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Electrodeposition of rhenium-cobalt (Re-Co) alloys is investigated in water-in-salt electrolyte with a superhigh concen-
tration of lithium chloride. Cyclic and linear sweep voltammetries, potentiostatic deposition, and X-ray fluorescence
spectroscopy are used to characterize the electrochemical deposition behavior of electrolytes and determine the depo-
sition rates of each elements. Re deposition rate is enhanced in the presence of Co and a constant alloy composition is
observed within a wide range of potential, both of which are explained with a partial ionic stabilization effect of Co on
Re. A substitutional solid solution with hexagonal close pack structure is observed for ReCo alloys after annealing,
where the lattice parameters linearly scale with the alloy compositions. The effect of Co alloying on the superconduc-
tivity of electrodeposited alloy films is also characterized down to 2 K.

1. Introduction

Electrodeposited superconducting materials can be used to fabricate
superconducting circuits for cryogenic quantum devices. A
superconducting critical temperature (T.) of about 6 K was recently re-
ported for electrodeposited rhenium [1], which represents a significant in-
crease from its bulk material, 1.7 K [2,3]. However, a formation of rhenium
oxide intermediate typically occurs during the electrodeposition, which
prevents the further reduction into rhenium metal [4] and mandates the
use of highly acidic electrolyte for rhenium electrodeposition [1,5-7].
The significant amount of proton in the electrolyte often results in not
only hydrogen incorporation and low current efficiency but also cracks in
the highly stressed films deposited thereof.

Water-in-salt is an aqueous electrolyte with super high concentration of
salt, where the hydration of salt depletes or significantly lowers the concen-
tration of free water molecules. This depletion of water suppresses the re-
duction of proton and water, and widens the electrochemical window of
electrolyte [8,9]. Such behaviors were recently utilized to enable the
lithiation—delithiation process or improve coulombic efficiencies in various
aqueous battery systems [8,10-12].

On the other hand, water-in-salt electrolyte can be of interest to electro-
deposition as well, particularly for less noble metals, which are deposited at
potentials more negative than hydrogen evolution reaction or water
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reduction. While non-aqueous approaches, such as organic solvents, molten
salts, and ionic liquids have been investigated for the same purpose, the
water-in-salt electrolytes provide an alternative approach with high solubil-
ity of inorganic salts, low cost, low toxicity and ease of operation. A water-
in-salt electrolyte with superhigh concentration of LiCl has been recently
applied to electrodeposit rhenium [13,14], where an increased T, of 6 K
with was also observed. The use of acidic water-in-salt electrolyte signifi-
cantly suppressed the hydrogen evolution and completely eliminated the
film cracks [13]. A hindered degradation of T. upon thermal annealing
was observed for the films deposited thereof, hence an improved stability
of superconductivity [14]. In addition, the suppression of hydrogen evolu-
tion reaction significantly decreases the solution resistance effect and en-
ables the electrochemical study of the deposition behavior at more
negative potentials.

Films with a further increased T, and a further improved thermal stabil-
ity are sought after for the fabrication of circuits. One of the approaches is to
investigate the alloying of Re with other elements. However, electrodeposi-
tion of superconducting Re alloys have not been reported to our best knowl-
edge. Furthermore, while the mainstream cryogenic quantum devices have
been based on the superconductor-insulator-superconductor Josephson
junctions, more recent studies on the so-called st-phase Josephson junction
showed that superconductor-ferromagnet-superconductor sandwich struc-
tures provide additional control of the quantized junction current through
an external magnetic field [15-17]. Pulsed electrodeposition of alloy layers
with different compositions provides a path to fabricate such junctions from
a single process, if both ferromagnetic and superconducting alloys can be
deposited from a single electrolyte. How the incorporation of a magnetic
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element impacts the superconductivity of electrodeposited superconductor
needs to be understood. This paper reports a study on the electrodeposition
of superconducting ReCo alloys from acidic water-in-salt electrolytes,
where the superconducting Re is co-deposited with a magnetic element,
Co. The effect of super high concentration of LiCl on the electrodeposition
of elemental Co and Re is also studied for comparison. The synergistic inter-
action between Re and Co during electrodeposition is discussed. In addi-
tion, the impacts of Co alloying on the film morphology, crystallographic
structure and superconductivity of electrodeposited alloy films are pre-
sented as well.

2. Experimental
2.1. Electrochemical cell

A three-electrode cell with a glass frit to separate the catholyte and
anolyte is used for the studies. A 99.99% platinum foil in the anolyte com-
partment is used as the anode. A saturated calomel electrode (SCE) is used
as a reference electrode and the reference compartment is attached to
catholyte compartment via a capillary tube. All potentials are referred to
with respect to this SCE. Rotating disk electrodes (RDE) with a diameter
of 5 mm, or a surface area of 0.2 cm?, are used as the cathode. Platinum
RDE is used for electrochemical studies such as cyclic voltammetry and an-
odic stripping. Copper RDEs are used to electrodeposit ReCo films at con-
stant potentials to characterize alloy compositions and determine partial
deposition currents.

