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a b s t r a c t
The effect of pulse electrodeposition parameters on the composition and microstructure of Ni–Re alloys
were studied on a rotating cylinder electrode. Ni–Re alloys were deposited from a citrate bath where the
nickel-to-rhenium ratio was 45:1. The composition of the deposited alloy was monitored by energy
dispersive spectroscopy (EDS) and compared to a single component transport-based model describing
the pulse limiting current of perrhenate. At long pulse times and high duty cycles, the partial current density of rhenium is predicted by the model, and rhenium inclusion into the alloy can therefore be described
as being completely transport controlled. At shorter pulse times and low duty cycles, rhenium deposits
under mixed or activation control. The morphology of the surface and cross-section were studied by
SEM. The oxidation states and phases were studied by XPS and XRD, respectively, and discussed in view
of the pulse parameters. By examining the effect of pulse parameters on composition and microstructure,
we can deduce the practical range of pulse parameters for use in Ni–Re alloy ﬁlm synthesis from dilute
perrhenate electrolytes.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Nickel-Rhenium alloys are unique materials due to their favorable mechanical and chemical properties [1]. They are exploited in
various industries such as aerospace, aircraft, nuclear, electrical
and catalysis. It was found that co-deposition of rhenium with
iron-group metals (Fe, Ni, Co) can dramatically improve the efﬁciency and quality of the deposit compared to direct rhenium
deposition from aqueous solutions [2–4]. Rhenium exhibits
induced co-deposition with iron-group metals. The mechanism,
composition, and microstructure of Ni–Re alloys have been studied
by our group under a variety of d.c. conditions [5–7]. In brief, irongroup metals act as mediators in the reduction of the perrhenate
ion. After the iron-group metal ion is electrochemically reduced
on the surface, it can act as the reducing agent for the perrhenate
ion to a lower valence oxide or to the metal atom.
Application of a pulsed current, however, can allow for current
densities, Faradaic efﬁciencies, compositions, and microstructures
that are unattainable with d.c. plating [8,9]. Pulse plating has
widely been used to increase the uniformity, adhesion, and speed
of electrodeposition as well as to generate unique morphologies.
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There are only a few papers in the literature that discuss the pulse
plating of rhenium [10]. We therefore wish to contribute to the
fundamental knowledge of the formation of Ni–Re alloys in view
of the unique transport parameters attainable under rotation,
and the inﬂuence of a pulsing current.
Pulse plating plays a critical role in the mass transport of ions
that exist in dilute concentrations. Application of a pulsed current
modiﬁes the transient concentration gradient proﬁle of the diffusion layer by allowing for regeneration of depleted ions from the
bulk during the relaxation time. This creates a steeper concentration gradient and allows for higher partial current densities within
a certain range of pulse parameters. If, however, the concentration
of the metal ion is large enough, its concentration proﬁle will be
insensitive to the pulse parameters and will always resemble the
proﬁle in the bulk.
Several groups have developed analytical models describing the
effect of pulse plating variables on the electrodeposition of a single
metal [11–13]. Most of these models assume diffusion control of
metal ion and attempt to calculate the transient concentration proﬁle as a function of pulse parameters. The inﬂuence of pulse
parameters on alloy deposition is more complicated. To simplify
the description of pulse parameters on the Ni–Re alloys, the metal
concentrations in the electrolyte were selected such that only
rhenium is mass-transport controlled and sensitive to the changing
pulse parameters. The concentration of nickel in the diffusion layer
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is large enough that its deposition is activation controlled and
insensitive to pulse parameters.
Such systems have been studied by several authors to describe
Ni–Zn [14,15], Ni–Co [16,17] and Ni–Mo [18] alloys, to name a few,
but a general knowledge of pulse plated Ni–Re alloys is lacking.
Landolt et al. have published extensively on the importance of
understanding how mass transport contributes to pulse plated
alloy deposits [9,19,20]. In particular, their work utilized a single
component transient mass transport model by Viswanathan et al.
[21] to describe the effect of pulse parameters on the pulsating diffusion layer of Mo adjacent to the electrode. They found good
agreement between the model and experimental data over a large
window (4 orders of magnitude) of pulse times at intermediate
(0.4–0.6) duty cycles, implying that molybdenum is controlled
entirely by mass transport over a majority of the range of pulse
parameters studied. We took a similar approach in order to
describe the role of mass transport in Ni–Re alloy formation in
order to determine the practical range of pulse parameters in view
of composition and microstructural changes.

