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Electrochemical deposition of alloys based on Ni-Fe-Co, containing W,P, and their
characterization for hydrogen evolution reaction

V. D. Bachvarov!, M. H. Arnaudova', R. St. Rashkov'", A. Zielonka®

! Institute of Physical Chemistry, Bulgarian Academy of Sciences, Sofia, Bulgaria
? Forschungsinstitut fiir Edelmetalle und Metallchemie, Schwéibisch Gmiind, Germany

Received: August 2, 2010; revised: October 14, 2010

Alloys with different composition were produced by electrodeposition dependence of electrolysis conditions. Alloys, rich in Fe
and Co or rich in Ni, were obtained due to anomalous electrodeposition of Co and Fe. The morphology and component distribution
were characterized by SEM and EDX analyses. The hydrogen evolution reaction (HER) on these materials was investigated by
galvanostatic steady-state curves in 6 M KOH. The catalytic activity is improved when the alloys contain more Fe and Co
than Ni and W, and especially in the presence of P, even in small amounts (3 to 3.5%). This significantly reduces
polarization for HER. This fact may be directly connected to the increase of the real surface of the alloys.
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Introduction

One of the most common electrode materials is
based on nickel and its alloys because of their good
catalytic activity for hydrogen evolution reaction
(HER). These electrodes play an important role in
various electrochemical processes. In order to
improve the properties of these materials and
increase their electrocatalytic activity, various
methods are applied such as alloying with other
elements, incorporation of composite components
and other changes aiming to obtain electrodes with
well-developed, rough or porous surface.
Codeposition of nickel with transition metals,
binary [1-3] and ternary alloys [4—7], which have
better catalytic activity, compared with the pure
metal, is one of the most popular methods.

Lupi et al. [3] studied the electrocatalytic
performance of Ni-Co alloy for HER, ranging the
composition from 0 to 100%. The hydrogen over-
potentials appear to be lower in the case of Co
concentration, ranging between 41 and 64 wt. %,
where the synergism between the catalytic
properties of the Ni (low hydrogen over-potential)
and Co (high hydrogen adsorption) 1is best
pronounced and which allowed obtaining of a
larger value of the exchange current density.
Electrodeposited iron is more active for the
hydrogen than the pure nickel, but Ni—Fe [5] alloys
show further high activity for the hydrogen
evolution. The carbon addition to iron or nickel
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trough the complexing agent (for example lysine),
into the electrolyte, remarkably enhances the
activity for hydrogen evolution and changes the
mechanism of hydrogen evolution. Ternary Ni—Fe—
C alloys show the highest activity for hydrogen
evolution compared with pure Ni and Ni-Fe alloy.
The Ni-P alloys also possess good catalytic activity
toward HER [8-9]. The activity of these electrodes
depended on the method of preparation and P
content [8]. The activity was higher for the
materials, deposited at lower temperatures and for
those, containing smaller amounts of P. It was
found that the crystal size is correlated with the
catalytic activity of the hydrogen evolution in
alkaline media. The activity increased when crystal
size decreased [9]. It is proposed that the increased
catalytic activity is caused by an increased amount
of amorphous phase surrounding the Ni crystals.
This phase is able to absorb large amount of
hydrogen.

The electrodeposition of the iron-group metals,

their binary and ternary alloys were published [4,
10-14]. Also, the anomalous behavior of these
alloys was studied [13]. The results revealed that Ni
was inhibited by the presence of Fe*" and Co*" ions
[14], while Fe deposition rate was enhanced by the
presence of Co*” and Ni*"ions.
The aim of this work is to produce multiple
component systems, based on the iron-group metals
(including phosphorus) via electrodeposition, and
to compare their electrocatalytic behavior for HER
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EXPERIMENTAL

The samples were prepared by electrodeposition
under galvanostatic conditions in thermostatic glass
cell with and without magnetic stirring. The
electrolyte compositions are given in Table 1.

