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In this study, Re-Ni alloys with high Re content were electrodeposited on copper substrates from aqueous solu-
tions containing additives with a combination of vanillin, sodium lauryl sulfate and gelatin. The bath additives
were found to have a significant effect on the chemical composition, surface morphology and cracking pattern.
The morphology of the alloy was changed from uniformly smooth without additives to relatively coarse-grained
with three additives. The deposition rate and crack density decreased when additives were added to a bath con-
taining 34mMReO4

−, 124mMNi2+ and 343mM [Cit]3−. Almost pure Re filmswere formed at lowNi2+ concen-
tration of 30–50mMdue to the effect of additives; however, the deposited filmwas thin. A thin layer of Re oxide,
a new Re-O-C-complex state and some organic residues from additiveswere formed at the surface of the Re film.
Both the Re-rich alloy and the Re film were found to have an amorphous structure.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Rhenium (Re) is a refractory metal with a unique combination of
properties that makes Re and its alloys attractive for a variety of high-
temperature, catalytic, energy, electrical and biomedical applications,
in spite of its high cost [1–3]. At present, the main manufacturing pro-
cesses for Re and its alloys are powder metallurgy [1,2] and chemical
vapor deposition [3], and to a lesser extent – electroless plating [4–6]
and electrodeposition [7–27].

Re belongs to a group of metals that are difficult to deposit from
aqueous solutions [11]. Previous work in our laboratory has found that
the addition of one of the iron-group metals (Ni, Co, or Fe) to the solu-
tion bath leads to high Faradaic efficiency (FE) and high Re-content in
the deposits. This catalytic effect of iron-group metals on Re electrode-
position, as well as themechanism of codeposition has been investigat-
ed in detail in our lab in recent years [11–14,19–21]. The Re-Ni alloy
system is of particular interest because of the extensive mutual solubil-
ity of Re andNi and the absence of intermetallic compounds in the Re-Ni
peritectic phase diagram.

In our previous work, the effects of bath chemistry and deposition
time on the FE, composition and partial deposition current densities
were systematically studied [11–14]. It was found that the addition
of a Ni salt to a bath containing ReO4

− resulted in coatings with
high Re-content (up to 93 at.%), high FE (up to 96%), and a thickness
as high as 25 μm, with potential for depositing even thicker layers at
longer deposition times.

To date, only few publications have dealt with the influence of bath
additives on electrodeposited Re-Ni alloys, possibly due to the
confidentiality of many related projects worldwide. Only a limited
number of scientific and technical publications [8,27,28] discuss the
addition of additives to solutions for Re-Ni alloy electrodeposition.
Nano-grain Re-Ni alloys with low Re-content (b35 at.%) was
electrodeposited onto stainless steel from sulfamate-based electrolytes
containing wetting agents, stress reducers and brighteners, but the
specific nature of the chemicals used was not disclosed [27]. Greco [8]
reported that fine hairline cracks appear on the surface of Re-Ni alloys
with low Re-content (lower than 16 at.%) when electrodeposited with
a sodium lauryl sulfate (SLS). Huang et al. [28] studied electroformed
crack-free Ni-rich Re-Ni alloys by adding KReO4 to the nickel bath and
employing saccharin.

In the current study, the Re-rich alloys were electrodeposited
galvanostatically from aqueous solutions with combination of vanillin
(Van), SLS and gelatin (Gel) as additives. Sodium lauryl sulfate
(H3C(CH2)11OSO3N/a), a well-known wetting agent, is known to pre-
vent hydrogen bubbles from adhering to the cathode surface. As-depos-
ited Re is not stable in moist air [1]. Metallic Re has low hydrogen
overpotential, and absorption of hydrogen can result in hydrogen em-
brittlement [29]. Therefore,we chose the SLS additive to study the prop-
erties of the deposits. Gelatin, a leveling agent, is known to improve the
morphology of the deposits through adsorption onto active growth
sites, thus controlling the deposition rate [30,31]. Vanillin (C8H8O3) is
often used as a brightener. All the three additives were included in an
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Table 1
Bath compositions and additive concentrations for selected samples.

Sample
NH4ReO4

(mM)
Ni(NH2SO3)2
(mM)

C6H8O7

(mM) Figure

Ref. [11]* 34 124 343 6a, 11a
#67 34 124 343 6b, 7a, 11b
#82 94 124 343 6c
#85@ 34 124 343 6e
#86@@ 34 124 343 6f
#72 34 124 100 6d
#125 50 50 343 6g, 7b, 8–10, 11c

Note: Bath temperature 70 °C, current density 50mA cm−2, pH= 5. All depositions were
conducted for 60 min. The concentrations of Van, SLS and Gel were 1 mM, 1 mM and 2 g
L−1, respectively. *No additives were added. @ pH= 9, @@ Bath temperature 80 °C.
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effort to track synergistic effects between the additives on the proper-
ties of the deposits. Themain objective of the currentworkwas to inves-
tigate the effects of additives, bath chemistry and operating conditions
on the FE, partial current densities, chemical composition, and surface
morphology of Re-rich Re-Ni alloy deposits.