2. Experimental
Ni–Re coatings were prepared using a rotating cylinder electrode (RCE). The turbulent conditions present at the surface were
used to control the transport of material to and from the electrode.
Accurate control of electrolyte convection assisted in isolating
transport limitations from activation limitations at various pulsing
conditions. Our substrates were bulk copper cylinders that were
machined with an outer diameter of 1 cm and a surface area of
3.14 cm2. Prior to each experiment, the copper cylinders were
mechanically ground with P600, P800, and P1000 abrasives, then
sonicated for 15 min in acetone, followed by an additional
15 min in DI water. It was later observed that the adhesion of
the Ni–Re ﬁlm was greatly improved by pretreating the substrate
for 2 min in 1:2 HCl:H2O; however, such pretreatment did not
affect the composition or morphology of the coating. Pulse plating
was conducted using a Bio-Logic VSP potentiostat/galvanostat
controlled by EC-Lab software. The reference electrode was Ag/
AgCl(Sat). The counter electrode was a concentric ring of platinum
mesh (size 52) afﬁxed 1 cm away from the working electrode
cylinder to allow for a uniform primary current distribution. The
height of the counter electrode was 0.2 cm larger than the copper
cylinder in order to make alignment easier.
The electrode rotation speed was controlled by a Pine analytical
rotator. All experiments were conducted at 400 rpm except for the
determination of the apparent diffusion coefﬁcient of the perrhenate species. The electrolyte for every experiment contained
450 mM nickel (II) sulfamate, and 10 mM ammonium perrhenate.
The citric acid concentration was 225 mM, except in experiments
conducted to determine the effect of the nickel-to-citrate ratio. Linear sweep voltammetry at various rotation speeds conﬁrm that
nickel deposition is activation controlled under all experimental
conditions. Previous work by our group, albeit in more dilute nickel
electrolytes, have shown that a nickel-to-citrate ratio of 2:1
yielded the highest Faradaic efﬁciency in d.c plating. The initial
pH of the electrolyte was adjusted to 5.0 ± 0.1 with sodium hydroxide. A charge of 10 C cm2 was passed for each experiment, leading
to a coating thickness between 2.5 and 2.9 lm. The on-time current density (jp) was 40 mA cm2. It has been reported that continuous current densities above 50 mA cm2 can lead to spongy
deposits which can reduce the Re-content of the deposit in half
0
[22]. The off-time (jp ) current density was 0.05 mA cm2 in order
to ensure that no oxidation current was passed during the off-time.
The duty cycle (h = ton/(ton + toff)) was set to 0.4, 0.6, or 0.8. The
pulse period ranged from 10 ms to 20 s. All experiments were

conducted in a 100 mL jacketed cell, ﬁlled to 62 mL and connected
to a heated bath recirculator. The electrolyte was kept at (70 ± 1) °C
for all experiments. Prior to each experiment, the electrolyte was
purged for 30 min with nitrogen. Nitrogen was passed above the
solution during the experiment to prevent the dissolution of
oxygen during electrodeposition.
The Faradaic efﬁciency was calculated by comparing the charge
passed during the experiment with the mass gained and the composition of the coating. The composition was determined by energy
dispersive spectroscopy (EDS) using a liquid–nitrogen cooled
Oxford Si detector attached to an environmental scanning electron
microscope (ESEM) operated in high vacuum mode (Quanta 200
FEG from FEI). The ESEM was also used for morphological characterization of the deposits. Each sample was characterized in at least
7 locations to ensure uniformity in composition. The error bars
compound the standard deviation of 3 samples with the instrumental error of EDS analysis (generally ±0.8 wt.%).
The composition, thickness, and morphology of the cross-section for several samples were analyzed by ﬁrst cold-mounting
the cylinder with a two-part epoxy from Struers and grinding the
mount with P600 abrasive until the center of the sample was
reached (to avoid edge effects). The sample was then polished
down to 1=4 lm using a polishing cloth and Buehler DIAPERM colloidal diamond suspensions.
X-ray diffraction (XRD) data were collected using Cu Ka radiation. To accommodate the cylindrical shape of our electrode, XRD
was done at a grazing incidence of 6° and was not moved during
the experiment; only the position of the detector was changed.
X-ray photoelectron spectroscopy (XPS) measurements were performed in UHV using a 5600 Multi-Techniques System (PHI,
USA). The samples were irradiated with an Al Ka monochromatic
source at a takeoff angle of 60°, and the electrons were analyzed
by a spherical capacitor analyzer with a slit aperture of 0.8 mm.
The C1 peak at 285 eV was taken as the energy reference for all
measured peaks and samples. A charge neutralizer was used for
charge compensation due to carbon accumulation on the surface
of some samples.