2.2. Materials and chemicals

Si coupons with Au strip patterns are used to deposit ReCo films for su-
perconductivity measurements. Si wafers with a layer of 50 nm thermal
SiO, are used as the substrate to fabricate Au strips. UV lithography is
used to define the pattern in photoresist. 10 nm Ti and 100 nm Au are con-
secutively evaporated without air gap on the patterned wafer. The strip pat-
terns are finally created by lifting off the photoresist. The strips are 1 mm
wide and 10 mm long, connecting with a 3 mm wide and 5 mm long pad,
with the total plating surface area similar to RDE of 0.2 cm?. Fresh solution
is used for every batch of experiments and the total amount of materials de-
posited from one batch of experiments is negligible compared with the
amount of metals present in the electrolyte. The total volume of the electro-
lyte is therefore not controlled, but between 50 and 100 mL. The Si coupon
is mounted on a holder rotating in the same way as RDE. Electrical connec-
tions are made through a front contact to the pad.

Different substrate materials, Pt, Cu and Au, are used for the electro-
chemical studies and the superconductivity samples preparation, where
underpotential deposition may occur depending on the work functions of
the substrate materials and deposited alloys. However, such substrate effect
is believed to be mitigated once a coalescent film of deposit is formed.
While poor nucleation density on semiconductor substrates can delay the
film coalescence, such effect is often limited up to a few monolayers of de-
posit on metal substrates. Furthermore, potentiostatic DC deposition is used
to prepare film samples for composition, thickness, morphology and super-
conductivity characterizations. Side reaction may dominate before a mass
transport limitation is established in galvanostatic deposition, diminishing
the metal deposition. Contrarily, metal deposition can be forced to occur
under potentiostatic control regardless of side reaction, further limiting
the effect of the substrate.

The deposition solutions contain 0.1 M sulfuric acid (H,SO,), 5 M lith-
ium chloride (LiCl), and various amounts of cobalt sulfate (CoSO,4) and am-
monia perrhenate (NH4ReO,4). While both sulfate and chloride anions have
been reported to adsorb on metal surface, the sulfate adsorbate is often
disrupted and displaced by chloride [18]. Furthermore, the adsorbate
layers are often disrupted at more negative potential bias [19]. Therefore,
the effect of sulfate is believed to be negligible in the presence of a much
higher concentration of chloride for the overpotential deposition in this
study. The solution pH measured with a pH meter is typically obscured
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because of the interference from the high concentration of Li *. In addition,
the depletion of free water molecule in water-in-salt electrolytes also
changes the concentration product of [H"][OH ™ ], which otherwise stays
constant at 10~ '* in dilute solutions. Therefore, the term of pH is not
used in this study and proton concentration or hydroxide concentration is
used instead. All chemicals are at least ACS grade and deionized water
with a resistivity of 18 MQ-cm is used in all experiments. All experiments
are carried out in ambient condition at room temperature, 20 °C.

2.3. Instruments and procedures

Cyclic voltammetry and anodic stripping experiments are carried out to
characterize the electrochemical behavior of various electrolytes. A scan
rate of 20 mV/s is used for all voltammetry studies. Electrochemical imped-
ance is acquired with a 10-mV sinusoidal potential perturbation to deter-
mine the solution resistance and correct the voltage drop in solution. All
the electrolytes show a very similar resistance, between 8 and 9 Q, due to
the dominant effect of high concentration of LiCl and H,SO,. The deposi-
tion areas are kept almost the same between RDEs and Au strips so the so-
lution resistance effect will also be the same during potentiostatic
deposition. Therefore, direct comparison between results in this paper
can be conducted while all the potentials are reported without the ohmic
drop correction.

An Autolab 302N potentiostat with frequency analyzer is used for all
electrochemical studies. A Bruker M1 Mistral X-ray fluorescence (XRF)
with a 0.7 mm collimator and 50 kV is used to determine the composition
and thickness of electrodeposited films. The composition and thickness
are averaged from five points along the diameter of a single copper RDE.
The weight percent compositions obtained from XRF are converted into
atomic percent, assuming the elements are present as metal. No metal ele-
ments other than Re, Co and the substrate were detected. The XRF instru-
ment is not capable of quantifying light elements. The impurity elements
incorporated during electrodeposition have been studied separately for
pure Re films deposited from a similar electrolyte using secondary ion
mass spectroscopy [20]. Chlorine and oxygen are the two most abundant
impurities, but both well below 1%. Furthermore, no negative effects
were observed for impurity incorporation on the superconductivity of Re
films. A JEOL-7000 field emission scanning electron microscope (SEM) is
used to characterize the morphology of film. A home built vacuum anneal-
ing chamber is used to anneal the films at a pressure below 1E—4 Torr.
Crystallographic analysis is carried out using a Bruker D8 power X-ray dif-
fractometer (XRD) with Co Kalpha source (wavelength = 1.79 A), operated
at 40 kV and 40 mA. The specimen is fixed on a horizontal sample stage and
a standard scanning with no specimen tilting or rotation is applied. A Quan-
tum Design Dynacool Physical Property Measurement System (PPMS) is
used to measure the film resistance on the strips down to 2 K and determine
the superconducting critical temperature. A sputtering coater is used to de-
posit a 30-nm thick Au capping layer on the electrodeposited Re or ReCo
strips to prevent oxidation and contamination in the ambient, as well as
to ease the wire bonding. Aluminum wires are bonded between the Au
capped strip and the puck to form the four-probe configuration. A constant
current configuration with 1 mA is used for the resistance measurement.

