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a b s t r a c t
Rhenium (Re) is a refractory metal which exhibits an extraordinary combination of properties. Thus,
nanowires and other nanostructures of Re-alloys may possess unique properties resulting from both
Re chemistry and the nanometer scale, and become attractive for a variety of applications, such as in
catalysis, photovoltaic cells, and microelectronics. Rhenium–tin coatings, consisting of nanowires with
a core/shell structure, were electrodeposited on copper substrates under galvanostatic or potentiostatic
conditions. The effects of bath composition and operating conditions were investigated, and the chemistry
and structure of the coatings were studied by a variety of analytical tools. A Re-content as high as 77 at.%
or a Faradaic efﬁciency as high as 46% were attained. Ranges of Sn-to-Re in the plating bath, applied
current density and applied potential, within which the nanowires could be formed, were determined.
A mechanism was suggested, according to which Sn nanowires were ﬁrst grown on top of Sn microparticles, and then the Sn nanowires reduced the perrhenate chemically, thus forming a core made of
crystalline Sn-rich phase, and a shell made of amorphous Re-rich phase. The absence of mutual solubility
of Re and Sn may be the driving force for this phase separation.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Rhenium (Re) is a refractory metal that has gained signiﬁcant
recognition as a high-performance engineering material, because
it exhibits an exclusive combination of properties. Thus, it is used
in catalysis, aircraft, aerospace, nuclear reactor, electrical, biomedical and other applications [1,2]. The two principal manufacturing
processes for Re-based items are currently powder metallurgy and
chemical vapor deposition. However, interest in alternative processing techniques, including electrodeposition [2], has emerged in
recent years. Previously, we studied the electrodeposition of alloys
of Re with the iron-group metals (Ni, Fe and Co). Rhenium contents
as high as 93 at.% or Faradaic efﬁciency (FE) values as high as 96%
were attained in different solutions. A mechanism by which the
presence of the iron-group metal increases the rate of Re deposition was proposed, and the chemistry and structure of the coatings
were characterized [3–6].
Thin conducting ﬁlms made of high-aspect-ratio Re nanostructures may exhibit unique catalytic, electrical and mechanical
properties. Hassel et al. [7–15] have produced Re nanowires via
directional solidiﬁcation of the NiAl–Re system and selective etch-
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ing of the NiAl matrix, and subsequently studied their properties.
Vinogradov-Zhabrov et al. [16] reported the growth of electrodeposited Re from chloride melts as separate single-crystal needles.
ReS2 nanotubes and fullerene-like structures have been synthesized by high-temperature sulﬁdation of either rhenium oxide or
multi-wall carbon nanotubes impregnated with Re [17,18].
We are not aware of any publication where Re-based nanowires,
nanorods or nanotubes were synthesized by electrodeposition
from an aqueous solution. Furthermore, we have never observed
such nanostructures when electrodepositing Re–Me alloys where
Me = Ni, Co, Fe, Ce, Cu, Mg, Mn or Zn, although alloys of Re with Ni,
Co and Fe were readily obtained.
Electrodeposition of tin (Sn) nanowires into templates or
patterns made by photolithography was reported [19,20]. The fabrication of tin nanowires presents a large spectrum of promising
applications in microelectronics, solar cells and sensing [19]. The
nucleation of Sn is claimed to be easier than most other electrodeposited systems, because low overpotentials and short times
are sufﬁcient to form abundant aggregates with an average diameter of a few nanometers [21]. Free-standing hexagonal hollow
Cu–Sn nanotubes [22] and Cu–Sn nanowires capped with Ni ends
in alumina template [23] have been formed by electrodeposition.
Sn-based core/shell nanostructures have been tested for use in Liion batteries [24]. Pd–Sn nanocolloids are widely used catalysts for
the metallization of polymers [25]. Cu–SnO2 core/shell nanowires
have been synthesized by template-directed electrodeposition; Sndoped CuO nanotubes were formed after thermal oxidation in air
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of these nanowires through the Kirkendall effect [26]. Sn has been
used as a catalyst for the vapor–liquid–solid (VLS) growth of Si
nanowires [27]. While core/shell structures were formed when
either Sn or In was used as a catalyst, they were not formed when
Au was used as a catalyst [27].
Re–Sn based compounds are important for a variety of applications, such as catalysis [28–30], photovoltaic cells (therein Re
electron acceptor exists in the form of metal-organic compound
while Sn in ITO glass) [31], and biomedical (e.g. cancer treatment)
[32–34]. Sn is widely used as a modiﬁer for transition metal catalysts in order to improve their reactivities and product selectivities
[35]. To the best of our knowledge, Re–Sn nanowires have never
been produced before, neither by electrodeposition nor by any
other process. While evaluating the electrodeposition of a variety of Re–Me binary systems, where Me = Ni, Co, Fe, Sn, Ce, Cu,
Mg, Mn or Zn, we found that nanowires were formed only in the
Re–Sn system [36]. This phenomenon may have both fundamental and applied signiﬁcance. The objective of the current work is
thus to describe the formation of the Re–Sn nanowires by a simple
electrodeposition process, within a wide range of bath compositions and operating conditions, and to characterize their core/shell
structure. A plausible mechanism for the formation of the Re–Sn
nanowires is suggested.
2. Experimental
2.1. Plating bath chemistry
Re–Sn alloys were electroplated from aqueous solutions
containing 34 mM NH4 ReO4 , 12–93 mM SnCl2 , 12–93 mM
Mg(SO3 NH2 )2 ·H2 O, and 343 mM H3 C6 H5 O7 (citric acid, anhydrous).
The FE and partial deposition current densities, ji , were calculated using the following equations:
FE =
ji =

