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Electrodeposition of Ni and Te�Doped Cobalt
Triantimonide in Citrate Solutions
Ruxandra Vidu,*[a] Maria Perez-Page,[a] Dat V. Quach,[a] Xinyi Y. Chen,[a] and Pieter Stroeve[a]

1. Introduction

Over the past decade, there has been a great interest in
research on alternative and renewable energy sources,
which is driven by the high price of crude oil and global
efforts to reduce carbon dioxide emission. Thermoelectric
materials may play an important role in the global search
for sustainable energy solutions. Thermoelectrics directly
convert heat to electricity based on the Seebeck effect. In
addition to their applications as thermoelectric genera-
tors, thermoelectric devices can be used as electronic re-
frigeration for the ever smaller computer chips and cir-
cuits boards [1].

Cobalt triantimonide, CoSb3, is a compound with a skut-
terudite structure which has been identified as a potential
new material for thermoelectric materials at intermediary
temperatures (400–700 8C). The efficiency of a thermo-
electric material is determined by its dimensionless ther-
moelectric figure of merit ZT that can be expressed by
eq. 1 [1b,2]:

ZT ¼ S2 � s � T
k

ð1Þ

where, S is the Seebeck coefficient, s electrical conductiv-
ity, k thermal conductivity and T absolute temperature.
Thermal conductivity property is a result of both elec-
tronic (lE) and lattice conductivity (lL) contributions. A
good thermoelectric material should possess a large
power factor (S2s) and a low thermal conductivity.

Skutterudites, especially of n-type conductivity, are of
special interest due to their excellent electrical transport
properties and large Seebeck coefficient. Unfortunately,
the thermal conductivities of the binary skutterudites are
too large for thermoelectric applications. In order to opti-
mize conflicting properties such as those required by ther-
moelectric materials, a variety of compositional, structural
and dimensional modifications are needed. Slack [3] sug-
gested that the figure of a merit of a thermoelectric mate-
rials can be improved if the two conductivities are inde-
pendently adjusted. This is known as the phonon-glass
electron-crystal (PGEC) model, in which the thermoelec-
tric material should possess both a crystalline structure to
guarantee a good electric conductivity with little electron
scattering and a glass structure to decrease the thermal
conduction by inducing a high degree of phonon scatter-
ing.

Besides having an excellent power factor, CoSb3 has
a unit cell with two cage-like voids formed by the Sb
atoms, which offers the necessary space to introduce addi-
tional scatters to improve the thermoelectric figure of
merit. As shown by eq. 1, thermoelectric properties can
be improved by increasing the electrical conductivity
while reducing the thermal conductivity of a given mate-
rial system. This is an excellent example of the PGEC
concept in which phonon scattering centers can be intro-
duced in the unit cell to lower the lattice thermal conduc-
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Abstract : Skutterudite compounds form a new class of
potential candidates for thermoelectric applications.
Cobalt triantimonide (CoSb3) shows good thermoelectric
properties at medium and high temperatures. Doping this
system with substitution elements, for either Co or Sb or
both, may result in an increase of the thermoelectric
figure of merit (ZT). This work focused on the electro-
chemical doping and characterization of films and nano-
wires of Co-Sb system in citrate solutions using gold-
coated PCTE templates. The electrodeposition was per-
formed on gold surface that was pre-treated electrochem-
ically to ensure reproducible results. The electrochemical
treatment acted as an annealing process for the surface,
which resulted in an increase in Au(111) as demonstrated

by XRD. Detailed electrochemical studies including dep-
osition-stripping experiments was performed in order to
develop a better understanding of the co-deposition ki-
netics and a better control over the composition of doped
Co-Sb system. Scanning electron microscopy (SEM/EDS)
helped study the morphology and the composition of the
doped and undoped Co-Sb system. Co-deposition of Co-
Sb showed that the amount of Co is higher in nanowires
than in film or mushroom caps due to the slow Sb deposi-
tion rate dictated by slow Sb(III) complex diffusion.
Doped nanowires have been also obtained. Both Ni and
Te electrochemical doping of the Co-Sb system affected
the composition of the deposit but there was no effect on
nanowire morphology.
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tivity. Most of today�s research focuses on reducing lattice
thermal conductivity by introducing large heavy atoms
into the skutterudite structure [2,4], which can be ach-
ieved by doping.

In the following, the importance of doping associated
with small dimension is briefly discussed.

The effects of doping with various donor impurities on
the thermoelectric properties of polycrystalline CoSb3

have been extensively studied [5]. The analysis of the
transport properties suggests that the electronic proper-
ties depend strongly on both the donor impurities (either
fillers or dopants) and the carrier concentration, which
control not only the electronic transport properties but
also the scattering mechanisms of phonons in heavily
doped n-type CoSb3. The substitution of Co or Sb in
CoSb3 with different dopants can influence the electronic
structure and electrical properties, in particular by chang-
ing the carrier masses. Furthermore, doping affects the
lattice thermal conductivity due to phonon scattering on
impurities.

Dopants such as Ni, to replace Co, and Te, to replace
Sb, can be used to further optimize the electrical conduc-
tivity and effectively scatter phonons [2, 4b,6]. Figure 1
shows the decrease of thermal conductivity in skutteru-
dites due to various scattering mechanisms. A total substi-
tution of Co with Fe and Ni in a proportion of Fe:Ni=
1 : 1 results in a decrease of the thermal conductivity of
about 2.7 times, while the substitution of Sb with Te re-
sults in a decrease of the thermal conductivity of about 4
times. Ni affects the electronic structure and electrical
properties of skutterudites. In addition, Ni doping along
with other fillers may be responsible for the existence of
an additional band explained by the two-band theory [7].
This band shows up across the gap that touches the con-
duction band at the minimum point [8] and it is dues to
the hybridization of the transition elements. In general,
heavy doping has a great influence on the band structure
due to the changes in the lattice constant and/or in the
electronic bonding properties, resulting in noticeable
changes in the thermoelectric properties.