2. Experimental details

2.1. Bath chemistry

In this study, Re-Ni alloys were electrodeposited from aqueous
solutions containing 34–94 mM NH4ReO4, 34–155 mM Ni(NH2SO3)2
and 100–343 mM citric acid. In most cases, the composition of the
electrolyte was 34 mM NH4ReO4, 124 mM Ni(NH2SO3)2 and 343 mM
citric acid. The additiveswere 1mMVanillin (Van), 1mMsodium lauryl
sulfate (SLS), and 2 g L−1 gelatin (Gel).

2.2. Procedure

A three-electrode cell was used. A copper disc cathode with an
exposed surface area of 1.57 cm2 served as the working electrode,
two platinum sheets placed approximately 0.5 cm on both sides of
the WE served as the counter electrodes, and the reference electrode
was Ag/AgCl/KCl(sat.). Prior to electrodeposition, the surface of the
copper substrate was cleaned with a detergent in an ultrasonic
bath for 5 min, and then immersed in a 1:1 solution of 70 wt.% nitric
acid in deionized water at room temperature for about 1 min, to re-
move the native oxide films on the surface of the copper substrate.
This was followed by another cleaning with acetone in an ultrasonic
bath for 3–5 min. In most cases, the deposition conditions of Re-Ni
alloy were as follows: current density of 50 mA cm−2, pH = 5 ±
0.1, and bath temperature 70 ± 1 °C. The volume of the electrolyte
in the cell was approximately 10mL. The deposition process was typ-
ically run for 60 min, although the shortest deposition time was
10 min. Some experiments were carried out at pH values varying
from 3 to 9, or at temperatures of 50–80 °C.

A Princeton Applied Research model 263 A Potentiostat/
Galvanostat was used to control the applied current density. A
thermostatic bath (MRC, B300) was used to control the bath
temperature. All solutions were prepared with deionized water (Di-
rect-Q3, Millipore, theoretical resistivity 18.2 MΩ cm). A 5 M sodium
hydroxide solution was used to adjust the pH to the chosen value.
When Gel additive was added, the solution was heated to 50–60 °C
and stirred by a magnetic stir bar for 30–40 min in order to maintain
solution homogeneity. The solution was then cooled to room
temperature for pH adjustment, and then heated again for 15–
20 min. The bath was purged with pure nitrogen for 15 min before
turning on the current. A nitrogen blanket was passed above the
solution during deposition.

The mass gain due to alloy deposition was tracked with an
analytical balance (BA 210 from Sartorius, resolution 0.1 mg) before
and after each experiment. The average FE was calculated from the
added mass, the charge passed and the chemical composition of
the alloy. The partial current densities of the two metals were
calculated from the added mass and the chemical composition of
the alloy. Further details can be found in our previous publication
[11].

2.3. Characterization

Both the top surface and cross-section of the Re-Ni coatingswere im-
aged by an environmental scanning electronmicroscope (ESEM, Quanta
200 FEG from FEI) at 12.5 keV and a working distance of 10 mm, oper-
ated in the high-vacuum mode. The attached liquid-nitrogen-cooled
Oxford Si energy-dispersive spectroscopy (EDS) detector was used to
determine the surface composition of the alloy. The energy of the
primary electrons was 20 keV. Each sample was tested at five locations
to confirm uniformity.

The phase of the alloy was determined by X-ray powder diffraction
(XRD, Scintag, USA) equipped with a liquid-nitrogen-cooled germani-
um solid-state detector and a Cu-Kα radiation source. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed in ultrahigh
vacuum (3.3 × 10−8 Pa base pressure) using a 5600 Multi-Techniques
System (PHI, USA). The samples were irradiated with an Al-Kα mono-
chromatic source (1486.6 eV), and the outcome electrons were ana-
lyzed by a Spherical Capacitor Analyzer using the slit aperture of
0.8mm. The sampleswere analyzed either at the surface or after sputter
cleaningwith a 4 kV Ar+ ion gun (sputtering rate on SiO2/Si was 3.3 nm
min−1). The carbon signal for C1 s at 285 eVwas taken as an energy ref-
erence for themeasured peaks. In order to identify the elements present
at the surface of the film, a low-resolution survey spectrum was first
taken over a wide energy range (0–1400 eV). High-resolution spectra
were acquired at pass energy of 11.75 eV at increments of 0.05 eV
step−1, to allow precise determination of the position of the peaks
and their shape. Curve-fittingwas donewith Gaussian–Lorentzian func-
tion, using the 5600 Multi-Technique System software. Two fitting pa-
rameters – the position of the peak and its full width at half maximum
– were fixed within less than about ±0.2 eV.