3. Results and discussion
3.1. Electrochemical analysis
By controlling the electrode rotation speed and electrolyte composition, we were able to determine the limiting control mechanism (mass transport, activation, or mixed) of rhenium
deposition into Ni–Re alloys under pulsing conditions. We report
the effect of the total pulse time (spp = ton + toff) and duty cycle
(h = ton/(ton + toff)) on the composition, microstructure and
morphology of Ni–Re deposits from an electrolyte where the d.c.
deposition of rhenium and nickel are transport and activation controlled, respectively. Under such conditions, it is possible to model
the effect of pulse parameters on the partial current density of rhenium, jRe, using a single component transport model. The use of
such a model ﬁrst requires the diffusion coefﬁcient of the relevant
electroactive species. Since the exact nature of the electroactive
rhenium species is not precisely known, we can only determine
the ‘‘apparent’’ diffusion coefﬁcient of perrhenate. In a recent paper
[23], we used Raman spectroscopy to observe how the perrhenate

exhibits weak ionic interactions with the ½NiCit complex during
alloy deposition.
Ni–Re alloys were plated at a constant (d.c.) current density
(40 mA cm2) at various rotation speeds. Fig. 1 shows a Levich
plot for the partial current density of rhenium from the nickel-rich
citrate electrolyte described above. It is clear that there are two
regions of rhenium control. In the transport controlled region, jRe
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pulse limiting current density, jpL, of a single component under diffusion control is given by:

jpL ¼ jlim
1

P
2T  1
m¼1

T  ¼ DsPP =d2

1
exp½km ð1  hÞ  1
km ½expðkm Þ  1

ð3Þ

ð4Þ



where T is the dimensionless pulse time, and d is the boundary
layer thickness in cm, and k is a dimensionless summation parameter given by:


2
1
km ¼ p2 T  m 
2

Fig. 1. Levich plot for the partial rhenium current density as a function of cylinder
rotation speed. The diffusion controlled regime is ﬁtted to Eq. (1) in order to
estimate the apparent diffusion coefﬁcient of the electroactive rhenium species.

is dependent on the rotation speed. This region can be ﬁtted to an
empirical version of the Levich equation modiﬁed for a rotating
cylinder geometry. In this region, the limiting current density is
expressed by Eq. (1):
0:4

jlim ¼ 0:791zFCdcyl t0:344 D0:644 x0:7

ð1Þ

where jlim is the d.c. limiting current density, and F is Faraday’s
constant, n is the number of electrons (7 for Re), C is the bulk concentration in mol cm3, d is the outer diameter of the cylinder in
cm, t is the kinematic viscosity in cm2 s1, and x is the rotation
speed in rad s1. The apparent diffusion coefﬁcient for perrhenate
is approximated as 3.28  106 cm2 s1 by ﬁtting the linear region
of Fig. 1 to Eq. (1) above. At rotation speeds above 1200 rpm, rhenium deposition takes place under activation control as its limiting
current density does not vary with rotation speed. Pulse plating
experiments described below take place at 400 rpm, well within
the transport limited region for perrhenate.
In a pulsing system, the average current density, javg, of a
species can at most equal its d.c. limiting current density, jlim:

jp t on

spp

¼ jp h ¼ javg 6 jlim

ð2Þ

where jp is the applied peak current density. If javg exceeds jlim, side
reactions will necessarily be observed and the Faradaic efﬁciency
must be below 100%. The peak current density, jp, that satisﬁes
the condition javg = jlim is the steady-state limiting peak current
density of a pulsing system. It follows from Eq. (2) that as the duty
cycle decreases, the steady-state limiting current density increases.
This limit, however, is rarely actualized as non-steady-state mass
transport limitations usually set in before the steady-state limit is
reached. The pulse limiting current density, jpL, is generally
described by its non-steady-state limitation due to the pulsing diffusion layer adjacent to the electrode surface. In most systems, only
at short pulse times does jpL approach the steady-state limit.
The jpL is among the most important quantities used to describe
a pulsing system. It represents the current value required to bring
the surface concentration of a species to zero by the end of the
pulse. It follows then that shorter pulses have larger values of jpL
at a constant duty cycle. Several models are present in the literature to describe the effect of pulse parameters on jpL for singlecomponent systems. Eq. (3) is similar to the form derived by Chin
for reverse plating (where an anodic dissolution pulse is also
applied) and is modiﬁed here to accommodate our pulse electrodeposition system, where no reverse pulse was applied [12]. The

ð5Þ

In our system, we assume that rhenium will deposit at jpL
throughout the on-time of the pulse. This assumption has been
applied successfully to the more-noble component of similar electrolytes in order to describe its deposition under pulse plating
conditions.
Fig. 2a–c shows the partial rhenium current density, jRe, of Ni–
Re alloys prepared by pulse plating at duty cycles of 0.8, 0.6, and
0.4 as the pulse time decreased from 20 s to 10 ms. At a duty cycle
of 0.8 (Fig. 2a), Eq. (3) accurately describes the behavior of rhenium
deposition into the alloy by predicting jRe. Above a pulse time of
5 s, jRe is indistinguishable from its d.c. value.
As the pulse time decreases, the limiting current density achievable by pulsing increases, as observed by a growth in jRe. This
behavior is attributable to the larger concentration gradient of
perrhenate ions near the surface under pulsing conditions, compared to steady diffusion. Below a pulse time of 50 ms, the average
current density (Eq. (2)) approaches its maximum value of jL,max,
and jRe reaches a plateau. It is at this point where the transient
limiting current density is the same as the steady-state limiting
current density described above. The ﬁtting of this data suggests
that at a duty cycle of 0.8, rhenium deposition is completely transport controlled over the range of pulse times reported.
As the duty cycle decreased to 0.6 (Fig. 2b), a similar behavior is
observed at pulse times over 5 s and is indistinguishable from d.c.
As the pulse time is decreased to 1 s, jRe increases as described by
the model. However, at pulse times of 0.5 s and 0.1 s, the model
begins to overestimate the expected value of jRe. Below a pulse
time of 50 ms, the maximum rhenium content observed experimentally is about 15% lower than the value predicted by the model.
We attribute the deviation of our data from the model to the transition of rhenium deposition from transport control (for which the
model is appropriate) to activation control. Since the applied peak
current density has not changed, jRe does not vary with pulse time
or duty cycle in the activation region. Rhenium appears to be under
mixed control for the samples prepared at a total pulse time of
0.5 s and 0.1 s as there is still a dependence on pulse time, yet
the plateau has not been reached.
Several alternative explanations for the deviation of our data
from the model are considered and rejected. Ni inhibition of Re is
discounted because the addition of nickel serves as a catalyst for
Re deposition. We also discount Ni corrosion during the pulse
off-time because this would lead the model to underestimate the
rhenium current density as opposed to overestimate. Re corrosion
is not considered because it is the more noble system, and anomalous Re corrosion is not considered because it is not observed at
a duty cycle of 0.8, as evidenced by the model’s ﬁt to our data over
the entire region.
The same three regions can be observed for Re–Ni alloys deposited at a duty cycle of 0.4; however, the region of activation control
begins at longer pulse times (0.5 s rather than 50 ms) due to the
still steeper concentration gradient. The deviation between the
model and experiment in the activation controlled region grows
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Fig. 2. The dependence of the partial rhenium current density with time as a function of total pulse time, spp, at a duty cycle of 0.8 (a), 0.6 (b), and 0.4 (c). The solid line is the
model prediction from Eq. (3). The dashed line represents the d.c. value at the same current density and total charge passed.