Electronic transport and thermoelectric properties are
strongly influenced by the addition of Ni impurities in Co
[10]. Doping CoSb3 mainly affects the lattice thermal con-
ductivity. The dopant element introduces phonon scatter-
ing points that decrease the lattice thermal conductivity.
Ur et al. [11] have shown that homogeneous hot-pressed
Co1�xNixSb3 can be obtained by hot-pressing techniques
when x=0 to 0.1. For Ni content higher than 0.2, the
compound decomposed to (Co, Ni)Sb2 and Sb. Hall and
Seebeck coefficients confirmed that Ni dopant generated
more electrons [10]. As the doping element increases, the
carrier concentration increases resulting in n-type conduc-
tion for Ni-doped CoSb3. Unlike the carrier concentra-
tion, the carrier mobility decreased with the increase of
Ni content, which demonstrates the role of Ni as an im-
purity scattering point in the electronic structure of
CoSb3. A reduction in carrier mobility by the decrease in
the electron mean free path induced by the donor scatters
is overcome by the increase in carrier concentrations,
which overall decreases the electric resistivity and See-
beck coefficient. Ni doping introduces impurity scattering
centers in both electronic and photonic structures of
CoSb3. As the carrier concentration increased, the ther-
mal conductivity decreased. The dominant effect of Ni
doping was observed on the lattice contribution (lL) to
the total thermal conductivity with little effect on the
electronic thermal conductivity (lE) [11].

Unlike Ni, doping CoSb3 with Te increases electric con-
ductivity, and has relatively smaller impact on thermal
conductivity and Seebeck coefficient, thus improving the
thermoelectric figure of merit ZT of the material [4b, 6c].
Wojciechowski et al. [12] studied the structural and elec-
tron transport properties of and Te-doped CoSb3 skutter-
udites. Calculations of the electrical and thermal conduc-
tivities and Seebeck coefficient as a function of composi-
tion and temperature showed that doping CoSb3 with Te
affects the density of electronic states. The solubility of
Te in the CoSb3 structure is very small, i.e. about 1.5 at.
% [4b], where the Te atoms take the Sb sites in the
CoSb3 structure.

The substitution of antimony by tellurium and cobalt
by nickel can influence the electronic and electrical prop-
erties of the material. In a different approach, thermo-
electric properties can also be improved by low dimen-
sional structures (thin films, nanowires and quantum
dots) as demonstrated by theoretical works [13] and ex-
perimental results on Si nanowires [14].

Various techniques have been applied to synthesize
nanostructured thermoelectric materials such as molecu-
lar beam epitaxy (MBE), vapor-liquid-solid growth pro-
cess, chemical vapor deposition (CVD), hydrothermal
processes, pulsed laser deposition [15], DC magnetron
sputtering [16] and electrodeposition. Electrodeposition is
an inexpensive method to produce nanomaterials due to
the fact that it does not use vacuum or high temperature.
Electrochemical deposition is a promising method to
obtain CoSb3 (doped and undoped) nanomaterials at low
temperature using template synthesis. Compared to other

Fig. 1. Influence of doping scattering mechanism on the thermal
conductivity of CoSb3-type skutterudites [9]
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methods, electrodeposition is one of the most cost-effec-
tive techniques for the fabrication of nanostructured ma-
terials. The advantages of electrodeposition include:
room temperature operation, thus reducing problems
with thermal stress; low equipment cost; no vacuum re-
quirement; high deposition rates; and easy scalability
[17].

Several authors have been used electrochemical deposi-
tion to develop CoSb3. Complex tartrate and citrates
baths have been used for Sb deposition mainly because of
its low solubility in aqueous solutions [18]. Sadana et al.
[19] used citrate ions to electrodeposit Sb-Co alloys from
aqueous solutions. Using citrate complexes of the two
metals brings their deposition potentials closer. Cheng
et al. [20] obtained Co-Sb thin films on stainless steel sub-
strates using citric-based solutions. Previous work also re-
ported the growth of Co-Sb nanorods in citrate solution
using polycarbonate track-etched (PCTE) templates [21].
Behnke et al. [22] investigated the post-deposition anneal-
ing treatment of Co-Sb nanowires to form CoSb3 and re-
ported certain difficulties in obtaining a good stoichiome-
try due to the antimony loss during heat treatment. Chen
et al. [23] found that CoSb3 nanowires with a preferred
[420] and [510] orientation could be formed directly at
room temperature by electrodeposition of Co and Sb
from a tartaric acid solution. Our group [21b,24] has also
performed extensive electrochemical studies to under-
stand the co-deposition of Co�Sb on Au substrate as both
ultra-thin film and nanowires.

The aim of this work is the study the co-deposition pro-
cesses of Te-doped CoSb3 and Ni-doped CoSb3 thin film
and nanowire to achieve a better understanding of the
deposition mechanism and deposition rate of individual
elements and how they interact during co-deposition. A
comprehensive analysis of the electrochemical processes,
including hydrogen evolution, on the finial composition,
structure and morphology of the final deposit have been
also studied.

2. Experimental Procedure

Electrochemical experiments were performed in a conven-
tional three-electrode set up. The counter electrode was
an Au wire and the reference electrode was Ag/AgCl
electrode (3 M NaCl). All potentials are relative to Ag/
AgCl (+0.210 V vs standard hydrogen electrode). A com-
puter-controlled potentiostatic (model AFCBP1, Pine In-
strument Company) was used for cyclic voltammetry,
deposition-stripping experiments and potentiostatic
cathodic electrodeposition. The Aftermath software (Na-
tional Instruments, TX, USA) was used to control the po-
tentiostat.