wF
Q

cn

i i

Mi

× 100

w ci ni F
At Mi

(1)

(2)

where w is the measured mass of the deposit (g), Q is the total
charge passed (C), t is the deposition time (s), ci is the weight
fraction of element i (either Sn or Re) in the deposit, ni is the
number of electrons transferred per atom of element i (nRe = 7 and
nSn = 2), Mi is the atomic mass of element i (MRe = 186.2 g mol−1
and MSn = 118.71 g mol−1 ), F is Faraday’s constant (96,485 C), and A
is the surface area of the cathode (cm2 ).
Rhenium–tin coatings were electrodeposited on copper substrates under either galvanostatic or potentiostatic conditions,
without the use of any template, under a wide range of operating conditions and bath chemistries. Electroless deposition of Re
on thin ﬁlms of Sn formed in situ was also performed. All other
experimental details have been described in detail in our previous
publications [3–6].
2.2. Characterization techniques
The surface morphology of the deposits after drying was
observed by means of an environmental scanning electron microscope (ESEM, Quanta 200 FEG from FEI) operated in the high
vacuum mode. The attached liquid-nitrogen-cooled Oxford Si EDS
detector was used to determine the atomic composition of the alloy.
Each sample was analyzed at ﬁve locations, to conﬁrm uniformity.
Metallographic cross-sections of selected samples were prepared
in order to characterize the coating thickness and uniformity. The
thickness was measured by means of analySIS Docu image analysis