3. Results and discussion

In the framework of this work, samples were electrodeposited
from solutions with the same composition of additives, and at the
same time with different bath chemistries and operating conditions.
Section 3.1 shows the effects of the concentrations of perrhenate,
nickel and citrate ions on the FE and Re-content in the alloy, in the
presence of additives. The effects of pH and temperature when
additives are present are discussed in Sections 3.2 and 3.3,
respectively. Section 3.4 shows the surface morphology, cracking
pattern and chemical composition of representative alloy deposits.
Finally, the crystallographic structure of the alloys is analyzed in
Section 3.5. The bath composition for representative samples for
discussion is listed in Table 1.

3.1. The effects of the perrhenate, nickel and citrate concentrations

Fig. 1 shows the effect of ReO4
− concentration on the main deposit

properties, for Ni[(SO3)(NH2)]2 concentrations ranging from 34 to
155mM. Considering thisfigure, the following trends become apparent:

1. As the concentration of Ni2+ in the electrolyte is increased, the
Re-content in the alloy decreases (Fig. 1(a)), while the partial
current density for the deposition of Ni increases (Fig. 1(d)). It
should be noted that the total applied current is constant
throughout the experiments, and Ni and Re ions are each
partaking in competing reactions. The FE (Fig. 1(b)) also increases
with increasing Ni2+ concentration. This can be understood by
considering that Re is a better catalyst for hydrogen evolution
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Fig. 1. Plots of the Re-content (a), the FE (b), the partial current density of Re (c), and the partial current density of Ni (d) as a function of the concentration of ReO4
−, with different

concentrations of Ni[(SO3)(NH2)]2. The concentration of citric acid: 343 mM.
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than Ni. Therefore, as the Re-content in the alloy declines, the
competing hydrogen evolution reaction declines as well, thus
leading to an increase in the FE.

2. Interestingly, as the concentration of Ni[(SO3)(NH2)]2 is increased,
the partial current density for deposition of Re increases as well
(Fig. 1(c)). This confirms the claim in earlier publications from our
laboratory that Ni ions catalyze the electrodeposition of Re [11–14].

3. The question of ReO4
− ion's capability to catalyze Ni deposition is

slightly more difficult to see in Fig. 1(d). This is due to the fact that
at low concentrations of Ni[(SO3)(NH2)]2, the partial current density
for Ni deposition is quite low (due to high sequestering of nickel ions
by a large excess of citrate ions, as will be shown below). However,
when the Ni concentration falls within the range of 93–155 mM,
this catalysis can be clearly seen.

4. Finally, an interesting observation can be made from Fig. 1(a-d) re-
garding the complexing properties of Ni2+ with species derived
from citric acid. Nickel can exist in solution either as free hydrated
Ni2+ions, as [NiCit]−, or as [NiCit2]4− [32]. The most significant fac-
tor in determining the complexes present is the ratio between the
(b
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respectively.
stoichiometric concentrations of citrate and Ni. It is well known
that the rate of deposition of the free nickel ion is faster than that
of a nickel-citrate ion. Likewise, Ni-deposition is blocked almost
completely when there is a large excess of [NiCit2]4−. Thus, one can
expect to observe a change at the point where free hydrated Ni2+

ions are exhausted. In Fig. 1 we used five concentrations, and there
is a clear separation between the two lower concentrations of
Ni[(SO3)(NH2)]2 (34 and 63mM) and the two higher concentrations
(124 and 155mM). The data for 93mM fall roughly in themiddle be-
tween the two groups. Therefore, it is proposed that around the con-
centration of 93 mM of Ni[(SO3)(NH2)]2, free hydrated Ni2+ ions
begin forming in the solution. Indeed, there is very little deposition
of metallic nickel at the two lowest concentrations of Ni, and the
Re-content is close to 100%. Unfortunately, the FE in such electrolytes
is also very low, making such a system unlikely to be used for
practical applications.

