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Abstract
Nickel-ruthenium alloys with various compositions have been deposited by electrodeposition for the first time.
Cyclic voltammetry and linear stripping voltammetry measurements show that codeposition of nickel with ruthenium
is possible below the potential value of nickel reduction. High-quality alloys containing nickel and ruthenium can be
plated at cathodic potentials ranging from − 0.5 to − 1.0 V vs SCE. Deposited coatings were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), and atomic force microscopy (AFM). The diffractograms
obtained show that an increase of nickel concentration in alloy will lead to a change in the phase composition and
formation of NiRu (100) and (101) phases which is observed to be 78 mas.% Ni. SEM studies confirm the surface
homogeneity and presence of small, regular grains. AFM observation allows the estimation of the real surface area
of obtained alloys which increase with more negative electrodeposition potentials. Ni-Ru alloys were found to be
highly electroactive in the water splitting process, which can be connected with the presence of the NiRu phase and
a well-developed electroactive area.
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Introduction

Metallic nickel is of great interest for a broad range of
catalytic and electrochemical applications. One of the
oldest and best-described processes is the cathodic evo-
lution of hydrogen from alkaline solutions, which is
also implemented to high-scale industrial performance
[1–3]. It should be noted that the Tafel slope for H2

evolution on Ni is around 120 mVdec−1 [4] which is
not the lowest one, but hot alkaline solutions which are
commercially used are quite inert to bulk nickel elec-
trodes. Catalytic activity improvement can be performed

by different types of operations like active surface area
development [5–7] or the formation of an alloy by
adding a small amount of another element [8–15]. Ni-
Raney electrodes are an excellent example of a material
with a chemically enlarged active area which can tune
the Tafel slope significantly to 32 mVdec−1 [16]. The
most straightforward method to achieve enhancement in
catalytic activity is the combination of two metals from
both parts of the volcano curve, which is considered to
be state of the art in theoretical investigations in the
field of electrocatalysis [17–20]. Most of the scientific
literature in this field has focused on the creation of
molybdenum and tungsten alloys with elements located
on the left side of a volcano curve, like Co [21–23], Fe
[24–27], and Ni [28–30], where the catalytic improve-
ments were connected with an increase of the
electroactive surface area and the formation of nano-
or amorphous phases, demonstrating a synergetic effect
[31–33].

Despite the brilliant catalytic activity of Mo- and W-
based alloys, it should be underlined that the alkaline
environment is very corrosive for these two elements.
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Mo and W phases can be easily leached from a metallic
matrix, destroy the alloy structure, and diminish their
electrochemical performance.

For a long time, electrocatalytic materials based on pure
platinum [34] and palladium [35] were considered to be an
active material in electrochemical processes, but commercial-
ly not interesting due to very high prices and limited occur-
rences. The situation changed when scientists realized that the
corrosion resistance of commercially used electrodes can be
improved by the addition of a small amount of these elements
to cathode material, which also affects their catalytic activity.
Nowadays, based on these investigations, noble metal alloys
with other elements like Co [36, 37] and Ni [38, 39] have
become one of the most popular research objectives in field
of electrochemistry.

Synthesis of nickel-noble metals alloys are under investi-
gation in many research institutions all over the world. In
scientific literature, some examples of Ni-Ru catalytic mate-
rials for ammonia decomposition [40], hydrogen evolution
from alkaline solutions [41], or steam reforming of n-
propanol [42] can be found.

Investigations connected with the hydrogen evolution pro-
cess on Ni-Ru materials obtained by electrodeposition are
limited only to some work connected with the spontaneous
deposition of Ru on a nickel surface [43]. Occurrences of Ru
on Ni dramatically changed the mechanism of hydrogen evo-
lution from the Tafel slope around 120 to 40 mVdec−1 for Ru-
activated Ni. This evidence is explained by the increase in the
exposed surface area of Ru deposits and the presence of a
highly active metallic layer. Sol-gel fabricated Ru1−xNixO2−y

electrodes are considered to be a very promising type of ma-
terials for oxygen evolution reaction in an alkaline environ-
ment, which can be tailored by crystalline structure on thermal
treatment process [44]. The catalytic effect of the Ni and Ru
combination with Ti and Fe additions to the metallic matrix
has been investigated in some studies connected with chlorate
electrolysis [45, 46].