package. The ESEM backscattered electrons (BSE) images for these
measurements were acquired under the low-vacuum mode.
Phase identiﬁcation was carried out by X-ray diffraction (XRD).
To this aim, a – powder diffractometer from Scintag, equipped
with a liquid-nitrogen-cooled germanium solid-state detector
and Cu-K␣ radiation source, was used. The structure of the
nanowires, placed on a copper grid covered on one side with a
carbon membrane, was characterized using a Philips Tecnai F20
ﬁeld-emission-gun transmission electron microscope (FEG-TEM)
operating at 200 kV. This microscope is equipped with an EDS
detector from EDAX, for chemical analysis. High-resolution imaging and fast Fourier transform (FFT) analysis of the nanowires were
acquired. Sample preparation for TEM characterization was made
in two ways. First, the coated sample was immersed in a cup containing deionized water, which was subsequently dipped in an
ultrasonic bath for 3 min. The nanowires were consequently broken and ﬂoated in the water, which was then poured on the TEM
copper grid. Next, the water was evaporated, and the nanowires
resting on the grid were examined. A second sample preparation
technique consisted of embedding the nanowires in glycid ether,
cutting thin sections using Reichert Ultracut S ultramicrotome, and
placing the sample on formyar/carbon-coated TEM grids.
The surfaces of selected samples were analyzed using X-ray photoelectron spectroscopy (XPS) measurements, performed in UHV
(3.3 × 10−8 Pa base pressure) using 5600 Multi-Technique System
(PHI, MN). All other instrumentation details were described in our
earlier publications [3–6].
3. Results
In the framework of this study, about 50 samples were coated
under different bath chemistries and operating conditions, and subsequently characterized. In Section 3.1, the variation of potential
with time at a constant current density and the formation of Re–Sn
nanowires are presented. In Section 3.2, the effect of bath chemistry
on the FE, partial current densities and Re-content in the deposited
alloy is shown. Subsequently, Section 3.3 describes the effect of
operating conditions on the FE, partial deposition current densities and Re-content. In Section 3.4, the electroless deposition of Re
on a thin ﬁlm of Sn is presented. Finally, Section 3.5 describes the
characterization of the deposits in general, and the nanowires in
particular, by means of ESEM, XRD, XPS and TEM.
3.1. The formation of nanowires
The variation of potential with time during deposition at a
current density of 50 mA cm−2 is shown in Fig. 1. Three potential regions can be distinguished. Initially, the measured potential
changes slowly in the positive direction from approximately −1.3 V
to −1.1 V vs. SHE. Next, it changes abruptly. Finally, the potential
becomes stable around a less negative value of −0.7 V vs. SHE. It
should be noted that the time at which the sudden transition from
region (a) to (b) varies between repeated experiments, but it is
observed in all experiments where nanowires were formed, indicating that region (a) may represent a thermodynamically unstable
state. This may be associated with the need to reduce the ReO−
4 ion
to a lower oxidation state, such as ReO−
3 , the formation of a thin
layer of Sn that can act as a catalyst in the reduction of the ReO−
4
ion, or the increase of the surface area associated with the initiation of formation of nanotubes or nanowires. The coatings obtained
in region (a) consisted of micro-particles of Sn. The color of the
solution at the beginning of the experiment was light blue. However, after passing region (b) associated with the formation of the
nanowires, the solution became colorless. The coatings formed in
region (c) consisted of nanowires and contained about 25 at.% Re,
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(a)

Fig. 1. The dependence of potential on deposition time. Three potential regions (a–c)
can be distinguished (see Section 3.1). The analytical concentration of citric acid was
343 mM, and that of magnesium sulfamate, tin chloride and ammonium perrhenate
was 34 mM each. Plating was conducted for 1 h, at 70 ◦ C, pH 5, and 50 mA cm−2 .

(b)

75 at.% Sn. A more thorough characterization of different coatings
is discussed below.
3.2. The effect of bath chemistry
The effect of the analytical concentration of Sn2+ ions was examined. Fig. 2a shows the effect of the Sn-to-Re ratio on the FE and
Re-content in the deposited ﬁlm. The dependence of the partial
deposition current densities of Re and Sn on the Sn-to-Re ratio in
solution is shown in Fig. 2b. In both cases, the concentrations of
ammonium perrhenate and citric acid in the bath were 34 mM and
343 mM, respectively, and the analytical concentration of magnesium sulfamate was equal to the analytical concentration of tin
chloride in each experiment. It should be noted that nanowires
were formed at any Sn-to-Re ratio of 0.67–2. In Fig. 2a, one should
note the relatively high FE (46%) when Re–Sn nanowires were
formed at Sn:Re = 2:1.
It can also be seen in Fig. 2a that the Re-content in the deposit is
the highest within the range where nanowires were formed (except
of Sn:Re = 2:1), while the partial deposition current of Re seems to
be essentially independent of the concentration of Sn2+ above a
ratio of 0.5 (Fig. 2b). However, the FE increased signiﬁcantly when
increasing the concentration of Sn above a Sn:Re ratio of 1.5, and
the partial deposition current of Sn exhibited the same behavior.
Fig. 2 shows that the deposition of Re is negligible in the absence of
Sn, a behavior similar to that observed in the case of codeposition of
Re with iron-group metals [3–6]. For Sn:Re ratios higher than 1.25,
deposition of Sn, in a parallel path seems to take place along with
the co-deposition of Re and Sn. Correspondingly, the Re-content in
the deposit in this region decreased (Fig. 2a), whereas its partial
deposition current remained nearly constant (Fig. 2b).