Fig. 2 shows the dependence of the Re-content, FE and partial cur-
rent densities of Re and Ni on the Ni2+ concentration. The
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concentrations of ReO4
− and citric acid in the plating baths were 34mM

and 343mM, respectively. It can be seen from Fig. 2(a) that the Re-con-
tent in the deposits decreases dramatically as theNi2+ concentration in-
creases from 50 to 80 mM, but decreases slightly and seems to remain
constant with further increasing concentration of Ni2+. The FE for elec-
trodeposition steadily increased from 3% to 29% as Ni2+ concentration
increased from 34 to 155mM. It should be noted that Re filmswere ob-
tained at low concentration of Ni2+ ion (34–50 mM), corresponding to
the lowest FE of 3%. Although increasing the Ni2+ concentration led to a
decrease in Re-content in the alloys, it caused a steady increase in the
partial current density of Re, as well as a slight increase in that of Ni
(see Fig. 2(b)). Therefore, it can be said that the presence of nickel in so-
lution catalyzed the deposition of Re.

Netherton and Holt [7] investigated the effect of the Ni2+

concentration in citrate baths on both the Re-content in the alloy
and on the FE. They found that the Re-content decreased with
increasing concentration of Ni2+, while the FE increased to a maxi-
mum and then decreased somewhat. Naor et al. [11] reported that
under the same conditions and with the same ReO4

− and citric acid
concentrations but without additives, Re-Ni alloy deposition showed
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a similar behavior. The results showed the highest Re-content in the
alloys (93 at.%) at low Ni2+ concentrations (34–50 mM). In the
present work, a Re deposit was obtained at low concentrations of
Ni2+, which was attributed to the effect of additives. The increase
in the Re-content due to the additives will be discussed further in
Section 3.4.

Fig. 3 shows the effect of the citric acid concentration on the
properties of the Re-Ni deposits. The concentrations of ReO4

− and
Ni2+in these experiments were 34 mM and 124 mM, respectively.
In Fig. 3(a), the Re-content in the alloy is seen to increase steadily,
while the FE remains constant between citric acid concentrations of
100 to 124 mM, and then decreases from 67% to 25% with further in-
crease in citric acid concentration. The distribution of the citrate-
containing species at this pH is 11.6% [(H2Cit)−], 67.7% [(HCit)2−],
and 20.7% [Cit]3−, with each species affecting the deposition process
in a different manner. The most abundant Ni-citrate complex,
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positive Ni2+ ion with the three negative charges on Cit3−. With
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Fig. 6. ESEM images taken from seven Re-Ni alloy deposits on copper substrates, representing different process parameters and additives. See text for details. The samples are: (a) No
additive, (b) #67, (c) #82, (d) #72, (e) #85, (f) #86, and (g) #125 (cf. Table 1).
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formation of a Ni-deposition inhibiting species. Since Ni2+ acts as a
catalyst for deposition of Re, the partial current densities for both
Ni and Re were found to decline as the citrate/Ni ratio increased, as
seen in Fig. 3(b).

3.2. The effect of pH

The dependence of the parameters of deposition on pH is illustrated
in Fig. 4. All electrolytes consisted of 34 mM NH4ReO4, 124 mM
Ni[(SO3)(NH2)]2 and 343 mM citric acid. Fig. 4(a) shows that the
highest Re-content (91 at.%) was obtained when the pH was 4, corre-
sponding to a very low FE (4.5%). In contrast, at pH = 5, the highest
FE (24.3%) and partial current density (12.4 mA cm−2) of Re were ob-
tained, while the Re-content (76 at.%) was the lowest (see Fig. 4(b)).
The correlation between high Re-content and low FE (and vice versa)
has been reported in previous studies where no additives were used
[11]. Considering that in most cases, the effects of these additives are
via adsorption on the surface of the substrate, their pH-dependence is
therefore not surprising. Fig. 4 shows that the FE is very low at a pH of
3 and 4, and similarly at a pH or 8 and 9. Thus, at low pH values this

Image of Fig. 6


Table 2
Characteristics of selected samples. w is the added mass.

Sample w (mg) Re (at.%) Ni (at%) FE Thickness⁎ (μm)

Ref. [11] 45.3 60 40 57 16.0 ± 0.1
#67 19.1 76 24 24 9.3 ± 0.3
#82 54.5 67 33 69 31.6 ± 0.2
#72 53.2 55 45 67 34.5 ± 0.9
#85 6.2 84 16 8 5.1 ± 1.0
#86 24.5 80 20 31 16.6 ± 0.4
#125 3.1 100 0 4 1.4 ± 0.1

⁎ The average thickness was measured on the cross-sections of the coatings.
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system is not likely to be of any practical interest, in spite of the fact that
Re film can be deposited. However, at pH 5, the Re-content is above
70 at.%, and the FE value somewhat above 20%. Therefore, this could
prove to be a reasonable pH for deposition of high Re-content alloys.
Moreover, reducing the Ni-content of the bath, while maintaining the
pH value of 5, could lead to deposition of alloys having a higher Re-con-
tent, without decreasing the FE.