To the best of our knowledge, there have been no reports on
the electrochemical synthesis of nickel-ruthenium materials
from aqueous solutions. As mentioned above, deposition of
alloys with even small concentrations of noble metal can dras-
tically improve the catalytic activity in alkaline environment
and achieve very good corrosion resistance under operation
conditions.

In this work, we studied the process of electrochemical
codeposition of nickel with ruthenium from chloride solu-
tions. Cyclic voltammetry measurement results show the pos-
sibility of fabricating thin Ni-Ru films. Modification of the
plating potential and concentration of ions in electrolytes var-
ied the chemical and phase composition of deposits. After
characterization measurements, Ni-Ru coatings were used as
a cathode for the water splitting process in an alkaline
solution.

Experimental

Materials

The solutions used for cyclic voltammetry measurements
and alloy deposition were prepared by dissolving RuCl3·
H2O (Acros Organics), NiCl2·6H2O (ChemPur) of dif-
ferent concentration proportions, and NaCl (POCH),
which was the complexing agent, in demineralized wa-
ter. The electrolytes were set to pH = 1 by the addition
of the concentrated solution of HCl and NaOH (POCH),
and all experiments were carried out at 25 °C. All re-
agents were of analytical purity.

Electrochemical experiments were carried out using a
Biologic SP potentiostat/galvanostat driven by PC
equipped with EC-Lab software. The working electrode
was a polycrystalline gold disk electrode of 0.196 cm2

area. The counter-electrode was a platinum coil. The
potential was determined with respect to the saturated
calomel electrode (SCE). Before each experiment, the
gaseous argon was purged to the electrolyte to remove
the trace of dissolved oxygen.

Electrodeposition of the Ni-Ru alloys in potentiostatic
measurements was carried out on etched copper plates
of a 2.8 cm2 area. Electrodes were used immediately
after preparation to avoid the oxidation of the copper
surface. The oxygen from electrolytes was removed by
bubbling N2 into the solution. During plating experi-
ments, the solution was not stirred.

Characterization of the nickel-ruthenium alloys

The elemental composition of the coatings obtained was de-
termined using the XRF method (Rigaku Rimini) with the
Palladium lamp as a source of radiation. The phase composi-
tion was analyzed with the XRDmethod (RigakuMiniFlex II)
with the use of a copper tube (λ = 1.54059). The
diffractograms obtained were compared with characteristics
cards from the ICDD base. The SEM images of electrodes
after the deposition process were obtained with the use of a
scanning microscope (Hitachi Su-70). The surface of alloys
was investigated by AFM measurements (Ntegra Aura) with
NSG03 tips in semi-contact mode.

Catalytic properties of deposited Ni-Ru coatings

All the Ni-Ru electrodes were tested in 1 M L−1 NaOH solu-
tion by means of cyclic voltammetry and galvanostatic polar-
ization measurements. Dissolved oxygen from solutions was
removed by purging Ar into the solution before each
experiment.
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Result and discussion

Electrochemical studies

Figure 1 shows the cyclic voltammetry scans obtained for
ruthenium electrolytes on gold disk electrodes. According to
results published byMech on the Ru3+-Cl−-H2O, two different
cathodic reactions can be observed [47]:

Ru3þ þ 3e−→Ru0 ð1Þ
2Hþ þ 2e→H2 ð2Þ

It can be seen that the Ru3+/Ru reduction process starts at −
0.34V (marked on Fig. 1) and it overlaps with reduction of H+

ions (peak A). During the scan, the current density (j) rapidly
increases due to the growing number of Ru nuclei deposited
on the surface. The highest current density was measured for
the lowest potential range (− 1.0 to − 1.2 V) where the water
splitting process can be observed. Black lines are plotted for
Ni2+ electrolytes, where the first reduction starts at − 0.55 V
and their maximum (peak B) is observed at − 0.94 V (Eq. (3)).

Ni2þ þ 2e−→Ni0 ð3Þ

The anodic peak for the first scan (− 1.0 V) is very weak
(maximum at − 0.32 V) and belongs to oxidation of the me-
tallic Ni from the Au substrate. For more electronegative po-
tential (− 1.2 V), the reduction process takes place much more
intensively. The higher current density (j = 0.41 Acm−2) reg-
istered in this cathodic scan and also the much more intensive
anodic peak (peak D) indicating the oxidation of metallic
nickel are can be seen.