larger with decreasing duty cycle as the model does not account for
any activation controlled limitations of deposition.
The activation limited current density under pulsing conditions
is the same as that observed under d.c. conditions (Fig. 1) at high
rotation speeds. This is expected because both rotation and pulsing
serve to increase the transport of rhenium to the surface.
Fig. 3a and b shows the rhenium atom percent and Faradaic efﬁciency for the deposits presented in Fig. 2a–c. The Faradaic efﬁciency
increases with decreasing pulse time, regardless of the duty cycle.
This is expected as we observed the same trend when rhenium
transport to the surface is increased using other methods such as
increasing the electrode rotation rate or increasing the rhenium concentration [7]. There is no clear relationship between the duty cycle
and the Faradaic efﬁciency; however, it is important to note that the
highest Faradaic efﬁciencies are observed at 0.6, an intermediate
duty cycle. Although the model used cannot describe this behavior,
a similar observation is found in Ni–Mo pulse plating [18].
The d.c. rhenium composition of the deposit from our electrolyte is about 19 at.%. When the current is pulsed, the rhenium content of the ﬁlm can be increased to 26 at.%. Activation control
limits further rhenium deposition. Increasing the rhenium content
beyond this limitation requires knowledge of which is the rate
determining step. In our system, it is likely either the formation
of the Re–Ni–citrate complex in solution or one of the multistep
electrochemical reductions of rhenium oxide on the surface.
Fig. 4 shows the dependence of jRe on the citrate concentration
for a ﬁlm deposited at a pulse time of 50 ms and a duty cycle of 0.4
(by inspection of Fig. 2c, one can see that rhenium deposition is
under activation control).
When the citrate-to-nickel ratio is less than 1, jRe increases
with increasing citrate concentration. Free Ni2+ will deposit faster

than [NiCit] due to the extra energy required to dissociate the
complex. As the citrate concentration increases, the amount of free
Ni2+ also decreases (due to complexation) and the overall rate of
nickel deposition drops. The observed increase in jRe is therefore
expected because the electrodeposition is galvanostatic at a near
constant Faradaic efﬁciency >90%. At [Ni]:[Cit] = 1, all of the nickel
is complexed and further increases in the citrate concentration
have no effect on jRe.
3.2. Surface morphology and microstructure
Fig. 5a–c shows characteristic ‘‘top view’’ SEM images of our
deposit prepared at a peak current density of 40 mA cm2. The
surface was prepared at a duty cycle of 0.6 and a total pulse time
of 10 ms (where the Faradaic efﬁciency is near 100%). We observe
small morphological changes in the size and distribution of grains
and crystallites as the pulse parameters were varied. Compared to
d.c. plating, pulsed deposition at moderate peak current densities
can allow for more nucleation sites to form during the early stages
of deposition. Therefore, the pulse plated samples appeared to be
composed of smaller grains with a narrower distribution of size
compared to the d.c. samples. An in-depth study describing the
effect of pulse parameters on the grain size and distribution of
deposits utilizing a wider range of pulse variables is the subject
of a paper currently in progress by our lab. Aside from the grain
size and distribution, the morphology of the surface at this scale
appears to be insensitive to the rotation rate or pulse parameters
used in this paper.
Under the pulsing conditions used, one may expect compact
deposits with morphologies on the scale of the diffusion layer
thickness [12]. We can also conclude that the rhenium composition
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Fig. 3. (a) Rhenium content in the Ni–Re deposit as a function of total pulse time,
spp, at three different duty cycles. The dashed line represents the d.c. value at the
same current density and total charge passed. (b) Faradaic efﬁciency of Ni–Re alloy
deposition as a function of total pulse time, spp, and duty cycle.