3. Results and discussion
3.1. Proton reduction reaction

Linear sweep voltammetry is acquired first on Pt RDE in electrolytes
with LiCl and H>SO4 only. A high rotation speed of 1600 rpm is used to pre-
vent surface blockage by hydrogen bubbles. Fig. 1(a) shows the comparison
between three solutions with 3, 5 and 8 M LiCl, all containing 0.1 M H>SO,.
A limiting current is observed for proton reduction and it decreases from
283 mA/cm? for 3 M LiCl to 201 and 129 mA/cm?, or by 30% and 54%,
for 5 and 8 M LiCl, respectively. The high ionic strength of the electrolyte
is also expected to cause ionic behavior different from dilute solutions.
While a detailed calculation was published earlier [14], the activity
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coefficient of proton approximated using Debye-Hiickel theory decreases
from 0.55 in 3 M LiCl to 0.53 and 0.51 for 5 and 8 M LiCl, respectively.
This is expected to result in respectively 4% and 7% decrease in the limiting
current. While the total amount of water only decreases slightly among
these three solutions, the amount of free water molecules or the water mol-
ecules that behave in the same way as pure water are significantly depleted
as the concentration of LiCl increases. Fig. 1(b) shows the photographs of
two Co electrolytes with 5 M and 6 M LiCl, respectively, both containing
0.1 M H,S0, and 0.01 M CoSOy. It is well known that hydrated Co** ex-
hibits pink color while the anhydrous Co®* is blue. The two photos therein
clearly demonstrate that free water molecules are almost completely de-
pleted at a LiCl concentration around 5 and 6 M. It takes 4 and 6 water mol-
ecules to fully hydrate a Li* cation and a Cl~, respectively, in an infinitely
diluted solution [21]. This results in a consumption of 10 H,O molecules for
each pair of Li"Cl~, had LiCl been fully hydrated. On the other hand,
48 mole water is needed to prepare 1 L of 5 M LiCl electrolyte, barely
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enough to fully hydrate all the ions. While ionic paring and ionic penetra-
tion into the inner water sheath can occur [22,23], relaxing the number
of water molecules needed, the water molecules in electrolytes with 5 to
6 M LiCl behave completely different from dilute electrolytes. This also re-
sults in a complete disruption of hydrogen bond network among free water
molecules and significantly decreases the proton diffusion, consistent with
the decrease of the limiting current observed in Fig. 1(a).

3.2. Elemental electrodeposition

Fig. 2(a) shows the cyclic voltammograms acquired on Pt RDE in an
electrolyte with 5 M LiCl, 0.1 M H,SO,4 and 0.01 M CoSO,. Two rotation
speeds of 400 and 1600 rpm are used for comparison. First, a hysteresis
is observed between —0.25 and —0.75 V, due to a surface change from
Pt to Co. Proton reduction is much more facilitated on Pt surface than on
Co, reaching the limiting current density of about —100 mA/cm? at
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Fig. 1. (a) Linear sweep voltammograms acquired on Pt RDE at 1600 rpm from electrolytes containing 0.1 M H,SO, with 3, 5 and 8 M LiCl; (b) photographs of Co electrolytes
containing 0.01 M CoSO,, 0.1 M H,SO,4 with 5 and 6 M LiCl. The voltage sweep rate is 20 mV/s.
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400 rpm at about — 0.6 V. As the potential continues to decrease, Co de-
position starts at about —0.75 V, gradually converting the Pt surface
into Co surface. The current starts to decrease along with the Co deposi-
tion because of a much slower reaction kinetics of proton reduction on
Co. The current plateau recovers at —1.1 V once the limiting current
is reached again on Co surface. As the rotation speed is increased to
1600 rpm, the limiting current density doubles but is not reached on
Pt electrode before Co deposition starts. This results in a peak current
at —0.9 V as the Pt electrode is partially covered by Co, a current dip
at —1.1 V as the Pt is completely covered by Co, and a limiting current
density on Co electrode at —1.4 V.

Potentiostatic deposition is carried out on Cu RDEs to determine the Co
deposition rates. Film thickness is determined using XRF and the Co depo-
sition partial current densities calculated with Faraday's law at different po-
tentials are also presented in Fig. 2(a). Co deposition partial current starts at
about —0.75 V, consistent with the current dip observed in CV. It reaches a
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limiting current plateau at —1 V and stays relative constant before it signif-
icantly drops at —1.5 V, where Co deposition almost completely ceased.