Gold sputtered polycarbonate track-etched (PCTE)
membranes (GE Water & Process Technologies, PA,
USA) were used as substrates for deposition. The PCTE
template is 10 mm thick, and the pore diameters are ap-
proximately 400 nm in average. One side of the PCTE

membranes was sputtered with Au. The area occupied by
the pores for the 400 nm membranes was 12.57 %.

An Au-coated, PCTE template was then placed on
a copper tape and mounted in between two plastic tapes,
one of them with a circular cut-out, exposing either the
Au coated side for thin film deposition or the uncoated
side of the PCTE membrane for nanowire growth. In the
case of nanowire growth, the Au-coated PCTE membrane
was first immersed in n-butanol solution for 20 seconds to
wet the membrane pore, rinse with aqueous electrolyte
(see below) and then the template was mounted. The cir-
cular cut-out had an area of 0.3846 cm2. Figure 2 shows
the schematic sample setup configuration of the two
working electrodes: a) nanowire and b) film. Thin film
deposition was performed on the nanostructured Au sur-
face while nanowires were grown in the pores of the
PCTE template.

The electrochemistry experiments and the electro-dep-
osition were performed in aqueous electrolyte solutions
containing the chemicals of interest, Sb2O3 (99.99%),
CoSO4

.7H2O (>99%), C6H7KO7 (potassium citrate mon-
obasic) (>99.5), C6H8O7 (citric acid) (>99.5%) and TeO2

(99.995 %). All the chemicals were purchased from
Sigma-Aldrich.

Fig. 2. Schematic 3D (left) and cross section (right) set up
working electrode for a) nanowire and b) film configuration.
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Various aqueous solutions were prepared with different
concentrations as shown in Table 1. Each citrate solutions
contained one of the elements of interest, as well as
a combination of ions. For instance, solutions 8 and 9 con-
tain beside Co and Sb, and 1 % Ni and 1% Te, respective-
ly. Deionized water (Milli Q 18-MW) was used for prepar-
ing solutions and for rinsing. All solutions were stirred
and heated up to 60 oC for at least 45 min (or 12 h in the
case of citrates with 0.005M TeO2) until all chemicals
were dissolved. Solutions were purged with N2 for at least
15 min before experiments to remove oxygen dissolved in
the electrolyte solution.

Before electrodeposition, an electrochemical treatment
of the Au surface was performed to clean the surface and
to ensure reproducible results during the electrochemical
studies [25]. This treatment consists of cleaning the sur-
face by cycling the potential between 0 to 1.5 V for 20
times followed by an electrochemical annealing 20 min at
0.9 V. The electrochemical treatment is carried out in
50 mM H2SO4 aqueous solution at room temperature.

Electrodeposition of Co, Ni, Te and Sb in citrate solu-
tions is often performed at potentials more negative than
�0.9 V vs. Ag/AgCl where the hydrogen evolution reac-
tion (HER) is quite significant. In this potential range, it
is difficult to study the deposition rates of these elements
due to the fact that hydrogen evolution overlaps with the
metal deposition. Therefore, the stripping process was
used to study the metal deposition. To achieve this objec-
tive, individual deposition-stripping experiments have
been carried out for Co, Sb, Te and Ni. Table 2 summariz-
es deposition – stripping experiments (i.e. potential and
time) in a given solution.

Deposition-stripping experiments were performed for
each element of interest in its own solution to determine
their deposition rates. Deposition was carried out at dif-
ferent potentials between �0.2 and �1.2 V for 5 min fol-
lowed by stripping. In the case of Solution 2 and 5, the
stripping time was increase to 10 and 15 min due to the
fact that we observed experimentally a slow removal of
Sb and Te, respectively. Solutions were stirred with a mag-

netic stirrer at a rate of 500 rpm. Hydrogen evolution,
which is associated with metal deposition at negative po-
tentials, was also studied.

Structural characterization was performed using a high
resolution scanning electronic microscope (SEM) with
energy dispersive X-ray spectroscopy (EDS) capability.
XRD experiments were carried out in order to study the
influence of the electrochemical treatment on the gold
surface as the working electrode.

3. Results and Discussion

3.1. Electrochemical treatment of the Au surface

A series of electrochemical treatments were performed in
50 mM H2SO4 in order to clean the Au surface and to
ensure same surface conditions before each electrodepo-
sition experiment [25a–c]. First, 10 CV cycles were per-
formed from 0 to 1.5 V at a sweep rate of 50 mV/s, fol-
lowed by an electrochemical annealing treatment that
was carried out at 0.9 V for 15 minutes (Figure 3).

Figure 4 shows the cyclic voltammetry of the Au sur-
face in 50 mM H2SO4 at a sweep rate of 50 mV/s in all
three preparation states: first CV on the initial Au sur-
face, before any treatment is applied to the surface (1st

cycle), the CV of Au after 10 CV cycles between 0 and
1.5 V (10th cycle) and the CV of Au recorded after hold-
ing the potential at 0.9 V for 20 min (after annealing).