The water decomposition process starts at − 1.16 V. The
anodic part of the voltammogram shows the intensive peak D
(from − 0.32 to − 0.04 V) indicating the oxidation of the bulk
nickel from the electrode. Anodic signals sweep to − 1.0 Vand
− 1.2 V respectively increase, due to the higher metallic phase
obtained in cathodic scans. CV’s response to nickel-ruthenium
electrolytes is significantly different from the scans of the
single metal solutions. The cathodic part connected with peak
A region is similar to the only-Ru electrolyte. The dissolution
potential, observed in the anodic scan, has been shifted to a
more positive value. This observation can be attributed to the
formation of a new phase (full-line scan—peak E). Variation
of the cathodic scan potentials is increasing the peak intensity,
due to higher amount of deposited metal. Contrast between
signals from Ni and quite low Ni-Ru response is correlated
with the enlarged consumption of electrons in the presence of
highly electroactive material in deposit. Ru3+ concentration in
the case presented is 5 times lower than Ni2+.

The parameters of Ni-Ru electrodeposition have also been
investigated by the linear stripping voltammetry technique
(Fig. 2).

Au electrodes, immersed in Ru3+, Ni2+, and Ru3+-Ni2+

electrolytes were polarized by different cathodic potentials
for 30 s and sweep to the anodic region. Anodic scans per-
formed for only-Ru electrolytes do not show any dissolution
peak due to the extremely low current efficiency (and mass of
Ru deposit). Measurements for the Ni2+ system show the an-
odic peak from − 0.7 V, which is located in a potential range (−
0.30 to − 0.05 V). The solution containing nickel and ruthe-
nium precursors presents significantly bigger peaks than were
obtained for bulk nickel and located on more positive values
(from 0.0 to 0.6 V) which indicates the presence of the Ni-Ru

Fig. 1 Cyclic voltammetry registered on Au disk electrode at 40 mVs−1

scan rate for electrolytes containing 0.02 M Ru3+ + 0.1 M Ni2+ and
mixture of Ni-Ru complexes for two different vertex potentials: straight
line − 1.0 V and dashed − 1.2 V

Fig. 2 LSV curves registered on Au disk electrode polarized by different
potential values for 30 s and scanned in anodic direction at 40mVs−1 scan
rate. Used electrolytes containing 0.02 M Ru3+ (blue) 0.1 M Ni2+ (red)
and mixture of Ni-Ru complexes (black) for three different vertex
potentials: − 0.6 V (solid lines), − 0.7 V (dashed lines), − 0.8 V (dotted
lines)
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phase. The observed differences in anodic peaks intensity be-
tween the Ni and Ni-Ru system can be explained by a stronger
hydrogen evolution process during electrode polarization.
Discharge of free H+ ions and water decomposition increases
the pH value close to the interface. This modification can shift
the reduction potentials value for Ni2+ and Ru3+ to more pos-
itive and furthermore increase the deposition rate, as what was
observed in work connected with the codeposition of Co-Ru
coatings from chloride [47–49] and Co-Pd deposits in ammo-
nia electrolytes [50].

Electrodeposition of Ni-Ru alloys on the copper
electrode

Preliminary experiments with Ni-Ru alloy deposition were con-
ducted on Au-sputtered electrodes. However, the vigorous hy-
drogen evolution process influenced the deposit and led to the
formation of non-compact and low-adherent deposits, which
cannot be used in further investigation. Considering the very
aggressive character of the electrolytes and the presence of
ruthenium chloride complexes, the substrate material has to
be resistant to the galvanic displacement and corrosion process.
Due to these requirements, the copper electrodes have been
selected as a suitable substrate for Ni-Ru deposition. Variation
of the mass deposition as a function of the deposition potential
and electrolyte composition are presented in Fig. 3.

The amount of deposit grows linearly with the application
of more negative potentials. The lowest thickness was ob-
served for electrolyte with the smallest (0.1 M L−1 Ni2+) con-
centration. Opposingly, the highest deposit mass in all exper-
imental series was observed for potential − 1.0 V and varied
from 1.8 mg cm−2 for 0.1 M L−1 Ni2+ to 8.2 mg cm−2 obtained
with 1.0 M L−1 Ni2+ in electrolyte.