in crack formation, because the mud cracks that are observed
under d.c. conditions at moderate Faradaic efﬁciencies are the
same as those observed here at Faradaic efﬁciencies close to 100%.
Fig. 5d and e shows the cross-section of a surface prepared
under the same conditions. The ﬁlm thickness was evaluated in
10 different locations using ImageJ analysis software. The d.c. ﬁlm
thickness was 2.7 microns and varied by 120 nm, while the thickness of the alloy plated at h = 0.4 and s = 10 ms was 400 nm thicker
than the sample prepared by d.c. plating. This small difference is
expected due to the slight increase in Faradaic efﬁciency between
the pulsing (99%) and d.c. sample (93%). The composition of the
cross-section was analyzed using EDS. In all cases, the variation in
composition with ﬁlm depth was within experimental error and no
appreciable differences were observed. Cross-sectional SEM
images show that growth of crystallites appears to be columnar.
The columnar growth appears in both the d.c. and pulse plated
samples. This texture is typical of acidic additive-free baths at
low current density and elevated temperature [24,25]. The diameter of the columns is approximately 200–300 nm, which is the
same size as the grains observed from the top–down images.
High-resolution XPS spectra of Ni–Re ﬁlms prepared by pulse
and d.c. plating are shown in Fig. 6. In the Re 4f region, ReO
4 and
the Re/Re-alloy peaks dominate the spectrum. Deconvolution of
these peaks may show ReO2 and ReO3, as described by us
previously [6]; however, such deconvolution is not needed for
our present analysis.
As the duty cycle is decreased from 1 (d.c.) to 0.4, we observed a
weakening of the oxide peak and simultaneous strengthening of
the Re/Re-alloy peak. In our previous work [6], we have suggested
that rhenium deposition takes place through electroless reaction(s)
where surface nickel atoms formed in-situ reduce the adsorbed

ReO
4 ion to ReO3 , or perhaps to even lower oxidation states such
as ReO2 or Re.
2þ

Ni

0

0

þ 2e ! NiM

ð6Þ
2þ

NiM þ ReO4 þ 2Hþ ! ReO3 þ Ni

2

- jRe (mA/cm )

26

ð7Þ
ReO
4 /Re

24
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[Ni]:[Cit] = 1:1
20
200

þ H2 O

300
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500
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Citrate Concentration (mM)
Fig. 4. The limiting current density of Ni–Re deposits under activation control, as a
function of citrate concentration.

within this range does not contribute to appreciable changes in
surface morphology. As is typical with Ni–Re deposits, a network
of ‘‘mud cracks’’ are observed on the surface.
It has been suggested that hydrogen evolution causes such
cracking; however, based on recent high-resolution transmission
electron microscope study (unpublished data), an alternative
explanation for crack formation is lattice mismatch related strains
between Ni (hcp: a = 2.622, c = 4.321) and Re (hcp: a = 2.758,
c = 4.457). It is possible that this mismatch plays a dominant role

A possible explanation for the observed decrease in the
ratio with decreasing duty cycle is that the electroless reaction
described by Eq. (7) takes place predominantly during the off-time
and is suppressed during the on-time when electrochemical nickel
deposition is occurring. Since the total charge passed through each
sample was the same, the cumulative off-time goes up as the duty
cycle decreases, allowing more time for the electroless reduction of
rhenium oxides. This can also suggest that the sequential reduction

of rhenium oxides on the surface (ReO
4 ? ReO3 ? ReO2 ? Re) is a
process largely governed by the electroless reduction of rhenium
oxides from surface nickel atoms formed in-situ. Additionally, the
pulse plated samples appear to have a larger Re-alloy content compared to the d.c. sample, as indicated by the shift in the Re peak to
higher binding energies. This peak also has an appreciable tail on
the high-energy end, also evidence for the presence of Re-alloy.
Fig. 7 shows the XRD spectra for three pulse plated samples. In
order to ﬁt and identify the peaks of our unknown phase, the Cu
peaks were ﬁrst removed from the ﬁt. Furthermore, the very broad
lines between 40° and 50°, as well as between 90° and 100°, were
not considered.
The remaining spectrum gives 5 unknown peaks to characterize
our unknown phase(s). The sample appeared to consist both of
crystalline and amorphous moieties as evidenced by the broader
reﬂection (peak #3) at about 46.5°. There may be a small crystalline reﬂection beneath this amorphous line, therefore, the peak
center is still considered in our initial analysis. The ﬁrst dominant
peak of the spectra, actually ﬁt as two peaks centered at 40.97° and
41.37°, may correspond to the (1 0 0) and (0 0 2) planes of a solid
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Fig. 5. SEM images of a sample prepared with a pulse time of 10 ms and a duty cycle of 0.6. Top view (a–c), cross-sectional view (d and e).
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Fig. 6. HR-XPS spectra in the Re 4f region of d.c. and pulse plated deposits.