Table 1. Composition of different citrate solutions

Solution Description

(1) 0.125 M C6H7KO7+0.196 M C6H8O7
(2) 0.125 M C6H7KO7+0.196 M C6H8O7+0.003 M

Sb2O3
(3) 0.125 M C6H7KO7+0.196 M C6H8O7+0.172 M

CoSO4
(4) 0.125 M C6H7KO7+0.196 M C6H8O7+0.001 M TeO2
(5) 0.125 M C6H7KO7+0.196 M C6H8O7+0.005 M TeO2
(6) 0.125 M C6H7KO7+0.196 M C6H8O7+0.172 M

NiSO4
(7) 0.125 M C6H7KO7+0.196 M C6H8O7+0.003 M

Sb2O3+0.172 M CoSO4
(8) 0.125 M C6H7KO7+0.196 M C6H8O7+0.003 M

Sb2O3+0.170 M CoSO4+0.002 M NiSO4
(9) 0.125 M C6H7KO7+0.196 M C6H8O7+2.97 mM

Sb2O3+0.172 M CoSO4+0.03 mM TeO2

Table 2. Deposition – stripping experiments

Solution Deposition Condition Stripping Condition
Potential vs Ag/AgCl/
Time

Potential vs Ag/AgCl/
Time

Solution
1

�0.10–�1.00 V/5 min. N/A

Solution
2

�0.10–�1.20 V/10 min. 0 V/10 min.

Solution
3

�0.30–�1.20 V/5 min. �0.2 V/5 min.

Solution
4

�0.10–�0.90 V/5 min. +0.5 V/5 min.

Solution
5

�0.25–�0.60 V/5 min. +0.5 V/5–15 min.

Solution
6

�0.55–�1.20 V/5 min +0.4 V/5 min

Fig. 3. Au surface treatment steps.
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Figure 4 shows that although the position of Au oxidation
peaks for the initial surface indicates a polycrystalline Au
surface with no defined oxidation peaks, the peak around
1.3 V becomes predominant, shifts to about 1.2 V, and be-
comes sharper during the electrochemical treatment The
configuration of the Au oxidation curve points to a poten-
tial-dependent rearrangement of the Au atoms in the sur-
face during the electrochemical annealing, which is due to
high surface diffusion of Au atoms under the applied po-
tential [24–25, 26].

During the electrochemical treatment, the Au surface
atoms rearrange themselves by surface diffusion, and this
process results in improved surface quality and experi-
mental reproducibility. A change in surface roughness has
a distinct signature in the CV by the peak shift. However,
it is difficult to estimate from the CV alone which Au
plane predominantly smoothers out during annealing. Be-
cause the Au film used as an electrode has a nanostruc-
tured morphology induced by the open-pore PCTE mem-
brane, the interface processes will be affected compared
to a smooth surface. A nanostructured surface has
a roughness that changes the structure of the double
layer at the interface and interferes with the oxidation
process [27]. Therefore, to assess the influence of the
electrochemical annealing on the nanostructured Au sub-
strate, an extensive XRD analysis was performed on both
film and nanowire setup electrodes before and after the
electrochemical treatment. Figure 5 shows the XRD re-
sults recorded in the 2q interval from 36 to 42 degrees,
where a change in the XRD peak of Au(111) was ob-
served.

To quantify the structural changes induced by the elec-
trochemical treatment of the Au surface, the crystalline
size was calculated using the Scherer equation as follows:

s ¼ kl

b cos q
ð2Þ

where s is the size of the ordered domains, k the dimen-
sionless shape factor with a value close to the unity (the
shape factor has a typically value of about 0.9), l is the
X-ray wavelength, b is the line broadening at half the
maximum intensity (FWHM) after subtracting the instru-
mental line broadening in radians, and q is the Bragg
angle. XRD analysis of Au surface before and after treat-
ment shows a distinct difference in grain size. After EC
annealing, the grain size increased from 9.6 to 11.6 nm for
the Au film set-up and from 8.1 to 8.6 for the Au nano-
wire set-up. These results demonstrate the high surface
diffusion of Au atoms at 0.9 V, which is at the positive
end of the non-faradaic region of Au in 50 mM H2SO4.
The difference in grain size between the nanowire and
film setup electrodes may be related to the direction of
Au sputtering on the PCTE membrane, which is perpen-
dicular to the surface (in the film setup) and at an angle
in the pores (in the nanowire set-up). Therefore, the Au
surface exposed to the electrochemical field during the
EC treatment has different orientations in the two sample
setups, which affects the direction in which the smoothing
develops.

The increase in Au(111) grain size demonstrates the ef-
fectiveness of this process induced by surface diffusion.
These results are in agreement with the studies performed
in situ at the electrode/electrolyte interface. Hirai [26e]
investigated by electrochemical atomic force microscopy
(ECAFM) the surface self-diffusion coefficient (D(s)) on
Ag(100) and Au(100) in aqueous 50 mM H2SO4 solution.
The surface diffusion increases exponentially with poten-
tial in the most positive end of the non-faradaic region.
The high surface diffusion of Au atoms is due to the sur-
face excess charge that decreases the activation energy of
surface diffusion. High surface diffusion means high sur-
face atomic mobility that results in a smooth surface. The
smoothing process starts by the migration of the top
atoms down to a lower terrace position. This smoothing

Fig. 4. Cyclic voltammetry of the Au layer on 400 nm PCTE
membrane in 50 mM H2SO4, v=50 mV/s: initial CV, before any
tratment is applied to the surface, CV recorded after 10 CV
cycles between 0 V and 1.5 V, and CV recorded after holding the
potential at 0.9 V for 15 min.

Fig. 5. XRD analysis on film and nanowire set-up electrodes
before and after cleaning
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mechanism by atom diffusion has been observed by in
situ electrochemical atomic force microscopy (EC-AFM),
which is one of the techniques that allow imaging the sur-
face with atomic resolution. Using this technique in
liquid, under potential control, the surface atomic diffu-
sion was demonstrated by the disappearance of top terra-
ces and the enlargement of the lower terraces [26d]. The
rate of surface atoms mobility expressed as the decay of
the top terrace area decreases linearly with time. The mo-
bility of surface atoms in liquid is about 30 times higher
than in air. In liquid, the presence of excess charge and
electric double layer may increase the atom instability
atop the electrode at the metal/electrolyte interface re-
sulting in smoothing of the electrode surface.