Fig. 2. (a) Dependence of the Faradaic efﬁciency and the Re-content in the deposit
on the Sn-to-Re ratio in solution. (b) The partial deposition current densities of Re
and Sn as a function of the Sn-to-Re ratio in solution. The analytical concentrations
of ammonium perrhenate and citric acid were 34 mM and 343 mM, respectively. The
analytic concentration of magnesium sulfamate was equal to that of tin chloride in
each experiment. Plating was conducted for 1 h, at 70 ◦ C, pH 5, and 50 mA cm−2 .

Re-content (88 at.%) that was attained at the highest overpotential;
however, nanowires were not formed at this applied potential. The
highest Re-content associated with the formation of nanowires was
77 at.%.
3.3.2. The effect of applied current density
Fig. 4a shows the effect of the applied current density on the FE
and Re-content. The dependence of the partial deposition current
densities of Re and Sn on the applied current density is shown in
Fig. 4b. Nanowires were formed within the whole range of current
densities evaluated in this work (10–70 mA cm−2 ).
3.4. Electroless deposition of Re on Sn

3.3. The effect of operating conditions
3.3.1. The effect of applied potential
Fig. 3a shows the effect of the applied potential on the FE and Recontent, in a solution with a Sn-to-Re ratio of 1. The dependence of
the partial deposition current densities of Re and Sn on the potential
are shown in Fig. 3b. It should be noted that nanowires were formed
within the range of −0.9 to −1.1 V vs. SHE. The FE decreased as the
applied potential became more negative, while the Re-content and
the partial deposition current density of Re increased. In contrast,
the partial deposition current density of Sn exhibited a local maximum at −0.9 V vs. SHE. In Fig. 3a, one should note the very high

Electroless deposition of Re on an electrodeposited thin ﬁlm of
Sn was performed. The resulting coating was characterized by XPS.
Spectra are presented in Fig. 5a for the as-deposited surface, and in
Fig. 5b after sputtering. The electroless plating yielded metallic Re
in addition to Re oxides (ReO2 and Re2 O5 ). Hence, this shows that
Sn can reduce the perrhenate at open-circuit to metallic Re and Re
oxides (cf. Section 4). In addition, a new doublet with a binding
energy higher than that of metallic Re and lower than that of ReO2
was found. This doublet may represent a non-equilibrium alloy of
Re and Sn, although the possibility that it is associated with a lower
oxide of Re (O:Re < 2:1) cannot be excluded.
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(a)

(a)

(b)

(b)

Fig. 3. (a) Dependence of the Faradaic efﬁciency and the Re-content in the deposit
on the applied potential. (b) The partial deposition current densities of Re and Sn as
a function of the applied potential. Citric acid 343 mM, magnesium sulfamate, tin
chloride and ammonium perrhenate 34 mM each, plating time 1 h, at 70 ◦ C, and pH
5.

Fig. 4. (a) Dependence of the Faradaic efﬁciency and the Re-content in the deposit
on the applied current density. (b) The partial deposition current densities of Re
and Sn as a function of the applied current density. Citric acid 343 mM, magnesium
sulfamate, tin chloride and ammonium perrhenate 34 mM each, plating time 1 h, at
70 ◦ C, and pH 5.

Table 1
Atomic concentration of Re and Sn in electroless plating of Re on in situ electrodeposited Sn ﬁlm, before and after sputtering.

Sn
Re
Sn:Re

c/at.% Before sputtering

c/at.% After sputtering

93.2
6.8
13.6:1

96.4
3.6
27.1:1

After sputtering, only metallic Re and the new doublet were
detected. However, this might be inﬂuenced by a preferential sputtering effect typical of heavy metal oxides that causes oxygen
depletion [37–39]. The atomic concentration of Re and Sn in the
electroless coating is presented in Table 1.
3.5. Coating characterization
3.5.1. Characterization of surface morphology, chemistry and
coating thickness
As described before, three regions of potential were evident,
while the nanowires were formed. In order to better understand
the process, experiments were stopped during each of these three
regions, and the coating that was formed at that point in time was
characterized.
ESEM images of the coatings obtained in regions (a)–(c) are
presented in Fig. 6a–c, respectively. In region (a), faceted microparticles of Sn were formed and only Sn was detected by EDS.
In region (b), the formation of nanowires on the surface of the

