential
of −0.55 V for 3 s in the blank solution, which was negative
enough to reduce bulk deposited selenium, but not the
underpotentially deposited selenium. After this deposition
process, charge density for deposition of Se on gold
substrate was 764μC cm-2.

Figure 2 show stripping voltammograms of selenium in
0.1 M HClO4 blank solution from the gold electrode. As
was shown from curve 1 in Fig. 2, selenium stripping
exhibited two peaks B2 (0.74 V) and B1 (0.81 V). B1
probably corresponds to dissolution of the adlayer bonded
to the gold substrate, while B2 corresponds to the bulk
layers deposited on the selenium adlayer [15]. As Ed was
shifted from −0.15 to −0.25 V (curve1 to curve3), the height
of the stripping peak changed progressively to larger values,
which showed that the amount of reductive selenium
increased. When the stripping process was brought in after
deposited in −0.25 V for 20 s, maintained at −0.55 V for 3 s,
the corresponding stripping voltammogram was also shown
in Fig. 2 (curve 4). From curve 4 in Fig. 2, only one peak
(0.83 V) corresponding to the stripping of selenium adlayer
was observed. That is to say, after this deposition process
only underpotentially deposited selenium remained on the
electrode surface.

Cyclic voltammetry of antimony on Se-modified Au

Figure 3a shows the CV curve of bare Au electrode in
1 mM antimony solution, with potential successively
scanning from 0.50 V to different cathodic limits (−0.1,

−0.2, −0.3, and −0.5 V, respectively). In Fig. 3a, we could
observe that peak A2 became higher as the potential
scanned negatively, while peak A1 remained a constant
value. Therefore, peaks C1 and A1, occurring at 0.03 and
0.13 V, respectively, are attributed to the UPD and UPD
stripping of antimony on Au. Fig. 3b shows the deposition
and stripping voltammetry of antimony on Se-modified Au
substrate (solid line). The CV curve of antimony deposition
and stripping on the bare Au substrate (dashed line) is also
shown in Fig. 3b for comparison. The electrochemistry of
antimony on Se-modified Au surface is noticeably different
from the voltammetry at bare Au substrate. Both the UPD
peak, labeled as C1 in Fig. 3b on the solid line occurring at
about −0.13 V, and the bulk deposition peak, labeled as C2
occurring at about −0.32 V, shift to less positive potentials
compared with that on bare Au electrode. Anodic stripping
peaks, which consist of a shaper peak at −0.08 V and a
broad one at 0.21 V, appears on the positive scanning. Peak
A1, corresponding to the UPD stripping peak, is broad and
shifts to more positive potentials, while for peak A2, only a
little positive shift is observed compared with that on bare
Au. Two comparative factors should be responsible for the
shift of peaks in Fig. 3. One was the slow electron-transfer
kinetics, which was caused by the heteroepitaxial structure
and work function difference between the predeposited Se
monolayer and Au electrode. It will block the current and

Fig. 2 The differential pulse anodic stripping voltammograms
(DPASV) curves of Se (IV) in 0.1 M HClO4 solution deposited at
different potentials for 20 s: (1) Ed = −0.25 V, (2) Ed = −0.20 V, (3)
Ed = −0.15 V, (4) Ed = −0.25 V, then Es = −0.55 V, t = 3 s in blank
solution

Fig. 3 a Cyclic voltammograms of Au in 1 mM antimony. Scan rate:
20 mV/s. b Cyclic voltammetry of Se-modified Au substrate (solid
line) and bare Au electrode (dashed line) in antimony solution
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partake a part of the potential, making the reductive peak
shift to more negative potential and the stripping peak shift
to more positive potential. The other was the stronger
interaction between antimony and the predeposited Se
adlayer than that between antimony and the Au substrate
which will lead to the formation of Sb2Se3 compounds. It
will make antimony deposition occur at a more positive
potential than that on the uncovered Au electrode. In Fig. 3,
deposition of antimony on the Se-modified electrode shifted
to more negative potentials and the striping peak shifted to
more positive potentials, indicating that slow electron-
transfer-kinetic effect predominated over the deposition
and stripping process. On the Se-modified Au substrate,

except the bulk deposition peak C2, the magnitude of the
other three peaks C1, A1, and A2 were smaller than that on
the bare Au substrate. For peak C2, the increase of current
strength may be attributed to the formation of Sb2Se3
compound through the following reaction:

2Sb IIIð Þ þ 3Seþ 6e�! Sb2Se3 ð4Þ
With regard to peaks C1 and A1, the decrease of the

current strength may be attributed to the slow electron-
transfer kinetics caused by the predeposited Se monolayer,
while for peak A2, besides this slow electron-transfer
kinetics, the decrease may also caused by reaction (4).
The underpotential shift, ΔEp, the difference between the
UPD potential and bulk deposition potential (ESb(III)/Sb), on
the Se-modified Au surface was smaller than that on bare
Au substrate. This result indicated that the deposition of
antimony at −0.13 V on Se-covered Au surface required
more energy than the deposition on bare Au substrate.

In the cyclic voltammograms, the peak current for
adsorption wave, (ip)ads, increases linearly with the scan-
ning rate, υ, while that for the diffusion wave, (ip)diff,
increases linearly with the square root of scanning rate, υ1/2.
Figure 4 shows the scanning-rate dependence of Antimony
deposition current peaks on Se-modified Au substrate.
The peak currents for C1 were non-linear when plotted
versus the square root of the scanning rate, ruling out the

Fig. 4 Scanning-rate dependence of the antimony deposition wave on
Se-modified Au electrode: a dependence of the peak current in C1 on
the scanning rate, υ. b dependence of the peak current in C1 on υ1/2. c
Dependence of the peak current in C1 on υ2/3

Fig. 5 a Scanning rate dependence of the antimony stripping wave.
Dependence of the peak current A1 on υ2/3. b Plot of log ΔEp vs log υ
for the A1/C1 couples
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possibility of diffusion-limited mass transport of antimony
species to the substrate surface (Fig. 4b). Positive
deviations from linear scanning-rate dependence at high
scanning rates may be attributed to slow electron-transfer
kinetics. If the peak currents were plotted as a function of
2/3 the power of the scanning rates, the plot for C1 was
linear over the entire range of scanning rates we studied
(Fig. 4c). A υ2/3 scanning-rate dependence is characteristic of
a two-dimensional phase transition or a two-dimensional
nucleation and growth mechanism [18]. A similar scanning-
rate behavior was observed for anodic stripping peak A1,
and a plot of the dependence of the peak current on 2/3 the
power of the scanning rates, υ2/3 was shown in Fig. 5a.
According to voltammetric data, we concluded that deposi-
tion of antimony on Se-modified Au substrate proceeded by
a two-dimensional nucleation and growth mechanism and
the stripping also proceeded a two-dimensional process. The
model mentioned by Maestre et al. [18] suggests an
additional criterion for 2-D nucleation and growth, namely
a log−log plot of the peak separation, ΔEp, between peak
potentials and the scanning rate should have a slope of 2/5.
A plot of logΔEp against logν was shown in Fig. 5b. We
calculated a value of 0.14 for the slope obtained from the
A1/C1 waves, which was smaller than the predictions values
in this model. This might be attributed to the irreversibility

of deposition/stripping of antimony under high scanning
rates.

Chronoamperometry of antimony on Se-modified Au

For better understanding of the growth mechanism of
antimony on Se-covered Au substrate in more detail, potential
step experiments were performed for both the deposition
and stripping of antimony on the Se-modified Au surface.
In order to eliminate the double-layer charging currents
from the transients, the background transient obtained in
the absence of Sb3+ was taken and subtracted electroni-
cally from those obtained in the presence of Sb3+. Typical
current density−time transients for deposition and strip-
ping of antimony on the Se-modified Au substrate are
presented in Fig. 6a. As can be seen, the shapes of the
current density−time transients for both the deposition
peak and the stripping peak shows the character of a two-
dimensional nucleation and growth model, which was also
consistent with the CV data. The corresponding charge
density for deposition of antimony was calculated as
366μC cm−2. Moreover, it was also observed from the
potential step measurements that both of the deposition
and the stripping proceeded rapidly, completing in only
several tens of milliseconds.