These results point to a unique way to improve the
smoothness of the surface at atomic level in less than
30 minutes. Other interesting processes such as electro-
chemical atomic layer epitaxy (ECALE) and surface al-
loying may take advantage of this fast electrochemical an-
nealing process [25a–d, 28].

3.2. Cyclic Voltammetry

In order to better understand the electrochemical co-dep-
osition and doping, cyclic voltammetry was recorded for
Au in Co-Sb solutions containing nickel and tellurium,
and compared to those obtained in Co-Ni solution.
Figure 6 shows the cyclic voltammograms of Au in solu-
tion 8 (Co, Ni and Sb) and 9 (Co, Sb and Te), and
compared to solution 7 that contains only Co and Sb.
Cyclic voltammograms were recorded at a sweep rate of
5 mV/s from �1.2 V to 0.5 V and 0.7 V (for solution con-
taining Te ions).

Cyclic voltammograms of Au in Co-Sb and (Co, Ni)-Sb
show two oxidation peaks and no clear reduction peak.
Electrochemical deposition of Co and Sb from their solu-
tions was already published by our group [21b,24]. Hy-
drogen evolution is significant for this system and may
overlap the deposition peak(s). Adding Ni-ions in the
electrolyte does not visibly affect the CV. Ni and Co form
solid solutions over the entire concentration range [29]
and this may be the reason why the two CVs are similar.
Unlike Ni, the addition of Te ions drastically changes the

CV, i.e. additional deposition and stripping peaks appear.
The potential range for CV in Te- containing Co-Sb solu-
tion was extended in the positive direction from 0.5 to
0.7 V to allow for the deposit to be removed from the sur-
face during stripping. As Figure 6 shows for solution 9,
stripping currents are much larger compared to solution 7
and shift to more positives values, suggesting a more com-
plex deposition process in the presence of Te-ions. Sur-
face alloying [28b] is one of the processes that may be re-
sponsible for the potential shift, since the deposited
atoms that interacted with the substrate require an
energy to break free from the substrate larger than in the
absence of such interactions.

Also, by comparison, Te has a significant impact on the
deposition of Co-Sb compared to Ni.

3.3. Deposition-stripping experiments

Deposition-stripping experiments were conducted on the
nanostructured Au film to assess the deposition rate of
each element of interest, i.e. Co, Sb, Ni, and Te in their
individual solutions according to Table 2. Figure 7 shows
a typical plot of the current recorded during the deposi-
tion performed at a given potential within �0.55 and
�1.2 V, and the current recorded during the stripping per-
formed at 0.4 V i.e. the potential where stripping of the
entire deposit is concluded [24]. In Figure 7, a negative
current indicates a reduction (deposition) process at the
working electrode while a positive value means oxidation
(stripping).

Electrochemical deposition starts with a very short
period of nucleation followed by growth, as indicated by
a sharp increase in current followed by stabilization. At
the negative end of the potential scanned, the total cur-
rent is a combination of charge transfer due to both hy-
drogen evolution and material deposition. During strip-
ping, the current increases rapidly until it reaches a maxi-
mum value, as the material that was deposited is re-
moved, and then the current drops to zero.

Fig. 6. Cyclic voltammetry of Au in Co-Sb solution and Ni
(left) and Te-ion (right) containing Co-Sb solution at 5 mV/s.

Fig. 7. Current evolution during a deposition-stripping experi-
ment at a certain potential.

www.electroanalysis.wiley-vch.de � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2015, 27, 1 – 13 &6&

These are not the final page numbers! ��

Full Paper

http://www.electroanalysis.wiley-vch.de


In the absence of hydrogen evolution, the two charges
associated with deposition and stripping should be equal.
Obviously, Qdeposition>Qstripping due to hydrogen co-deposi-
tion with each metal. In any occurrence, the total charge
associated with stripping should reflect the amount of
metal deposited since hydrogen will eventually evolve
and not strip. Therefore, the area under the I-t stripping
curve (Qstripping) corresponds to the total charge trans-
ferred during metal deposition. Using Faraday�s Law (eq.
3), the amount of the material deposited at a certain po-
tential can be calculated from the charge measured
during stripping, as follows:

m ¼ Q �M
F � z ð3Þ

where m is the mass of the material removed during the
stripping period, M is its molecular weight, F is Faraday�s
constant (96,485 C/mol) and z is the valence, which in this
case is z=2 for Co and Ni, 3 for Sb and 4 for Te. Since
the amount of the material removed during stripping is
equal to the amount of solid materials deposited, the
average deposition rate or current density, of solid mate-
rials can be calculated as follows:

Q ¼ i � t ð4Þ

where i is the current density (mA/cm2) and t is the time
(s).

Figure 8a) shows the current density due to the deposi-
tion of Co, Ni, Sb and Te in their respective citrate solu-
tions, i.e. solution 2, 3, 4 and 5. The deposition of Te does
not start until the potential is more negative than �0.3 V.
Te deposition rate increases quickly as the potential
reaches about �0.45 V, and then remains constant. Re-
sults show that when Te was deposited at a potential
more negative than �0.6 V, the Te film could not be com-
pletely stripped off even when the stripping potential was
increased from +0.5 to +0.7 V and held for a more than
10 minutes. Since the stripping data directly affects the
calculation of current density during deposition, only re-
sults from �0.2 to �0.6 V are shown in Figure 8a).

For Sb, the deposition starts around �0.65 V and in-
creases quickly as the deposition potential reached
�0.8 V. For potentials more negative than �0.8 V, the cur-
rent density for Sb did not change much and the current
stabilized around 2.58 mA/cm2.