The mass transport limiting current for Co deposition at 400 rpm in
Fig. 2(a) is determined to be —2.68 mA/cm?. A separate study on copper
deposition from the same 5 M LiCl water-in-salt electrolyte has been carried
out [24]. Due to the nobleness of copper, the diffusion coefficient and activ-
ity coefficient of Cu>* was easily determined to be 5.94E —6 cm?/s and
0.562, respectively, using electrochemical analytical techniques. Similar
coefficients are expected for Co®>* due to the similar ionic sizes and charge
between the two. A limiting current of — 2.7 mA/cm? would be expected
with the same coefficients, which agrees with the experimental observation
extremely well.

The decrease of Co deposition rate at highly negative potentials seems
to coincide with the water reduction reaction. A very recent study on the
electrochemistry of Li™ and Na™ cations in organic solvents with a small
amount of water reported a decreased water reduction rate at highly
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Fig. 2. (Crimson) Cyclic voltammograms and (blue) partial deposition current densities acquired on RDE (a) at 400 and 1600 rpm from Co electrolyte containing 0.01 M
CoSO,4; and (b) at 400 rpm from Re electrolyte containing 0.025 M NH4ReO,. All electrolytes contained 0.1 M H,SO,4 and 5 M LiCl. The voltage sweep rate is 20 mV/s.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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negative potential in the presence of Li* (butnot Na™) [25]. The formation
of LiOH upon water reduction and its low solubility, but not NaOH, was
proposed to passivate the electrode surface and suppress the water reduc-
tion. Water-in-salt electrolytes with the free water molecules depleted are
expected to behave alike. The suppressed Co deposition observed upon
water reduction in this study is believed to relate to the same electrode pas-
sivation by LiOH. Furthermore, Co deposition typically involves two con-
secutive steps through an intermediate adsorbed on electrode surface
[26-28] such as COOH™ ,4,. The formation and competitive adsorption of
LiOH, even not fully passivating the electrode, is expected to suppress the
Co deposition. While the surface proton concentration is expected to drop
significantly between —1 and —1.4 V as the proton reduction limiting cur-
rent is reached, little suppression on Co deposition is observed. A quick nu-
merical simulation of the one-dimensional proton mass transport on RDE is
carried out to fit the proton reduction current on cobalt (see Fig. S1 in Sup-
plementary materials). The surface proton concentration is estimated to be
between 10~ °t0 107 mol/L between — 1 to — 1.4 V with the fitted param-
eters. LiOH is expected to remain more soluble at these mild acidic condi-
tions. Only after the water reduction starts does the surface hydroxide
concentration reach a much higher value and the LiOH blockage occurs.

The elemental deposition of Re is studied in a similar way using an elec-
trolyte containing 5 M LiCl, 0.1 M H,SO,4 and 0.025 M NH4ReO4. A more
detailed discussion has been published elsewhere [13], but an example
CV with the partial current density at 400 rpm is presented in Fig. 2
(b) for a brief comparison. The hysteresis observed in Co case is eliminated
because the proton reduction activity on Re is close to Pt, much higher than
Co [29]. Re deposition starts at a potential of about — 0.8 V, which is similar
to Co deposition. On the other hand, the anodic stripping peak starts at
0.4 V, much more positive than the stripping of Co. While a similar decrease
in deposition rate is also observed at a more negative potential, it occurred
at —1.1 V, a much more positive potential than Co and also more positive
than the water reduction reaction. The Re deposition current density
reaches a maximum of — 3.6 mA/cm? before it decreases. A further reduc-
tion of Re metal into rhenide anion (Re ™) at a more negative potential, ei-
ther as a free anion or as a solubable complex with other ionic species, is
believed to be involved in this rate decrease.

3.3. ReCo alloy electrodeposition

The electrodeposition of ReCo alloys is first studied using electrolyte
containing both 0.01 M CoSO4 and 0.025 M NH4ReOy,. The electrolyte
also contains 5 M LiCl and 0.1 M H,SO, to allow direct comparison with
the elemental deposition studies. Cyclic voltammetry is first acquired on
Pt RDE. As shown in Fig. 3(a), the majority of anodic stripping starts at
0.3 V, slightly less positive than pure Re but much more positive than
pure Co. A much smaller stripping peak starting at 0 V precedes the major
anodic stripping, suggesting the presence of two phases with different no-
bility. While it is not clear from CV whether one or both of them are elemen-
tal metals or binary alloys, the total stripping charge is significantly greater
than the sum of the elemental Co and Re cases, suggesting a synergistic in-
teraction between the two elements during electrodeposition. A direct com-
parison is presented in Fig. S2 in Supplementary materials, where the CVs
of three cases are overlaid.