Fig. 5. (a) High-resolution XPS measurements before (a) and after (b) sputtering
of coatings obtained by electroless deposition of Re on a freshly deposited in situ
formed Sn ﬁlm. The Re peaks refer to Re 4f.
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Fig. 6. Scanning electron microscope secondary electron images taken from three different coatings on copper substrates. (a) A coating obtained in region a, (b) a coating
obtained in region b, (c) a coating obtained in region c, (d) high-magniﬁcation of the coating shown in Fig. 6c.

Table 2
Atomic concentration of elements at the surface of a coating obtained in region a
(cf. Fig. 1), as acquired by XPS at different take-off angles.

C
O
Sn
Re
Sn:Re

c/at.% 20◦

c/at.% 45◦

c/at.% 75◦

30.4
43.0
23.4
2.7
8.9:1

31.4
42.8
23.0
2.5
9.1:1

29.8
42.5
25.1
2.6
9.6:1

micro-particles took place, and the EDS detected Re, in addition
to Sn. Finally, at the end of region (c) the micro-particles could no
longer be identiﬁed by ESEM, and a dense network of nanowires
was clearly seen on the surface of the sample. A high-magniﬁcation
image of a zone in Fig. 6c is shown in Fig. 6d. Some of the nanowires
actually seem to be nanotubes. This point will be discussed in more
detail below.
The surface composition was analyzed by XPS. A comparison
was made between a coating formed in region (a), and the coating
that was formed after the sharp change in potential, i.e. in region
(c). The two surfaces were analyzed at different take-off angles,
and the results are summarized in Tables 2 and 3. On the surface
of both samples, O, C, Sn and Re were found. However, the coating
formed in region (c) contained much more Re than that in region
(a). It should be emphasized that Re was detected in both samples,
whereas the EDS analysis detected Re only in the coatings formed
during regions (b) and (c), but not during region (a). High-resolution
measurements for detection of Re and Sn before sputtering are presented in Fig. 7, and after sputtering in Fig. 8. In Fig. 7a and b it can be

Table 3
Atomic concentration of elements at the surface of a coating obtained in region c
(cf. Fig. 1), as acquired by XPS at different take-off angles.

C
O
Sn
Re
Sn:Re

c/at.% 20◦

c/at.% 45◦

c/at.% 75◦

23.3
50.1
16.8
9.9
1.7:1

23.7
51.0
16.0
9.4
1.7:1

22.6
49.4
18.4
9.6
1.9:1

seen that metallic Re and different Re oxides are present in the two
samples. However, in the sample formed within region (c) (Fig. 7b),
Re–Sn alloy is present, probably in its oxidized state. Tin was found
in the two samples in its metallic form, as well as in its oxidized
state (Fig. 7c and d). After sputtering, more metallic Re was found,
and the Re–Sn alloy was found also in the sample formed in region
(a), albeit in very small quantities. The different states of Re, their
quantities and the peak positions, before and after sputtering, are
summarized in Tables 4 and 5, respectively.
The XPS depth proﬁles are presented in Fig. 9a and b for coatings formed in regions (a) and (c), respectively. In Fig. 9 it is evident
that the concentrations of O and C decrease as the sputtering depth
increases. However, the coating formed in region (c) seems to be
more oxidized. Correspondingly, the concentrations of Re and Sn
increase. The coating established in region (c) is richer in Re compared to the coating formed within region (a).
The thickness of the coating obtained in region (c), after a deposition time of 1 h, was measured by ESEM on a metallographic
cross-section. The image of the cross-section is presented in Fig. 10.
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Fig. 7. High-resolution XPS measurements, before sputtering, of coatings obtained within regions a (Fig. 7a and c) and c (Fig. 7b and d). The Re peaks refer to Re 4f.
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Fig. 8. High-resolution XPS measurements of the samples in Fig. 7, after sputtering. The Re peaks refer to Re 4f.