The deposition of Co in a citrate solution containing
0.172 M CoSO4 started around �0.85 V. The deposition
current steadily increases as the deposition potential be-
comes more negative. Same results were observed for Ni,
Figure 8b). The electrodeposition of Ni starts at potentials
more positive than Co but more negative than Sb or Te.
The main difference between Ni and the other elements
is that the current density is much smaller than the cur-
rent density obtained for Co, Sb and Te. Because the cur-
rent densities for Ni deposition are much lower compared

to Co, Sb or Te, the results for Ni are shown in a separate
chart.

In the potential range used in this study, the deposition
of Co appears to follow the Butler-Volmer equation
(equation 5 [30]), and increases with the overpotential in-
crease:

i ¼ i0 e
1� bð ÞhF

RT
� e

bhF
RT

� �
ð5Þ

where i is the deposition current, i0 is the equilibrium ex-
change current, b is the symmetry factor, h is the overpo-
tential, F is the Faraday�s constant, R is the ideal gas con-
stant and T is the temperature.

Although the Butler-Volmer equation predicts an in-
crease in the magnitude of the deposition current with
overpotential, the reaction rate cannot increase indefi-
nitely with the applied potential because at some point,
the diffusion of cations or complexes containing deposit-
ing cations cannot keep up with the reduction reaction at
the electrode. When that instance occurs, the deposition
rate is constrained by the diffusion of cations/depositing
species and is independent of the deposition potential or

Fig. 8. Deposition rates of Co, Sb, Te, a) and Ni b) in their re-
spective citrate solutions
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overpotential. In this case, the limiting current (iL) is de-
scribed as [30]:

iL ¼
z �D � F � C0

d
ð6Þ

where z is the valence, D is the diffusion coefficient of
the cation, d is diffusion length, F is the Faraday�s con-
stant and C0 is the concentration of the cation in the elec-
trolyte far away from cathode.

At a given temperature and concentration, the deposi-
tion current cannot be greater than the limiting current.
This behavior can be seen in Figure 8.a) where the cur-
rent density for Te and Sb remains constant at a large
overpotential, which means that Sb and Te deposition are
controlled by diffusion.

To study the influence of the concentration on the elec-
trodeposition of Te, we have carried out deposition/strip-
ping experiments for Te in two different citric solutions
with different Te concentration, i.e. 0.005 M and 0.001 M
TeO2 (solution 5 and 4 respectively, Table 1). If we apply
the Faraday�s law to these experiments, the amount of the
material deposited and thus the current density can be
obtained. Figure 9 shows the current density obtained
during the deposition of Te from solutions 4 and 5. The
difference between these two solutions is the nominal
concentration of Te (IV), which is 0.001 M in solution 4
and 0.005 M in solution 5. The amount of Te (IV) in the
solutions is negligible as compared to 0.196 M of citric
acid and 0.125 M of potassium citrate, which brings the
pH to approximately 2.17. The solid solubility limit of
Sb2O3 and TeO2 in simple acid solution such as sulfuric
acid is a function of pH and it is about 10�4 M for Sb2O3

and about 10�5 M for TeO2 at pH=2.75 [31]. These
oxides can best dissolve in acidic solution of citrate, tar-
trate etc. due to the formation of stable complexes, and
when this occurs, almost all of Sb (III) and Te (IV) nest
in complexes.

Recently, the reduction of Sb (III) in tartaric acid solu-
tion was studied by Li [32] who found that the vast major-

ity of the deposit came from the reduction of Sb (III)
complex. Similarly, since almost all Te (IV) is in a complex
form, the limiting current for Te is bound to the diffusion
of Te (IV) complex in the electrolyte to the cathode. A
five-time increase in the concentration of Te (IV) com-
plex in solution 5 is the cause of an approximately five-
time increase in its limiting current densities at potentials
more negative than �0.4 V as observed in Figure 9).

As demonstrated in Figure 8a, the limiting currents for
Sb and Te can be easily observed in the range of poten-
tials investigated in this study. This is due to the low con-
centrations of Sb (III) 0.006 M and Te (IV) 0.001 M. On
the other hand, the deposition of Co or Ni has not
reached its maximum value, for the total concentration of
electroactive species containing Co (II) or Ni (II) is high,
i.e. 0.172 M, as compared to those for Sb(III) and Te
(IV). Using the limiting current densities for Sb and Te in
Figure 8a and equation 6, the diffusion coefficients of
Sb(III) complex and Te (IV) complex that control the
deposition rate can be calculated. Since antimony and tel-
lurium have the same size, we can assume that the diffu-
sion lengths for Sb and Te are similar, i.e. dSb�dTe

�10�3 cm [33], thus we obtain DSb(III)�1.5 10�6 cm2/s and
DTe(IV)�1.7 10�6 cm2/s at 22 8C. The diffusion coefficient
for Te(IV) citrate complex found in this study is smaller
than the value for HTeO2

+ (2 10�5 cm2/s) in a sulfuric
acid solution (pH=1.5) at 60 8C with no complex forma-
tion.[33] The difference is probably due to higher temper-
ature used by Sella et al. [33] and to the various forms of
electroactive species containing Te (IV) citrate complex
used. The diffusion coefficient of Te(IV) citrate complex
found in our study is similar to that reported by Jung
et al. [34] (i. e. 3.1 10�6 cm2/s at 23 8C) in a nitrate-tartrate
solution.

3.4. Hydrogen Evolution

Hydrogen evolution was studied by subtracting the charg-
es associated with metal deposition (i.e. from stripping
data) from the total charges transferred during deposition
process. Figure 10 shows the variation of the current for
hydrogen deposition with the applied potential for vari-
ous solutions citrates (solution 1), citrates +0.003 M
Sb2O3 (solution 2), citrates+0.172 M CoSO4 (solution 3),
citrates+0.001 M Te (solution 4) and Citrate+0.172 M
NiSO4 (solution 6). Charges transferred due to hydrogen
evolution were calculated by subtracting the partial
charges transferred due to stripping of a given element
from the total charges measured during deposition ex-
periments.