DC deposition studies at different constant potentials are carried out
on copper RDE and the partial deposition current densities are calcu-
lated from the film thickness and alloy composition. Deposition starts
at about —0.8 V, similar to the pure elemental deposition cases. A
mass transport limited maximum current density of Co is reached at
— 1.1V, similar to the elemental deposition of Co. A maximum Re depo-
sition rate is also observed at —1.1 V, also similar to the elemental de-
position of Re. But the magnitude of this maximum current density
has drastically increased from the latter, from -3.6 to
—12.8 mA/cm?. More importantly the Re deposition rate at more nega-
tive potential decreases in a much slower rate in alloy deposition than in
elemental Re deposition, suggesting not only a promotion on the Re de-
position at less negative potentials but also an inhibition on the
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reduction of Re metal to rhenide at more negative potentials. Rhenium
alloy deposition with iron-group metals at an elevated temperature
from conventional aqueous electrolytes with a complexing agent such
as citrate has been studied [30-32], where a faster Re deposition rate
was also reported in galvanostatic deposition. A catalytic mechanism
was proposed, where Re is electroless deposited upon the oxidation of
electrodeposited iron group metal [31], or a displacement reaction.
While the water-in-salt electrolyte in this study does not contain citrate,
a similar electroless catalytic mechanism may still occur. However, a
high turnover is necessary to account for the much higher Re content
than Co in the alloy deposits. Further discussion will be provided on
this catalytical mechanism in Fig. 3(b). On the other hand, the promoted
Re deposition rate and suppressed further reduction may also relate to
the formation of a thermodynamically more stable CoRe bimetallic
phase. While no stoichiometrically well-defined compounds have been
reported between Co and Re [33], partial charge transfer can occur be-
tween two elements due to the difference in electronegativity or work
function. Such partial charge transfer is expected to facilitate the depo-
sition of Re, so called underpotential co-deposition [34,35], and to sta-
bilize the Re atoms from being further reduced. Another type of
mechanism of the increase in Re deposition rate at higher potential
can involve a chemical formation and precipitation of CoRe bimetallic
compound between the Re ™ anion and the Co®>* cation in the solution.
However, it is not clear here if the Gibbs energy of formation of such
alloy is sufficient to drive the chemical reaction.

Another alloy electrolyte with the same constituents and concentrations
except for a 10-time lower CoSO, concentration of 0.001 M is also studied
and the results are presented in Fig. 3(b). First, the deposition rate of Co still
follows a similar trend as in Fig. 2(a), where the deposition starts at about
—0.8 V and is almost completely inhibited at potential more negative
than —1.4 V. Amuch lower current plateau is also observed, approximately
10 times lower than in Fig. 3(a), representing the mass transport limit of Co
deposition. At the same time, a plateau at about — 2.5 mA/cm? is observed
for the Re partial current density. This current plateau is much lower than
the Re deposition rate in Fig. 3(a) despite a same ReO, concentration in
electrolyte. This is however similar to the Re deposition current in elemen-
tal Re electrolyte and is believed to be consistent with the much lower
CoS04 concentration. This extremely low Co?* concentration in electrolyte
results in a negligible enhancement of Re deposition at less negative poten-
tials and a weaker inhibition on the further reduction of Re to Re™ at more
negative potentials. The negligible effect of small amount of Co on Re depo-
sition rate may suggest that the displacement-based catalysis of Re deposi-
tion with a fast turnover, as discussed in Fig. 3(a) and proposed in literature
[30-32] for complexed conventional aqueous electrolyte, did not occur in
this water-in-salt electrolyte. However, more studies are needed to clarify
this. Nevertheless, the deposition rate of Re is highly correlated with the
Co deposition.

In spite of the much different deposition rates between the two elec-
trolytes, the anodic sweep shows the same two stripping peaks for both
solutions. The first peak starts at about 0 V and the second one starts at
0.3 V. The stripping of elemental Co starts from a more negative poten-
tial of —0.2 V (Fig. 2(a)). Furthermore, the total charge integrated
under the first stripping peak in Fig. 3(a) is even higher than the total
charge expected from the Co deposition partial current. This further
suggests that the first peak results from the anodic stripping of a CoRe
binary alloy rather than pure Co. The height of this first peak slightly de-
creases from 7.4 mA/cm? to 6.0 mA/cm? when the CoSO, concentration
decreases for 10 times, suggesting the amount of this type of alloy only
slightly decreased when the CoSO4 concentration decreases. On con-
trary, the height of second peak decreases by 4.4 times from 124 to
28 mA/cm?, consistent with the significant decrease of rhenium deposi-
tion rate upon the decrease of Co concentration.

Tables 1 and 2 summarize the compositions of CoRe films deposited
at different potentials from the two alloy electrolytes, respectively. It is
interesting that all the films deposited between —0.8 and —1.5 V from
the first electrolyte with 0.01 CoSO, fall into a narrow composition
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Fig. 3. (Crimson) Cyclic voltammograms and (blue) partial current densities of (solid square) Re and (empty circle) Co deposition acquired on RDE at 400 rpm from the ReCo
alloy electrolytes containing 0.025 NH4ReO,, 0.1 M H,SO,4, 5 M LiCl and (a) 0.01 M and (b) 0.001 M CoSO,. The voltage sweep rate is 20 mV/s. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