Netherton and Holt [7] and Fukushima et al. [9] studied the effect
of pH on Re-content and FE for Re-Ni alloys in the absence of
additives. The results obtained were similar, yet not identical to our
results shown here. We attribute the differences to the effect of the
additives, in particular the dependence of the extent of adsorption,
and possibly to change of the structure of the adsorbed additives
with pH.

3.3. The effect of bath temperature

The temperature-dependence of the FE and the Re-content in the
deposit is displayed in Fig. 5. The bath composition and parameters
measured are as in Fig. 4, the pH was 5.0 ± 0.1. It can be noted
from Fig. 5(a) and (b) that the FE, Re-content, and partial current
density of Re increased steadily with increasing temperature from
50 °C to 80 °C, as expected. The temperature dependence of the
formation of electrodeposited Re-Ni alloys without additives has
been studied in earlier works [7,33]. Eliaz et al. [34] observed a
similar behavior for alloys of Zn-Ni, Zn-Co and Zn-Ni-Co. The
interpretation of the data is very difficult in the case of an alloy, as
there are at least two reactions taking place simultaneously, and
several equilibria are involved (e.g. formation of Ni2+ and citrate
complexes). Each rate constant and equilibrium constant could
depend differently on temperature, plus the extent of adsorption
may also be temperature-dependent.

3.4. Surface morphology, cracking pattern and chemical composition

Fig. 6 shows ESEM images acquired from seven Re-Ni alloys
associated with different parameters and additives. Characteristics
of selected samples are summarized in Table 2. Fig. 6(a) shows an
(a) (b

10µm

Fig. 7. ESEM images of metallographic cross-sections of three Re-Ni alloys. Coating
ESEM image of the surface of the alloy deposited without additives.
The composition of the electrolyte is as in Fig. 4. The Re-content
and the FE were 60 at.% and 57%, respectively. Large cracks are
observed, but the rest of the surface is very smooth. These cracks
may result from volumetric changes due to hydrogen absorption
during electrodeposition, from hydride decomposition shortly after
electrodeposition, or from residual stresses due to formation of sev-
eral phases with different lattice parameters within the coating [1,
26]. The deposition rate of the Re-Ni alloy deposited without addi-
tives was approximately 16 μm h−1 (See Table 2).

Fig. 6(b) shows the surface morphology of sample #67. The compo-
sition of the electrolyte was as in Fig. 4. The Re-content and the FE for
this sample were 76 at.% and 24%, respectively. The surfacemorphology
of the alloy consists of many colonies with non-uniform dimensions.
The crack width decreased significantly with the use of additives, and
the cracks cross through colonies. It is thus concluded that the addition
of three additives has a significant effect on the chemical composition,
surface morphology and crack density of the Re-Ni deposits. The thick-
ness of this deposit was 9.3 ± 0.3 μm (Fig. 7(a)). The deposition rate of
the coating decreased with addition of additives in the solutions.

Fig. 6(c) demonstrates the surface morphology of sample #82. The
composition of the electrolyte was the same as in Fig. 4, except that
the concentration of ReO4

− was increased to 94 mM. The Re-content
and the FE for sample #82were 67 at.% and 69%, respectively. The thick-
ness of this deposit was quite high (31.6±0.2 μm), in spite of the signif-
icantly increased ReO4

− concentration (from 34 to 94 mM). This
supports our earlier findings [11] that the rate of deposition of Re is in-
dependent of the concentration of the perrhenate ion, with the excep-
tion of extremely low concentrations where mass transport of ReO4

−

becomes partially rate determining. The surface of the alloy seems to
be smoother than in Fig. 6(b), and contains relatively large micro-
cracks. Increasing the concentration of ReO4

− led to a major increase in
the width of the cracks, when compared to Fig. 6(b).

Fig. 6(d) demonstrates the surface morphology of sample #72. The
composition of the electrolyte was the same as in Fig. 4, except that
the concentration of citric acid was decreased to 100 mM. The Re-con-
tent and FE for sample #72 were 55 at.% and 67%, respectively. The re-
duction of the concentration of citric acid (from 343 to 100 mM) led
to an increase in the concentration of free hydrated Ni2+ ions. A com-
parison of samples #82 and #72 indeed shows a reduction of the Re-
content in the alloy and an increase in the Ni-content. The FE is almost
the same, as is the thickness. Unfortunately, after deposition, most of
the deposit delaminated from the substrate. The deposit was brittle,
and large cracks were formed on its surface. This is most likely due to
the fact that the citrate concentration was lower than that of the Ni2+

ion. Naor et al. [11] reported that at a Cit/Ni ratio b 1, free hydrated
Ni2+ and [NiCit]− are the predominant species. As this ratio reaches
unity, the concentration of free hydrated Ni2+ falls almost to zero,
whereas a further increase in the concentration of citrate leads to the
formation of complexes such as [(Ni)(H2Cit)2]0 or [(Ni)(HCit)2]2−.
)

10µm

(see arrow) thickness is given in the text. The samples are: (a) #67, (b) #125.