For all the solutions studied, hydrogen evolution is not
significant for potentials more positive than �0.65 V. For
solution 1, in the absence of any metal ion, hydrogen evo-
lution is the only reaction occurring at Au surface. For all
other solutions, hydrogen evolution curves overlaps up to
�0.7 V with that obtained in the solution containing only
citrates. At potentials more negative than �0.7 V, hydro-
gen evolution occurs on different substrates since the

Fig. 9. Effect of the concentration of Te (IV) in citrate solution
on its current density during deposition at different potentials.
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onset potential for Sb and Te deposition overlaps with hy-
drogen evolution. At these negative potentials, hydrogen
evolution does not take place on Au but on Sb (see
Figure 8).

At more negative potential, hydrogen evolution is sig-
nificant high for solutions that contain either Co or Ni be-
cause their deposition takes place at potential close to
�0.9 V. Compared to Au substrate, the results presented
in Figure 10 suggest that the presence of Sb and Te sup-
presses hydrogen evolution while Co and Ni enhances it.
These findings are consistent with literature data for hy-
drogen evolution from simple acidic solutions on different
substrates such as Au, Co, Ni, Sb and Te [31]. The current
density for hydrogen evolution on each substrate is relat-
ed to the binding energy between the substrate and hy-
drogen atoms [32].

3.5. Morphology and Composition of Co-Sb Film and
Nanowires

Once the kinetic of the electrodeposition of undoped
CoSb3 and doped with Te and Ni has been studied,
a study of the morphology and composition of the materi-
al obtained has been carried out. To achieve this objective
a detailed investigation of the morphology and composi-
tion of Co-Sb thin films and nanowires was performed
using SEM and EDS. Deposition experiments have been
performed in citrate solution 7 containing both 0.172 M
Co(II) and 0.006 M Sb(III) and the potential for these ex-
periments was �1 V.

Figure 11 shows the SEM images for Co-Sb film, nano-
wire and mushroom cups (i.e. overgrown nanowires).The
film is relatively uniform and deposits on the entire mem-
brane surface (Figure 11a), including the pores. Local var-
iations in morphology may be associated with the particu-
lar nature of the nanostructured Au surface and hydrogen
evolution [24]. Figure 11b shows a typical nanowire array
grown in a template. Generally, the formation of nano-

wires inside a template takes place by means of a nuclea-
tion and growth process in several steps [24]. The first
process corresponds to a nucleation and growth of the
nuclei inside the pores. The nucleation process starts at
the bottom of the pores where the Au ring acts as an
electrode. These nuclei grow freely in both radial and
axial directions inside the template to a point where the
nuclei start to overlap in the radial direction. The second
step is a continuous growth of nuclei, which overlap
inside the template. The third step is related to “mush-
room” formation, where the nanowires continue to grow
out and over the template. The last step is characterized
by a rather constant, radial, growth of a film that bridges
the mushrooms. The film is relatively uniform and depos-
its on the entire membrane surface including pores. Local
variations in morphology may be associated with the par-
ticular nature of the nanostructured Au surface and possi-
ble hydrogen evolution.

Figure 12 shows the variation of the Co amount in the
deposit with the potential applied for different structures,
film, nanowires and mushrooms. An illustration of the
structures on which the composition was measured is also
shown.

For films, three different sets of data are plotted. One
set consists of the EDS results obtained for films deposit-
ed in citrate solution 7 containing both 0.172 M Co(II)
and 0.006 M Sb(III). Another set of data shows the
atomic % of Co in the deposit as calculated using Fara-
day�s Law (eq. 3) for citrate solution containing both
0.172 M Co(II) and 0.006 M Sb(III), where the Co and Sb
deposition rates measured from their respective individu-
al solutions (Figure 8) were used. The third set of data
shows the experimental results obtained by Cheng [20,35]
in similar solutions, i.e. same Co concentration and half
the concentration of Sb. These plots show good agree-
ment between the literature and experimental data and

Fig. 10. Hydrogen evolution in different citrate solutions. Fig. 11. SEM images of Co-Sb film (a), nanowires array (b),
and mushroom cups (c) in solution 7 at a constant potential of
�1 V.
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a similar increase of Co content in the deposit as the dep-
osition potential become more negative. At potentials
more negative than �1.2 V, experimental data indicate
a lower content of Co as compared to those calculated
from single solutions.

These results might be explained by taking into consid-
eration the deposition rates of Co and Sb in their respec-
tive citrate solutions (Figure 8). Analyzing the deposition
rates of Sb, it appears that the deposition of Sb at poten-
tials more negative than �0.8 V is controlled by diffusion
while the rate of Co deposition depends on its electrode
reaction. Therefore, it is believed that the deposition of
Co is more sensitive to the cathode�s surface condition,
and the rate at which Co deposit is reduced in the pres-
ence of Sb on the electrode surface. Although there are
other compounds that may form between Co and Sb,
such as CoSb and CoSb2, only CoSb3 is favorable at room
temperature due to its negative Gibbs free energy. There-
fore, a reduced deposition rate of Co in the presence of
Sb is probably due to a larger kinetic barrier.

For comparison, the composition data of nanowires and
overgrown mushroom caps from previous works per-
formed in our group [24] are also shown. Interestingly,
Co content in 400 nm nanowires is higher than in the film
or the calculations. Because all the deposition experi-
ments were performed in stirred solutions at a rate of
500 rpm, the convection of electrolyte the may not be
very effective to improve the diffusion of species in nano-
pores. As discussed earlier, deposition of Sb below
�0.8 V is controlled by diffusion. Therefore, the diffusion
of Sb complex through the pores may be slower, which
directly impacts the relative content of Co in the deposit.
Overgrown mushroom caps have a composition similar to
films, and the Co content follows the same trend as that
of the film as shown in Figure 12.