Table 4
Peak positions and relative abundance (% out of at.% of rhenium presented in
Tables 2 and 3) of oxidation states of rhenium at the surface of coatings obtained in
regions a and c, respectively, as acquired by XPS before sputtering.
Component

Re
Re–Sn–O
ReO2
Re2 O5
ReO3

4f 7/2
4f 5/2
4f 7/2
4f 5/2
4f 7/2
4f 5/2
4f 7/2
4f 5/2
4f 7/2
4f 5/2

Table 5
Peak positions and relative abundance (% out of at.% of rhenium presented in
Tables 2 and 3) of oxidation states of rhenium at the surface of coatings obtained in
regions a and c, respectively, as acquired by XPS after 2.5 min sputtering.

Peak position (eV)

%

Region a

Region c

Region a

Region c

Component

40.44
42.87
–
–
42.80
45.23
43.98
46.41
46.37
48.80

40.64
43.07
41.60
44.03
42.80
45.23
44.18
46.61
46.27
48.70

44.0

28.3

Re

–

32.6

Re–Sn

26.7

24.9

ReO2

16.1

8.4

Re2 O5

13.2

5.8

ReO3

4f 7/2
4f 5/2
4f 7/2
4f 5/2
4f 7/2
4f 5/2
4f 7/2
4f 5/2
4f 7/2
4f 5/2

Peak position (eV)

%

Region a

Region c

Region a

Region c

40.38
42.81
41.16
43.59
42.37
44.80
43.95
46.38
–

40.58
43.01
41.16
43.59
42.77
45.20
44.15
46.58
–

73.7

43.4

5.9

32.1

13.8

18.8

6.6

5.7

–

–

A. Naor-Pomerantz et al. / Electrochimica Acta 56 (2011) 6361–6370

100
90

6367

(a)

80

Sn

c(at%)

70
60
50
40

O

30
20

C

10

Re

0

0

5

10

15

20

25

30

Sputter time / min
Fig. 10. ESEM secondary electron image acquired from metallographic cross-section
of a coating obtained in region c on a copper substrate.
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Fig. 9. XPS depth proﬁles for coatings obtained (a) in region a, (b) in region c.

The coating thickness is approximately 13 m. It should be noted
that the nanowires can hardly be recognized in this image, possibly
due to a destructive process of grinding and polishing.
3.5.2. Crystallographic structure of the ﬁlm
The XRD pattern from a coating consisting of nanowires is presented in Fig. 11. This XRD pattern reveals both amorphous Re
(halo at around 41◦ ) and crystalline ␤-Sn with preferred orientation
{1 0 1}. Sn seems to reside in a separate phase, although one cannot
exclude the possibility that little Sn is present in the Re matrix. In
addition, crystalline Cu, from the substrate, is detected.
3.5.3. Characterization of the nanowires
The characterization of individual nanowires was carried out
both by ESEM and by TEM. In the ESEM, two imaging modes were
used, secondary electrons (SE) and backscattered electrons (BSE).
SE images (Fig. 12a and c) reveal all entities as nanowires. However,
BSE images (Fig. 12b and d) reveal some broken nanowires to actually have a core/shell structure. This phenomenon will be discussed
in the next section. EDS analysis of individual nanowires showed
60 at.% Sn, 40 at.% Re. The Sn-to-Re ratio obtained by EDS is somewhat higher than that observed by XPS after 30 min sputtering (see
Fig. 9b).
TEM bright-ﬁeld and FFT images of individual nanowires are
presented in Fig. 13. Low-magniﬁcation image along a single