Image of Fig. 7


Table 3
Atomic composition (at%) of sample #125 before and after sputtering, as determined by
XPS.

Before sputtering 5 min sputtering 10 min sputtering

C 42.7 4.9 5.2
O 27.7 4.7 5.2
Re 12.4 86.4 86.0
Cu 1.4 0.4 0.4
N 11.4 2.9 2.7
Na 4.4 – –
Ni – 0.7 0.5
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Fig. 8. XPS depth profiles for sample #125.
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These complexes can sequester the Ni2+ ion, thus inhibiting its reduc-
tion. The rate of Ni deposition is therefore expected to decrease in the
order of Ni2+ N NiCit− N NiCit24−, both at pH = 5 and at pH = 8. This
explains the decrease in Re-content and increase in Ni-content in the
present work. Thus, the ratio between the concentrations of citric acid,
Ni2+ and ReO4

− in solution is an important factor in controlling the de-
position rate, FE and composition of the alloy in the Re system.

Fig. 6(e) shows the surface morphology of sample #85. The compo-
sition of the electrolytewas the same as in Fig. 4, with the exception that
the pH was 9. The Re-content and the FE were 84 at.% and 8%, respec-
tively. The surface of the deposit consists ofmany colonieswith uniform
dimensions. The size of the colonies is much smaller than in Fig. 6(b).
The width of cracks decreased slightly in comparison with Fig. 6(b).
The thickness of the deposit at pH = 9 was low (5.1 ± 1.0 μm), corre-
sponding to the very low FE.

Fig. 6(f) shows the surface morphology of sample #86. The com-
position of the electrolyte was the same as in Fig. 4, except that the
bath temperature was increased from 70 °C to 80 °C. When com-
pared with Fig. 6(b), the increase in bath temperature is seen to
have resulted in an increase of both the Re-content and the FE. In ad-
dition, cracks with many nanoparticles of Re and Ni were formed on
the surface. Although nanoparticles are evident at high magnifica-
tion within each colony in Fig. 6(b-e), they are more pronounced in
Fig. 6(f). The consequence of temperature changes on the quality of
the deposit is hard to predict, as discussed above (cf. Section 3.3).
Considering that the reduction of the ReO4

− ion is not the rate deter-
mining step, it may be suggested that increasing the temperature
would shift the equilibrium between the Ni-citrate complexes in
the direction of releasing more free hydrated Ni2+, which then acts
as a catalyst for the reduction of the ReO4

− ion. The thickness of the
deposited layer is reduced by a factor of about two, compared to
samples #82 and #72 (Fig. 6(c) and 6(d), respectively).

Fig. 6(g) shows the surfacemorphology of sample #125. The compo-
sition of the electrolytewas the sameas in Fig. 4, except that the concen-
trations of both ReO4

− and Ni2+ were both 50 mM. The Re-content and
the FE were 100 at.% and 4%, respectively. Under these deposition con-
ditions, a black Re film was formed. The surface morphology of the
film was composed of many small spherical globules, and very thin
cracks are seen along the boundaries on the surface. Fig. 7(b) shows
that the thickness of this film was about 1.4 μm. The coating is not
straight and uniform. According to Fig. 1(a), Re films were obtained at
low concentrations (34 and 50 mM) of Ni2+ while keeping the other
components constant, but the FE was only 3%. The highest Re-content
(93 at.%) obtained in the absence of additiveswas found in alloys depos-
ited from the baths with low concentrations (34 and 50 mM) of Ni2+.
However, the FE in such instances was only 11–12% [11]. With addition
of 1 mMVan, 1mMSLS and 2 g L−1 Gel to equal concentrations of Ni2+

and ReO4
−, Re film was formed. In many other cases, we found that the

surface of Re-Ni alloys with 90–100 at.% Re consisted of very small, or
even no cracks, but the FE was very low.