3.6. Morphology and Composition of doped Co-Sb Film
and Nanowires

Structural and compositional characterization of Ni and
Te doped Co-Sb nanowires obtained from the solutions 8
and 9 were performed using SEM/EDS. Ni-doped and Te-
doped nanowires were obtained by pulse electrodeposi-
tion (�0.965/�0.4 V, 10/10 ms) at 65 8C to improve com-
positional homogeneity of nanowires.

Figure 13 shows the SEM images of Te-doped and Ni-
doped Co-Sb nanowires. In this particular case, electro-
chemical doping is realized by co-deposition of Co-Ni-Sb
and Co-Sb-Te in a template. It appears that doping does
not affect the nanowire morphology or structural sturdi-
ness.

Table 3 presents the composition of Ni and Te-doped
nanowires in comparison with Co-Sb nanowires. To assess
the dopant contribution to nanowire composition, the
ratio of (Co, Ni) to (SbTe) was calculated and presented
in table 3 along with the nanowire composition. It ap-
pears that adding Ni ions in the solution results in a slight
increase of the (Co, Ni)/(SbTe) ratio while adding Te ions
results in a decrease of the (Co, Ni)/(SbTe) ratio. It is im-
portant to note that the total molarity of the Co-Sb solu-
tion was not changed by adding Ni or Te (see Table 1)
but only the composition of the electrolyte.

Electrochemical doping of Co-Sb requires additional
study. For instance, Co-Ni shows anomalous deposition
that may affect the Co/Ni ratio in the deposit. Dolati
et al. [36] studied the composition of electrodeposited Co-
Ni alloy nanowires for Co2+ concentrations ranging from
0.1 to 0.2 M at constant Ni2 + concentration and showed
that there is a direct relationship between the solution
concentration and nanowire concentration. They also
studied the variation of the Co concentration in the de-
posit with the applied voltage and showed that there is

Fig. 12. composition of Co deposited from citrate solution with
0.172 M Co (II) and 0.006 M Sb (III): a) film calculated based on
single solutions of Co (II) and Sb (III), b) film experimental re-
sults in solution of both Co (II) and Sb (III), c) film results from
Cheng [20], d) 400 nm rods from Quach [24], and e) mushroom
cups from Quach [24].

Fig. 13. SEM image of Te-doped (a) and Ni-doped (b) Co-Sb
nanowires.

Table 3. EDS results obtained for Ni and Te doped nanowires

Composition, at. % Solution 7 Solution 8 Solution 9

Sb L 1.94+ /�0.05 1.55+ /�0.37 3.615+ /�0.27
Co K 1.87+ /�0.16 1.61+ /�0.43 3.34+ /�0.05
Ni K – 0.13+ /�0.09 –
Te K – – 0.39+ /�0.05
(Co, Ni)/(Sb, Te) 0.96+ /�0.06 1.12+ /�0.06 0.83+ /�0.05
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a similar direct relationship between the deposit composi-
tion and the applied voltage in the low voltage range. At
very high voltages, where the deposit growth is diffusion-
controlled, the nanowires composition is driven by a com-
petitive diffusion of Co2+ and Ni2+ that rush to reach in
the pore. Therefore, high applied voltages had no effect
on the Co composition. However, these findings for Co-
Ni nanowires contradict the anomalous deposition behav-
ior observed for thin film electrochemical deposition of
Co-Ni [37]. Because the Co concentration in the deposit
increases with Co concentration of the solution, Co-Ni
nanowires do not show anomalous deposition behavior
[37]. However, for low Ni concentrations, more research
is needed to rule out the anomalous deposition in nano-
wires.

4. Conclusions

Electrochemical studies of Co-Sb doped with tellurium
and nickel in citric acid solutions have been performed to
better understand the electrochemical doping in these
systems. The conclusions are as follows:

* Electrochemical annealing: The electrochemical treat-
ment does not only clean the Au surface but also im-
proves its smoothness. XRD studies showed that the
gold surface atoms rearranged by surface diffusion
during electrochemical annealing and Au(111) domains
increased in size.

* Electrochemical deposition/stripping experiments: The
results show that the deposition of Co is controlled by
the electrochemical reaction at the cathode, while Sb
and Te are controlled by diffusion. Although the elec-
trolyte contained citrates that form Sb and Te com-
plexes to increase the solubility of Sb2O3 and TeO2, the
deposition of Sb and Te in their citrate solutions is still
controlled by diffusion due to their low concentrations.
When both Co(II) and Sb(III) are combined in the
same citrate solution, their electrochemical behaviors
preserve the same characteristics as in single solutions
although the relative content of Co is slightly lower.
This is probably due to interactions between Co and
Sb that give rise to a higher kinetic barrier for the dep-
osition of Co. Deposition of nickel 8Ccurs at smaller
current densities than other elements and is also con-
trolled by surface reaction.

* Hydrogen evolution: The influence of hydrogen evolu-
tion on the co-deposition process is an important issue
due to the proximity of their reaction potentials and
possible interferences. Hydrogen evolution is signifi-
cant in the potential window where the co-deposi-
tion 8Ccurs, being more aggressive on Co surface.

* Composition of the deposit: The co-deposition of Co-
Sb results in different compositions depending on the
substrate. For instance, the amount of Co is higher in
nanowires than in film or mushroom caps due to the
slow Sb deposition rate that is limited by Sb(III) com-
plex diffusion. Doped nanowires have been also ob-

tained. Both Ni and Te electrochemical doping of the
Co-Sb system affects the composition of the deposit
but it has no effect on nanowire morphology.
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