nanowire clearly shows the core/shell structure (Fig. 13a). According to this image, the thickness of the shell is approximately
22 nm and the diameter of the core is approximately 82 nm. Highresolution image of a cross-section of a single nanowire is presented
in Fig. 13b; the core/shell structure is evident. This image shows a
thickness of the shell of about 7 nm. It should be noted that the
diameter of the nanowires varied in different samples (typically,
within the range 40–130 nm). Fig. 13b shows lattice fringes in the
core, implying a crystalline structure of the core material, most
likely representing metallic Sn. In contrast, the shell exhibits an
amorphous structure, which may be ascribed to amorphous Re-rich
phase. FFT image of Fig. 13b is shown in Fig. 13c. Based on the analysis of this FFT image, the presence of {1 0 1} planes of crystalline
Sn were determined, which was the preferred orientation found by
XRD. EDS analysis was also performed in the TEM. However, the
results were not reproducible, because the Sn melted during the
measurement.
4. Discussion
In this work, Re–Sn nanowires were electrodeposited in a process consisting of three main steps. In the beginning of the process,
with the moderate increase of potential, micro-particles of Sn were
formed, and were subsequently coated with Re. Although the EDS
analysis of the micro-particles detected only Sn, the XPS analysis
detected also a low concentration of Re. Since XPS is a technique
which is sensitive to the surface of the sample, it can be assumed
that the Re that was detected by it was at the surface of the Sn microparticles. After the formation of those Re-coated Sn micro-particles,
a sharp shift of the potential in the positive direction occurred.
At this stage, Re–Sn nanowires started growing on the surface of
the micro-particles. Once the nanowires formed, Re was detected
by EDS. Finally, the potential was stabilized, and the nanowires
covered the whole surface area of the sample. These three steps
occurred in sequence and may be related to one another, e.g. some
of the products in step (a) served as reactants in step (b). XPS measurements detected several Re oxides, the ions of which may be
the products in step (a), and become the reactants in step (b) – the
reduction of metallic Re.
It was found that the formation of the nanowires was limited to a Sn-to-Re ratio range of 0.67–2, and that the related
Re-concentration in the deposit was relatively high, approximately
30 at.% for Sn-to-Re values of 0.67–1.25, and then decreased. How-
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Fig. 11. XRD pattern from a coating consisting of nanowires.

ever, the FE and the partial deposition current of Sn increased with
increasing concentration of Sn.
The nanowires were formed over a fairly wide range of applied
potential of −0.9 to −1.1 V vs. SHE. The FE decreased, while the Re-

content and the partial deposition current density of Re increased,
with the increase of the applied potential. One should note the high
content of Re (88 at.%) at the highest applied potential; however, no
nanowires were formed under these conditions. The highest Re-

Fig. 12. ESEM images of individual nanowires formed in region c and placed on a carbon tape. (a) SE image of the nanowires, (b) BSE image of the nanowires, (c) and (d)
high-magniﬁcation SE and BSE images of the nanowires, respectively.
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Fig. 13. TEM characterization of nanowires from coatings obtained in region c, showing the core/shell structure. (a) Low-magniﬁcation bright-ﬁeld image revealing a
longitudinal view of a single nanowire. (b) High-resolution image of the cross-section of a single nanowire. (c) FFT of Fig. 13b.

Fig. 14. The rhenium–tin phase diagram. “(Sn) It” stands for ␣-Sn, whereas “(Sn) rt”
stands for ␤-Sn. Reprinted from Ref. [41].

content associated with the formation of nanowires was 77 at.%.
Moreover, the nanowires were formed also within a wide range
of applied current densities (10–70 mA cm−2 ), although a current
density of 50 mA cm−2 seems optimal and yields the maximal Recontent, as well as the highest partial deposition current densities
of both Re and Sn. However, the FE is not high – only 10%.
Microscopic images revealed that the nanowires had a core/shell
structure. For example, the ESEM-BSE images in Fig. 12 b and d
show that the nanowires have a dark core and a bright shell. This
can be attributed to the difference in atomic numbers (75 for Re,
50 for Sn). In addition, the impression, based on some ESEM-SE
images (c.f. Fig. 6d), that nanotubes were formed may result from
removal of the Sn core due to local heating, which results from
the interaction with the electron beam. FFT analysis of TEM images
revealed only crystalline Sn (the surrounding Re is amorphous).
High-resolution TEM images revealed lattice fringes in the core and
amorphous structure of the shell.
A core/shell structure, with Sn in the core, may point to a deposition mechanism similar to that suggested by us for the effect of the
iron-group metals on the deposition of Re. In that case, it was proposed that the mechanism by which the addition of an iron-group
metal to the solution enhanced the rate of deposition of Re was
through a unique type of electroless plating, in which the reducing
agent was metallic Ni, Fe or Co formed in situ [3–6]. In the case of
the Re–Sn system, the reducing agent may be metallic Sn, which
is formed in situ, and then reduces the perrhenate ion to metallic Re. Alternatively, the reduction could be only partial, to a less
stable ion, such as the rhenate ion, ReO3− , which is then reduced
electrochemically to metallic Re. According to this mechanism, the