Fig. 6 a Current density−time transients for antimony deposition and
stripping on Se-modified Au electrode and background transients
(dotted line); b current density−time transients for antimony deposi-
tion and stripping on bare Au electrode

Fig. 7 Representative reduced variable plot showing fit to instanta-
neous and progressive nucleation models. a Deposition process; b
stripping process
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Figure 6b shows typical current density−time transients
for deposition and stripping of antimony on the bare Au
substrate. Due to deposition and stripping of antimony on
Se-modified Au and bare Au substrate occurring at different
potentials, different step potentials were selected for that on
bare Au substrate and Se-modified Au substrate. From
Fig. 6b, we could see that the peak current densities of the
transients on Se-modified Au electrode were lower than
those on the bare Au electrode under the same over-
potentials, which should also be attributed to the slow
electron-transfer kinetics.

Nowadays, the kinetics of monolayer formation by 2-D
nucleation and growth has been well understood [26–29].
The experimental current−time transients were fit to two
limiting cases: instantaneous nucleation, when the nucleation
rate is large and the maximum number of nuclei is formed as
soon as the potential is stepped, and progressive nucleation,
when the nucleation rate is small and remains constant on
the time scale of the experiment. Current density−time
transients are described by the following equations:

jinst ¼ at exp �bt2� � ð5Þ

for the instantaneous case and

jprog ¼ ct2 exp �dt3� � ð6Þ

for the progressive case. In the above two equations, the pre-
exponential term gives the current density into the step edges
of the independently growing nuclei (i.e., the asymptotic
behavior at short times). The exponential term corrects for
the decreased step edge length due to the overlap of adjacent
nuclei at longer times. In a potential step experiment a, b, c,
and d are constants; explicit formulas can be found in the
review by Budevski [30]. Experimental current density−time
transients were fit using the so-called reduced variable plots
following the procedure of Bewick, Fleischmann, and Thirsk
[19, 20]. Therefore, we could know that two-dimensional
nucleation and growth can also be described as either
instantaneous or progressive. Comparison of the reduced
variable plot of the measured quantities (j/jmax vs t/tmax) with
those calculated by Eqs. (5) and (6) allows us to distinguish
between these two types of nucleation behavior. Figure 7a
shows the reduced variable plots for the deposition transients
shown in Fig. 6a. Calculated transients for instantaneous and
progressive nucleation are also shown for direct comparison
with the experimental data. The reduced variable plot
indicated that before, the maximum deposition mechanism
was instantaneous, which indicated that the maximum
number of nuclei formed at the beginning of the potential
step. While after the maximum, positive deviation of
experimental curve from calculated values should be caused
by adsorption of counter ion.

A similar analysis was carried out for stripping of
antimony on Se-modified Au electrode. Figure 7b shows
the reduced variable plots for the stripping transients shown
in Fig. 6a and the calculated transients for instantaneous
and progressive dissolution process, which were very
similar to that obtained for the deposition process. The
reduced variable plot showed that the nucleation and
growth kinetics also fits reasonably well to the instanta-
neous model, indicating that the dissolution sites were
activated at the beginning of potential step and keeping
constant during the stripping process.

Conclusion

We have investigated the electrochemistry behavior of
Antimony on Se-modified Au electrode using CV and CA
techniques in order to understand the kinetics of the first
Sb2Se3 layer growth when Se was deposited firstly. The
charge density for Se and antimony were 764μC cm−2 and
366μC cm−2, respectively, indicating Sb/Se atomic ratio
of 0.64 in agreement with the stoichiometric ratio of the
Sb2Se3 compound, 0.67. We find that the formation and
dissolution of the antimony monolayer on Se-modified Au
electrode proceeds by a two-dimensional nucleation and
growth mechanism in the underpotential region. Addition-
ally, current density−time transients obtained from CA
experiments indicate that the formation of monolayer
antimony on Se-modified gold surface proceeds an instan-
taneous two-dimensional nucleation and growth mecha-
nism in the short-time region, while in the long-time region
experimental curve deviates from the calculated values
which should be caused by adsorption of counter ion.
For stripping process, it proceeds an instantaneous two-
dimensional mechanism in whole time region.
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