A similar conclusion was observed for the alloy compositions
presented in Fig. 4. The lowest nickel content has been registered
for a sample electrodeposited from a − 0.5-Vand 0.1-ML−1 Ni2+

concentration (13.5 mas.% Ni). The application of the lower
electrodeposition potentials for this electrolyte results in the in-
crease of nickel concentration in the alloy to 90.4 mas.% Ni.
Modification of Ni-Ru composition can be easily manipulated
by variation of their concentrations in electrolyte. Elemental anal-
ysis underlined the very interesting fact that nickel can be present
in significant amounts in coating even with the application of
potential depositionmore positive than the reduction of thismetal
fromNi-only electrolytes. The lowest Ru content in an alloy (6.1
mas.%) was observed for − 1.0 V deposition potential for the
highest Ni concentration in electrolytes.

Characterization of Ni-Ru alloys

XRD patterns are presented in Fig. 5. Coatings deposited at −
0.5 V are very thin. Intensive peaks located at 43.49° and
50.50° are signals linked with copper substrate respectively
(111) and (200) reflexes. From − 0.6 V, it is possible to dis-
tinguish small blurred signals from NiRu (100) and (101)
phases (ICCD card number: 03-065-6490) along with peaks
from the substrate. Application of the more negative potentials
gradually shifts the NiRu peak position to the higher value of
2θ degrees. Nickel incorporation into the hexagonal lattice of
Ru changes the crystallographic structure of the deposit [51].
NiRu peak intensity also grows with nickel concentration in
the alloy. On the other hand, for alloys with a composition
between 78 and 86 mas.% nickel, no peaks associated with
NiRu phases were observed, which is typical for the lack of
order in the crystalline structure of the deposit. A

Fig. 3 Mass of obtained coatings electrodeposited from electrolytes
containing 0.02 M Ru3+ and various Ni2+ concentration (0.1–1.0 M
Ni2+) and different electrodeposition potentials (− 0.5 to − 1.0 V)

Fig. 4 Composition of Ni-Ru coatings electrodeposited from electrolytes
containing 0.02M Ru3+ and various Ni2+ concentration (0.1–1.0 MNi2+)
and different electrodeposition potentials (− 0.5 to − 1.0 V)
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reorganization of the alloy structure is reported for deposits
with higher Ni content, where a new peak from Ni (111) ap-
pears. Signals from the metallic Ni phase increase with a
higher potential value and nickel concentration in electrolytes.

Visual quality of the deposits obtained for 0.2 M L−1 Ni2+

and 0.02 M Ru3+ and their surface topography examined by
AFM have been included in supplementary materials
(Table S1 and Table S2 respectively).

Typical SEM images of the Ni-Ru deposits obtained
in the different electrolytes and deposition potentials are
presented in Table 1. Deposits at − 0.5 and − 0.6 V for
all tested electrolytes consist of many small and regular
grains. Cracks became visible only in very negative de-
position potentials.

Comparative analysis of the catalytic activity of Ni-Ru
alloys in hydrogen evolution reaction

The catalytic activity of each electrode was measured using a
combination of two different methods: linear voltammetry
measurements at 10 mVs−1 scan rate (shown on Fig. 6) and
controlled galvanostatic experiments in 1 M L−1 NaOH solu-
tion (Fig. S1 in supplementary material).

Representative linear scans for different Ni-Ru alloys
and copper substrate are shown in Fig. 6. To our best
knowledge, this is the first time that electrodeposited
Ni-Ru alloys have been reported as an HER-active ca-
thodic material. As observed, the blank Cu substrate
shows low catalytic activity in the water splitting pro-
cess. Structural and morphological differences between
alloys obtained with different deposition potentials from
0.02 M L−1 Ru3+ and 0.2 M L−1 Ni2+ electrolytes clear-
ly affect the hydrogen evolution activity. The lowest
hydrogen overpotential can be observed for the
Ni93Ru7 alloy. However, taking into consideration the
very similar shape and also the low overpotential for
the Ni32Ru68 alloy, with the smallest nickel concentra-
tion, high activity cannot only be dependent on the
coating composition. Nevertheless, the high surface area
and presence of Ni-Ru phases can significantly enhance
the catalytic activity.