range, from 20 at.% to 27 at.% Co. It is known that elemental deposition
of Re alone would have ceased at potential below —1.1 V. If the Co-Re
alloy formed mainly through a reaction between Co®* cation and Re ™
anion, a 1:2 atomic ratio or 66 at.% Re would have been expected.
The higher Re contents observed here suggest that Re co-deposited
with Co is “protected” from the further reduction into rhenide and
each Co atom can stabilize more than two surrounding Re atoms.
Even more interestingly, all the films deposited between —1.1 and
—1.3 V from the second electrolyte (with much lower Co>* concentra-
tion) also falls between 22 and 23 at.% Co. Because of an average 1:3
atomic ratio (about 25 at.% Co) for all the alloys deposited in this po-
tential range regardless of the electrolytes used, we estimate that each
Co atom stabilizes about three Re atoms in the deposited alloy films
from being further reduced. Any excessive Re atoms are believed to
be cathodically stripped. Lower Co contents are observed for films de-
posited at potentials more positive than —1.1 V and more negative
than —1.3 V because of the elemental deposition of Re and inhibition

Table 1
Compositions of alloys electrodeposited at different potentials from alloy electrolyte
with 0.01 M CoSO4.

0.01 M Co, 0.025 M Re

E (V, SCE) Co at.% Re at.%

20.6 79.4
-0.8

22.4 77.6
-0.9

21.9 78.1

-1

25.2 74.8
-1.1

27.4 72.6
-1.2

20.3 79.7
-1.5
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Table 2
Compositions of alloys electrodeposited at different potentials from alloy electrolyte
with 0.001 M CoSOy,.

0.001 M Co, 0.025 M Re

E (V, SCE) Co at.% Re at.%

6.3 93.7

-0.8
8.7 91.3

-0.9
18.2 81.8

-1

23.1 76.9

-1.1
23.9 76.1

-1.2
21.7 78.3

-1.3
10.5 89.5

-1.4
16.1 83.9

-15

of Co deposition at a high surface concentration of hydroxide,
respectively.

3.4. Alloy film properties

SEM is used to characterize the morphology of films deposited on Cu
RDE. A complete comparison of ReCo alloy films deposited at different po-
tentials is available in Fig. S3 in Supplementary materials. Nodules of sub-
micron size are observed for all films deposited from —0.8 to —1.1 V.
Some directional organization of the nodules is inevitably observed due
to the polishing grooves on the RDEs. However, cauliflower shaped features
of micron size comprising smaller granules are observed for the films depos-
ited at more negative potentials of —1.2 and —1.5 V. As disused in CV stud-
ies in Figs. 2 and 3, a limiting current of Co deposition is reached at —1.1V,
which may have contributed to the formation of cauliflower shaped grains.
In addition, the cathodic stripping of Re at potential more negative than
—1.1 V seems to be consistent not only with the decrease of Re content
starting at — 1.1 V (Table 1) but also the commence of cauliflower morphol-
ogy. It is known from the CV studies that Re deposition is not controlled by
diffusion in this alloy electrolyte. A much higher Re deposition partial cur-
rent is observed, enhanced by the co-deposition of Co. The cauliflower film
morphology is believed to mainly relate to the cathodic stripping of exces-
sive Re at extremely negative potentials. In addition, the chemical forma-
tion of CoRe from cobaltous cations and rhenide anions may have also
contributed. Such chemical precipitation is often observed in electrodeposi-
tion of compounds at high potentials, such as metal chalcogenide, where Se
or Te was further reduced into anions [36,37]. While the Re is not chalco-
gen, the further reduction of Re into an anionic species, Re(-I) is expected
to facilitate a similar chemical reaction. The detailed speciation and coordi-
nation of rhenide anion have been a subject of debate in the past [38-40]
and has not been fully understood. However, the chemical precipitation
would occur between Co cation and a Re anion, regardless of the detailed
speciation of the latter. Furthermore, cobalt hydroxides formed at a high
surface hydroxide concentration at more negative potentials is expected
to be incorporated and contribute to the cauliflower type morphology as
well. Fig. 4 presents a direct comparison between pure Co, pure Re and
ReCo alloy films deposited at a similar potential of —1.1 V. Another alloy
film deposited at —0.8 V is also included for comparison. All cases are me-
tallic films with silver or gray luster and are at least about 300 nm thick. No
substrate effect or thickness dependence is expected from film morphology
at this thickness. Completely different morphology is observed between the
films. Extremely smooth and almost featureless films with sporadically dis-
tributed small protrusions were observed for pure Re. The small protrusions
have been previously correlated with a higher chlorine elemental accumu-
lation [14].