Fig. 7. Grazing incidence XRD of Ni–Re deposits prepared under d.c. and pulsing
conditions.
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solution of Re included into an hcp-Ni lattice (JCPDS card #01-0897129). Although the match is not perfect, a similar crystallography
was reported by Pané et al. in their analysis of CoNiReP deposits
[26,27]. Assuming an hcp Ni–Re solid solution of the proper composition (taken from Fig. 3a), the remaining reﬂections and lattice
parameters of this theoretical phase were predicted. For example,
assuming our hypothetical hcp Ni–Re phase for the deposit prepared at h = 0.4 and spp = 10 ms (Re at.% 26%), this sample should
have a (1 0 1) reﬂection at 46.21°, a (1 0 0) reﬂection at 74.02° and
(0 0 4) peak at 90.54°. Note that all of these reﬂections are
observed. The latter two peaks are observed experimentally (peaks
#4 and #5) as shoulders to the Cu (2 2 0) and Cu (2 2 2) reﬂections,
respectively. The (1 0 0) reﬂection may be convoluted in the amorphous peak around 46.5°. Despite the appearance of these predicted peaks, the (1 0 2), (1 0 3), (2 0 0), and (2 0 1) reﬂections of
our hypothetical hcp Ni–Re phase are not observed. Furthermore,
our reﬁned lattice parameters resulting from the ﬁt showed that
the cell volume shrank when the Re content was increased from
17 at.% to 26 at.%. This disparity may suggest a non-uniform distribution of Re between the crystalline phases.
An alternative explanation for peaks #1, #4, and #5 is that they
are the (0 0 2), (1 1 1) and (0 0 4) reﬂections of a Ni2H phase (JCPDS
#03-065-3754). The possibility of such a phase has previously been
described in the formation of NiReIr alloys [28]. The presence of
Ni2H in our system, however, is also inconclusive as the (1 0 1),
(1 1 0) and (1 1 2) reﬂections of this phase do not appear in our
spectra.
The variation in area of the 74.02° and 90.54° peaks can be
explained by either hypothesis. If they represent the (1 0 0) and
(0 0 4) planes of an hcp Ni–Re phase, their change in size represents
a shift in preferred orientation with pulse conditions. If they
represent the (1 1 1) and (0 0 4) planes of Ni2H, they represent the
sensitivity of absorbed hydrogen to the pulse parameters, previously described at the nickel cathode [8,14,29]. While the growth
of nickel is a slow kinetic process largely unaffected by mass
transport, interfacial inhibitors such as Hads are more sensitive to
transport conditions and can serve to change the growth mode of
the nickel phase or orientation.
Although our spectra suggest hcp alloy and/or Ni2H phases, we
cannot unambiguously quantify the ratio between these two possibilities as the XRD spectra for both phases are very similar.
4. Conclusions
Ni–Re alloys were deposited under the inﬂuence of a pulsing
current on a rotating cylinder electrode. Rhenium inclusion into
the alloy was described at high duty cycle and low frequency by
a single component mass transport model. At low duty cycle and
high frequency, Re deposition was activation controlled and fell
short of the model’s prediction. Under activation control, the effect
of pulse parameters on rhenium inclusion is negligible at a constant peak current density. When the [Ni]:[Cit] concentration
was below 1, complex formation was found to reduce the rate of
Ni inclusion and increase the rate of Re inclusion. When this ratio
was above 1, the deposit composition was insensitive to the citrate
composition as no free Ni2+ remained in solution.
Pulse parameters were also found to impact the microstructure
of the deposits. Short duty cycles gave a lower concentration of
rhenium alloy oxides compared to larger duty cycles. In the context
of our proposed mechanism, this suggests that the electroless
reduction of rhenium oxides takes place at a faster rate during
the relaxation time. XRD gave rise to 5 peaks characteristic of the
deposit. The nature of these peaks could be described either by
the formation of an hcp Ni–Re phase and/or the formation of
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Ni2H. The sensitivity of these peaks to pulse parameters suggested
that the pulsing inﬂuences the preferred orientation of the alloy or
the enhancement of hydrogen absorption. While both explanations
are feasible and are supported by previous studies of similar systems, the ﬁnal phase analysis at this point was ultimately inconclusive. In our future works, we will attempt to resolve the phase
analysis with XRD as well as the inﬂuence of pulse parameters
on the grain size and distribution.
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