Additionally, the effectiveness of hydrogen evolution reac-
tion was estimated by galvanostatic polarization to reach the
current density (j) = − 10mA cm−2. In applied electrochemical
conditions, the registered potential value has to be high
enough for the decomposition of water molecules. It can clear-
ly be seen that the potential value is going to be stabilize in
time (Fig. S1).

Registered potentials from CP experiments for samples de-
posited with various potentials and different electrolytes were
listed in Fig. 7.

Dashed lines indicate the potential values registered for
pure nickel and ruthenium coatings deposited on copper sub-
strates. The lowest potential value for the applied current den-
sity j = − 10 mA cm−2 was recorded for Ni93Ru7 alloy (− 1.16
V). This sample was deposited from the electrolyte 0.2 M L−1

Ni2+ + 0.02ML−1 Ru3+ at − 1.0 V. This suggests that the small
incorporation of Ru and Ni-Ru phases in metallic nickel al-
lows for the enhancement of catalytic activity, which can be
directly compared with pure Ru metal.

Fig. 5 XRD patterns of Ni-Ru coatings electrodeposited from
electrolytes containing 0.02 M Ru3+ and various Ni2+ concentration: a
0.1M, b 0.2M, c 1.0MNi2+, and different electrodeposition potentials (−
0.5 to − 1.0 V)
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Table 1 SEM images of Ni-Ru alloys plated from electrolyte with different Ni2+ concentration and deposition potentials

Electrodeposition 

Potential,

E vs SCE / V

0.2 M Ni
2+

+0.02 M Ru
3+

1.0 M Ni
2+

+0.02 M Ru
3+

-0.5 V

-0.6 V

-0.7 V

-0.8 V

-0.9 V

-1.0 V
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Conclusions

It is possible to obtain nickel and ruthenium alloys by electro-
chemical deposition from acidic chloride solutions. Cyclic
voltammetry showed the presence of a new anodic peak ob-
tained in solutions containing both nickel and ruthenium. The
potential value for the anode peak from the alloy phase is more
electropositive than for nickel or ruthenium coatings. The rate
of NiRu phase growth in the coating is controlled by the rate

of Ru3+ ion transport to the electrode surface. Stripping anal-
ysis showed that in the Ni2+-Ru3+-Cl−-H2O system, nickel-
ruthenium phases are dissolving at more positive potentials
than in the case of nickel deposition.

The rate of growth of the coatings can be controlled by the
electrolyte composition and the synthesis conditions. Together
with the increase of Ni2+ content and the use of more electro-
negative potentials, an increase in the mass of coatings is
observed. The same is with the chemical composition of the
obtained alloys, which ranges from 94 mas.% Ru at − 0.5 V
and 0.1 M L−1 Ni2+ + 0.02 M L−1 Ru3+ to approx. 4.3 mas.%
Ru for coatings deposited at − 1.0 V from electrolytes with
1.0 M L−1 Ni2+ content.

Phase analysis revealed the presence of Ni-Ru phases in the
alloys deposited from − 0.6 to − 0.8 V potentials. The addition
of nickel to the ruthenium thin film causes a gradual shift of
reflections from the Ni-Ru phases towards higher angle
values. Exceeding the Ni content in the coating above 82
mas.% results in the disappearance of reflections from the
Ni-Ru alloy phases. Alloys with a content of 87 mas.% nickel
and more show the appearance of reflections from metallic Ni
(111). The coatings obtained are very smooth and shiny for all
electrolytes used and deposition potentials. SEM analysis re-
vealed small cracks in alloys obtained from electrolytes with
low nickel content ranging from − 0.7 to − 1.0 V. The increase
of nickel concentration inhibits this process. The coatings are
made of tiny, regular grains, creating a compact structure. A
small addition of ruthenium to a nickel matrix increases the
catalytic activity in the reaction of hydrogen evolution in an
alkaline environment. The best electrocatalytic properties are
characterized by alloys electrodeposited at the potential of −
1.0 V from electrolyte 0.2 M L−1 Ni2+ + 0.02 M L−1 Ru3+.
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