Journal of Electroanalytical Chemistry 860 (2020) 113889

Smooth films with randomly distributed nanometer sized ridges are
obtained for pure Co films. The morphology of Co films deposited from
conventional aqueous electrolytes with mild acidic pH has been found
to depend on the electrolyte chemistry and deposition current densities.
For example, the addition of chloride anion has been found to facilitate
the growth of flake-alike grains with sharp edges at low current densi-
ties [41]. While the electrolyte used in this study contains a high con-
centration of chloride, such flake-shaped grains were not observed.
Preferential adsorption of chloride or halides on certain crystal facets
has been widely reported in chemical synthesis of nanostructures,
resulting in a preferential growth direction of the metal particles [42].
However, such synthesis processes are typically carried out at more
thermodynamically equilibrium conditions. A more energetically bi-
ased electrodeposition condition, for example a high current density,
was found to mitigate such effects, resulting in much smaller and
more spherical grains [43]. While the electrolyte used in this study con-
tains 5 M chloride, the electrolyte is extremely acidic and the potential
bias or current density is extremely high, mitigating the effect of chlo-
ride and resulting in a smooth nano-sized morphology.

Interestingly, nodular films are observed for ReCo films deposited at
similar potentials, which are completely different from the elemental
metal films. As shown in the CV studies, the total deposition current densi-
ties are similar at the same potentials, dominated by the proton reduction.
However, the total deposition rate of Re and Co is much faster than the
combination of elemental deposition of the two. Therefore, the different
morphology observed here for ReCo alloy films is believed to result from
a faster deposition rate of metals. On the other hand, the effects of chloride,
pH, and voltage or current density are believed to be insignificant. The
exact mechanism for this different morphology is unknown and warrants
more detailed study in future.

The crystallographic structure of ReCo films as well as the effects of
thermal annealing on the crystallographic structure are characterized
with XRD. Fig. 5(a) shows the semi-log XRD patterns of the two metallic
alloy films shown in Fig. 4(b) and (c), deposited at —0.8 and —1.1 V, re-
spectively. XRD are acquired again after annealing the films in vacuum at
200 °C for 30 min and are presented in Fig. 5(b). Pure Re films in Fig. 4
(a), deposited from elemental Re solution at —1.1 V, are also included in
the same charts for comparison. Three strong reflection peaks are observed
for the Cu RDE substrate. Only two broad peaks are observed for all three
as-deposited films, indicative of an amorphous or nanocrystalline nature
of the films. Pure Co film deposited from elemental Co electrolyte at
—1.1 V, namely the same film presented in Fig. 4(d), is also characterized
with XRD before and after 200 °C annealing for 30 min and the patterns
are presented in Fig. 5(c). Different from the nanocrystalline Re and ReCo
films, polycrystalline Co films are deposited with distinctive peaks ob-
served. Furthermore, no significant change in XRD patterns, or in grain
sizes, is observed upon annealing at 200 °C for 30 min for pure Co. The
same behaviors are observed for all the metallic pure Co films deposited be-
tween —0.8 and —1.1 V.

While the as deposited pure Re and ReCo alloys are of amorphous or
nanocrystalline structures, polycrystalline structures are obtained after an-
nealing, resulting in multiple strong peaks in the spectra for all three films.
All the peaks can be assigned to an hexagonal close packed (HCP) crystallo-
graphic structure, consistent with the facts that Re and Co are both of HCP
structure and that the two are completely miscible with each other [33]. A
single HCP crystal structure is observed regardless of the film composition,
suggesting the formation of binary substitutional solid solution alloys dur-
ing annealing. As shown in Fig. 5(b), a shift towards higher 26 angle is ob-
served from pure Re to ReCo alloy for all the peaks, suggesting a decrease in
lattice size. Lattice parameters of Re and Co from literature [44] are used to
calculate the peak positions, which match the experimental observations
extremely well. On the other hand, lattice parameters of ReCo alloys are ob-
tained by fitting the peaks in the experimental spectra. Table 3 summarizes
these lattice parameters, where a linear relationship is clearly observed be-
tween the lattice size, in both a and ¢ axes, and the composition. In other
words, as the Co content continues to increase in the substitutional solid
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Fig. 4. Top down SEM micrographs of (a) 284 nm pure Re film deposited from Re electrolyte at —1.1 V; (b) 384 nm RegyCoy and (c) 420 nm Re;5Co,s deposited from ReCo
electrolyte at —0.8 Vand — 1.1V, respectively; and (d and inset) 539 nm pure Co deposited from Co electrolyte at —1.1 V. All electrolytes contained 0.1 M H,SO4 and 5 M

LiClL. Cu RDEs are used as substrate for deposition.

solution, the crystal lattice decreases linearly and isotropically with the in-
crease of the amount of Co atoms.

In addition to the lattice size change, there appears to be a change in
preferred crystallographic orientation upon alloying, post annealing.
While pure Re shows a preferred growth in a-axis, (100) or (200), over c-
axis, (002), the opposite is observed for Re;5Co,s. This preference is also
partially translated to other phases, such as (102), (103), and (110). For ex-
ample, the former two phases require significant c-axis growth are both pre-
ferred in Re;sCo,s, while the latter, (110) phase, involves only a- and b-axis
growth and is preferred in pure Re.