Organic additives adsorbed on the surface of metal cathode could af-
fect the activation energy, the mechanism of electrocrystallization, and
the rates of mass transport and charge transfer in the electrochemical
reaction [35,36]. Additives are added to a plating bath for a number of
purposes, including controlling hydrogen evolution, crystal texture,
grain size and roughness, as well as to reduce residual stresses, increase
hardness, and impart a mirror-like luster to the surface. Franklin [37]
reviewed some mechanisms by which additives could affect the rate
of metal electrodeposition. In the current work, SLS is a well-known
wetting agent, which could prevent hydrogen bubbles from adhering
to themetal cathode surface. It could act by themechanismof hydrogen
absorption. The molecular structure of Gel consists of a series of amino
acids linked to one another via peptide bonds. In the electrolyte, several
nitrogen atoms are available for adsorption on the electrode surface,
and form complexes with metal ions. Brown and Hope [38] reported
that adsorption of Gel on the cathode surface occurs through electron-
rich donor atoms such as nitrogen. The chemical environment of each
of these nitrogen atoms is influenced by neighboring functional groups
and the extent of hydrogen bonding in themolecule. Gelatin was found
to suppress the growth of nuclei through preferential adsorption on the
cathode surface. Kostromina et al. [39] suggested that Ni2+ displays a
strong tendency to form bonds with NH groups in a bath containing
Gel at pH of 3.0–5.0. The lack of Ni deposition may be explained by as-
suming that the complexes formed with Ni ions suppressed the reduc-
tion of Ni ions in the electrolyte or controlled the transport of Ni ions.
The mechanism by which Gel affects the electrodeposition could be ad-
sorption of ligand complexes with the metal ion which increases the
amount of metal ion adsorbed on the electrode (thus increasing the
rate of reduction), or the ability of a complexed ion to accelerate the
rate of electrons transfer from the electrode to the metal ion through
the additive. Vanillin is used as a brightener. In leveling and brightening
mechanisms there is a debate on whether additive adsorption is on ac-
tive sites, geometrical protrusions or specific crystallographic faces, and
whether the influence is on diffusion or deposition, but there is general
agreement that the additive is essentially acting only as an impurity
[37]. In our study, the mixture of all three additives led to no evidence
of Ni deposition, determined by EDSpattern. In citrate solutionswithout
Gel, high citric acid concentrations led to an increase in Re-content. This
is perhaps related to the formation of [Ni(H2Cit)2]0 or [Ni(HCit)2]2−,
which inhibit parallel paths for deposition of Ni [11].

The chemical composition of sample #125was analyzed by XPS. The
atomic composition of the alloy before and after 5–10 min sputtering is
listed in Table 3. Before sputtering, the elements C, O, N, Re, Cu and Na
were identified at the surface. The small amount of Cu is likely due to
inhomogeneities in the thin film, and therefore slight exposure of the
substrate. After sputter cleaning, Na disappeared, and C, O and N
decreased significantly. This is to be expected for C, O and N when
present due to either ordinary adsorption from the environment or
adsorption of organic additives on the cathode surface during
electrodeposition. It should be noted that a small amount of Ni appeared
following sputter cleaning, and the concentration of Re increased
remarkably (see Fig. 8). It appears, therefore, that a thin layer of Re

Image of Fig. 8


Fig. 9. The Re 4 f XPS spectra from sample #125 before and after sputter cleaning.
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oxidewas formed at the surface. The concentration of Rewas essentially
constant during sputtering from 1 to 10 min.

Fig. 9 shows the XPS measurements of sample #125 before and
after sputtering. It should be noted that the Re 4 f spectra is com-
posed exclusively of doublet structures due to multiplet splitting
(4f5/2 and 4 f7/2) after sputtering, indicating that the film consisted
of the Re state. Curve fitting was conducted to quantify and to
deconvolute the contribution of the C and Re elements. Fig. 10
shows high-resolution XPS spectra of sample #125 before
sputtering. The C and Re spectra are shown in Fig. 10(a) and (b), re-
spectively. The different states of Re, their quantities, and their peak
positions before sputtering are summarized in Table 4. It can be ob-
served from Fig. 10(a) that the states of C includes C-C, C-H, C-O,
and NC_O, which originate from the adsorption of organic additives
on the surface. These states of organic matter could influence the
electrodeposition of the film. The O-C_O and NC_O states result
from the gelatin additive (cf. Fig. 10). The peak position of Re oxides
is in agreement with those detected in previous works [14,18], with
the exception of a new state with chemical bond content of 33.04%.
Fig. 10. High-resolution XPS spectra of sample #1
In this study, a doublet with Re 4 f7/2 peak at 41.00 eV was detected
before sputtering. Its binding energy was higher than that of Re,
but lower than that of ReO2. A new state at ~41.00 eV was also de-
tected by Cohen Sagiv et al. [18] and was related to an oxidized
state of Re-alloy + O. In this study, the concentration of Ni in the
film was very low, indicating that it may be a new Re-O-C-complex
state (cf. Table 4).

The atomic concentrations of the elements after sputtering were
somewhat different than those obtained by EDS. This discrepancy may
be related to inhomogeneity of the deposit or to non-uniform sputtering
[18]. According to the EDS patterns, the coating consists of Re and Cu,
the latter indicating a thin film. The elements C, O and N were not
detected due to the intrinsic ~1% error limit of the instrument.