formation of a Re shell may result from oxidation of the metallic Sn
nanowire. Electroless deposition of Re on a Sn thin ﬁlm shows that
Sn can reduce the perrhenate at open-circuit to metallic Re and Re
oxides; supporting the mechanism that is suggested here.
Liu et al. [40] suggested a mechanism for the formation of a
Cu/Ni core/shell structure during electrodeposition, in terms of the
different nucleation and growth rates of Cu and Ni. While Cu deposition was initially fast and exhibited a relatively low density of
islands that became the cores, Ni deposition was initially slow and
was associated with a high density of small islands surrounding the
larger copper islands. The miscibility gap in the composition range
of interest (as evident in the Cu–Ni phase diagram) was claimed to
provide the driving force for phase separation and to lead to the
formation of a columnar microstructure.
The Re–Sn phase diagram is presented in Fig. 14 [41,42]. It shows
no mutual solubility of Re in Sn (either ␤-Sn above 286 K, or ␣-Sn
below 286 K) or vice versa, within the entire composition range. A
driving force for phase separation thus exists in our case too. Hence,
fast kinetics of Sn deposition and slow kinetics of Re deposition may
be responsible to the formation of a core/shell structure.
It is puzzling why nanowires with a core/shell structure have
been found by us so far only in the Re–Sn binary system. We believe
that if Sn will be replaced by In, Sb, Pb or Bi, which are close to it
in the periodic table, similar core/shell structure will be formed
under suitable conditions. While we could not track the Re–In and
Re–Pb phase diagrams, the Re–Sb and Re–Bi phase diagrams show
no mutual solubility of Re and the second element. Further experimental work is required to support our hypothesis.
Regarding the technological value of our ﬁnding that ﬁlms consisted of Re–Sn nanowires with a core/shell structure can be formed
electrochemically, such ﬁlms may become attractive for a variety
of applications, such as catalysis, fuel cells, and biomedical. Preliminary experiments have shown that our coatings possess good
catalytic behavior. Hence, further work is planned in this direction. In addition, it may be possible to remove the Sn by selective
chemical etching or thermal treatment, thus obtaining novel Re
nanotubes with unique properties.

5. Conclusions
• Conditions for the electrodeposition of Re–Sn coatings consisting
of nanowires, with as high as 77 at.% Re or Faradaic efﬁciency as
high as 46%, were identiﬁed. The nanowires were formed over
a wide range of Sn-to-Re ratios (0.67–2), and in a fairly wide
range of operating conditions, namely applied potential of −0.9
to −1.1 V vs. SHE, and applied current density of 10–70 mA cm−2 .
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• The factors affecting the electrodeposition of Re–Sn coatings, particularly the Faradaic efﬁciency, the Re-content in the deposit
and the partial deposition current densities of Re and Sn, were
studied. The following relations were observed:
(i) As the Sn concentration in the bath was increased, the
Faradaic efﬁciency and the partial deposition current of Sn
increased, while the Re-content in the deposit was maximal
in the range of Sn-to-Re = 0.67–1.25. However, the partial
deposition current of Re increased until a Sn-to-Re ratio of
0.67, and then stayed nearly constant.
(ii) As the applied potential was increased, the Re-content and
the partial deposition current density of Re increased, while
the Faradaic efﬁciency decreased.
(iii) The optimal applied current density was 50 mA cm−2 , yielding the highest concentration of Re in the deposit and the
highest partial deposition current densities of both Re and
Sn, at a Faradaic efﬁciency of 10%.
• The nanowires seem to have a core/shell structure, the core being
crystalline Sn-rich phase, while the shell being amorphous Rerich phase. The absence of mutual solubility of Re and Sn may be
the driving force for phase separation. Then, faster kinetics of Sn
deposition, forming Sn nanowires, which subsequently undergo
oxidation to allow chemical reduction of the Re shell in situ,
results in the formation of the core/shell structure.
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