The average grain sizes of the films are estimated with Scherrer equa-
tion using the full width at half maximum (FWHM) of the (100) or (002)
peaks. The broad peaks observed at about 48° are used for the as-
deposited films. They are summarized in Table 4. An instrumental broaden-
ing of 0.3° is estimated using the Cu(200) peak from the bulk substrate.
While the as-deposited films are of an average grain size between 1.6 and
2.7 nm, the grains in annealed films have grown to 100 to 200 nm. A
slightly larger grain size may be present for ReCo alloys (in the c-axis)
than pure Re metals (in the a-axis). It is worth mentioning that the absolute
values of grain size may be less meaningful as they are averaged across var-
ious grains, but the relative comparison between samples is used to here to
show the effect of annealing on the grain growth.

Four ReCo alloy films and one pure Re film are electrodeposited on Au
strip on silicon substrates to understand the effect of the ferromagnetic ele-
ment, Co, on the superconductivity of Re films. Superconductivity of the
five films, without annealing, are characterized using four-point probe
method with temperature being swept from 10 K down to 2 K in PPMS.
Such measurements were also attempted with films on Cu RDE but failed
due to the thick and conductive RDE substrates. Fig. 6 presents the relation-
ship between sheet resistance and temperature. The sheet resistance is not
normalized with thickness and varies across the films. A transition is ob-
served between 5 and 5.8 K for pure Re, below which superconductivity
is obtained. This is a significant increase in T, from the 1.7 K for bulk Re,
consistent with our previous observations [14]. Superconductivity is still
observed upon the inclusion of 9% Co, with a decreased T, at 4.6 K. A

further increase of Co content to 20% results in a further decrease of T, to
2.3 K. While an onset of resistance drop is observed at 2.1 K for ReCo film
with 23% Co, suggesting a T. right below 2 K, no such resistance change
is observed at all, i.e. no superconductivity is observed beyond 2 K, for
ReCo alloy with 25% Co. Bulk Co is a ferromagnetic transition metal. The
spin splitting nature of ferromagnetic elements is expected to hinder the
emerge of superconductive. The results in Fig. 6 clearly shows a gradual
suppression of superconductivity of Re by the incorporation of Co. Super-
conductivity with T, beyond liquid helium melting point, 4.2 K, is achieved
for ReCo alloys with up to 9% Co, and T, beyond 2 K with up to 20% Co. By
controlling the deposition potential, alloys with different compositions and
therefore different superconductivity critical temperatures have been
achieved. This provides a future path for pulse deposition of multilayer
structures of superconductive and magnetic alloys.

4. Conclusion

Electrodeposition of ReCo alloys is investigated in a water-in-salt elec-
trolyte with 5 M LiCl, where a significantly lowered proton reduction rate
is observed. Co electrodeposition starts at a potential of —0.8 V and it is sig-
nificantly decreased below —1.5 V. LiOH is hypothesized to form, which
passivates the electrode surface and/or competes with adsorbed Co inter-
mediate for electrode surface, resulting in the suppression of Co deposition
upon the reduction of water. On the other hand, the deposition of Re is pro-
moted. The codeposition of Co not only enhances the deposition of Re at
less negative potentials but also inhibits the cathodic stripping of Re into
Re™ at more negative potentials.

Significantly different film morphologies and grain structures were ob-
served between the Re, Co, and ReCo alloy films. While the as deposited Re
and ReCo alloys are amorphous or nanocrystalline, pure Co is polycrystal-
line. Polycrystalline HCP crystal structures with significantly grown grains
are obtained for Re and ReCo after annealing at 200 °C and a linear relation-
ship between the lattice parameters and alloy composition is observed. A
suppression on the superconductivity of Re was observed upon the alloying
of Co, resulting in a gradual decrease of critical temperature along the
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Table 3
Lattice parameters of Re and Co from literature and of ReCo from XRD spectrum
fitting.

a (k) c(d)
Re 2.761 4.456
Co 2.5071 4.0965
RegoCoz0 (—0.8 V) 2.7147 4.3685
Re;5Coz5 (—1.1 V) 2.705 43515
Table 4

Full width at half maximum and the estimated grain sizes of electrodeposited Re
and ReCo alloy films before and after annealing.

As deposited Annealed
20 FWHM (°) Size(nm) 26 FWHM (°)  Size (nm)

Re (100) 479 4.05 2.7 4397 0.4 99.5
RegoCozo (002) 48.7  6.45 1.7 48.3 0.35 202
Re;sCoy5 (002)  49.2  6.65 1.6 49.55 0.35 202
0.3

Rs (Q)

Re
0.25
Re;5Co,5

0.2

Re;;Co,;
0.15 -~

Reg,Coyq
0.1
0.05
Rey;Coq
T(K
. (K)
1 2 3 4 5 6 7 8 9 10

Fig. 6. Resistance of (red) pure Re deposited from Re electrolyte at —1.1 V, (green)
RegoCoy and (blue) Re,5Coys deposited from ReCo electrolyte at —0.8 and
— 1.1 V, respectively, along a temperature sweep from 10 to 2 K. All electrolytes
contain 0.1 M H,SO4 and 5 M LiCl. Au strips on Si coupons mounted on RDE are
used as substrates for deposition. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

increase of Co content. A T, of 4.6 K and 2.3 K is observed for ReCo alloys
with 9% and 20% Co, respectively.
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