3.5. Crystallographic structure

Fig. 11 shows the XRD patterns from Re-rich Re-Ni alloys. When no
additivewas used (Fig. 11(a)), a broad diffraction peak at ~42.6° indicates
that the Re-Ni alloy consists of an amorphous phase. This amorphous
25 before sputtering. (a) C1s and (b) Re 4 f.

Image of Fig. 9
Image of Fig. 10


Table 4
Peak positions and relative abundance (% out of at% Re presented in Table 3) of oxidation
states of Re at the surface of sample #125 before sputtering.

Component
Peak
position

Binding
energy
(eV)

FWHM
(eV)

Chemical
bond content
(%)

Chemical bond
total content
(%)

Re 4f7/2 40.25 0.72 24.99 43.8
4f5/2 42.68 0.75 18.74

Re-O-C-complex 4f7/2 41.00 1.17 18.88 33.0
4f5/2 43.43 1.25 14.16

ReO2 4f7/2 42.07 1.05 3.13 5.5
4f5/2 43.43 1.05 2.34

Re2O5 4f7/2 43.37 0.78 2.82 4.9
4f5/2 45.80 0.78 2.11

ReO4
− 4f7/2 45.90 1.22 7.33 12.8

4f5/2 48.33 1.12 5.49
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phase was still evident with the addition of all three additives. Samples
#67 and #125 also show the amorphous phase (Fig. 11(b) and (c)).
However, the reflections from the copper substrate appear, due to the
thin nature of the coating (Fig. 11(c)). For coatings deposited from
additives-containing baths, the halo shifts to somewhat lower diffraction
angle (~41.6°), indicating an increase in the interatomic spacing. This
effect can be attributed to an increase in the Re-content. A similar shift
in W-content has been reported by Yamasaki [40] and Hou et al. [41] in
the Ni-W system. This was further supported by the XRD results from
sample #125 (Re film) deposited with three types of additives
(Fig. 11(c)). For the Re film, the halo shifts to somewhat lower
diffraction angle (~41°), compared with other halo reflections.

4. Conclusions

We studied the synergistic effect of additives on the properties of
Re-Ni electrodeposition, and investigated the effects of bath chemistry
and operating conditions on the FE, partial current densities, chemical
composition, and surface morphology of Re-rich Re-Ni alloy deposits.
The following conclusions were drawn:

Additives were found to have a significant influence on the nature of
the deposit. The surface morphology was changed from uniformly
smooth without additives to relatively coarse-grained with additives.
The deposition rate and crack density decreased when a mixture of
additives was present in a bath containing 34 mM ReO4

−, 124 mM
Ni2+ and 343 mM Cit3−.

The Re-rich alloys were found to be amorphous. The effect of
increased ReO4

− concentration at varying Ni2+ concentrations was ex-
plored. At high concentrations (124 and 155mM) of Ni2+, the Re-content
decreased slightly, whereas the FE increased dramatically with increasing
concentrationof ReO4

−. In contrast, at low concentrations (34 and63mM)
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Fig. 11. XRD patterns from Re-Ni coatings deposited without (a) and with additives (b)
and (c). The samples are: (a) Ref. [11], (b) #67, (c) #125.
of Ni2+, the Re-content was essentially independent of the concentration
of ReO4

−. Likewise, increasing the concentration of ReO4
− was found to

slightly increase the FE, increase the partial current density of Re, and
barely affect that of Ni. In the presence of 93 mM of Ni2+, the behavior
was intermediate. An increase in the citrate-to-nickel ratio leads to a de-
crease in the FE and partial current densities of Re and Ni, yet to an in-
crease in the Re-content in the alloy. This is due to the sequestering of
Ni2+ions in complexes with [NiCit2]4−. As a result, the rate of Ni deposi-
tion is strongly hindered, thus allowing for greater Re-content.

The pHwas found to have a significant effect on the properties of the
Re-Ni alloys formed. The highest FE and partial current density of Re
were obtained at pH=5, but the Re-content of the alloywas somewhat
lower than at pH= 4. An increase in the bath temperature led to an in-
creased FE andRe-content in the deposit, aswell as in the partial current
density for Re. The partial current density for Ni deposition remained es-
sentially constant regardless of bath temperature. Almost pure Re film
was obtained at low concentration of Ni2+, in the presence of additives.
A thin layer of Re oxide, a new Re-O-C-complex state and some states of
organic matter from the additives were formed at the surface of the Re
film, but no cracks were formed. This systemmay be useful for applica-
tions where deposition of very thin films is required.
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