Table 1
Electrolyte compositions Electrolyte Electrolyte

o dm’ I 11
NiSO,.7H,O 75 75
NiCl,.6 H,O 12.5 12.5
Fe SO,.7H,0 25 25

Na,WO0,4.2H,0 30 30
Na;CsHs507.2H,0 125 125
NaH,PO,.H,0 - 25

The electrolysis conditions for electrolyte I and II
are — 3, 5,7 and 10 A/dm?, t = 50°C, stirring - 0
min"' and 100 min', pH-5.5. Copper plates with
geometric area of 2 cm” were used as substrates for
cathodic deposits, and Pt-Ti mash for an anode.
Electrochemical measurements for HER were made
in a conventional three-electrode cell with platinum
as a counter electrode and SCE as a reference in 6
M KOH.
The surface morphology of the alloys was analysed
by scanning electron microscopy (SEM) using Leo
1455VP and Leo Supra 55VP, equipped with
energy dispersion X-ray (EDX) detectors, Oxford
Inca 200. The element content in the deposit bulk
was determined by X-ray fluorescence analysis
(Fischerscope X-RAY HDAL).
RESULTS AND DISCUSSION

Alloys with different composition were produced
by electrodeposition dependence of the electrolysis
conditions. Alloys, rich in Fe and Co or rich in Ni,
were obtained due to anomalous electrodeposition
of Co and Fe. The alloys with different component
composition of the electrolytes, given in Table 1,
were electrodeposited. The component composition
of the alloy was determined by X-ray fluorescence
analysis (Fischerscope X-RAY HDAL). The results
(Fig.1a) showed that in the absence of stirring and
NaH,PO,, nickel and tungsten are predominant in
the obtained alloys. The amount of W increases
slightly (from 28 to 33 wt.%) with the current
density increase. The content of nickel increases,
while the amounts of the included Co and Fe
decrease with the increasing current density (to
5A/dm’), and then remains almost unchanged for
all three elements.
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Fig.1. Dependence of the weight % of alloy components
obtained from electrolyte I (Table 1) on the current
density by X-ray fluorescence analysis: a) — without
stirring; b)- stirring 100 min™

The current density increase leads to growth of the
nickel and tungsten content in the deposit (Fig.1b),
while the amounts of Co and Fe decrease by stirring
(100 min"). Thus, different composition of layers
is produced. For example, Fe-Co-W-Ni alloys are
obtained at 3 A/ dm” while Ni-W-Fe—Co alloys at
10 A/dm’.

The content of W strongly reduces without
stirring in the presence of phosphorus in the
electrolyte (Fig.2a). The current density increase
does not influence essentially the composition of
the electrochemically obtained alloys. The nickel
content increases up to 40%, while the content of
Co and Fe decreases by stirring (fig.2b). The Fe—
Co—Ni—W alloys are obtained at a low current
density, while the Ni-Fe—Co-W alloys are prepared
at high current densities. It is interesting that the
amount of the main components (Ni—Fe—Co) is
approximately the same (about 31-34 wt.%) in the
alloy at 7 A/dm’ (Fig.2b). The obtained results
show that qualitatively different alloy composition
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Fig. 2. Dependence of the weight % of alloy components
obtained from electrolyte II (Table 1) on the current
density in the presence of P by X-ray fluorescence
analysis: a) — without stirring; b)- stirring 100 min™'
Table 2

Current density, Ni Co W Fe P
A/dm’ wt % wt% wt % wt % wt %
3, stirring 100 min ' 15 37 5 40 3

7, stirring 100 min™ 32 30 4 31 3

10, stirring 100 min™" 37 26 5 29 3
3, without stirring 42,5 25 6 23 3,5
10, without stirring 44 23 55 24 35

deposits can be obtained under the varying
conditions of the electrolysis process.

The X-ray fluorescence analysis does not allow
the determination of P, included in the deposits are
obtained from electrolyte II. Therefore, some of the
samples were analyzed by the EDX method. The
data from the analysis are presented in Table 2. The
results show that independently of the electrolysis
process conditions (with and without stirring and
current density), the P content was approximately

the same (about 3-3.5 wt %).

The method of polarization curves, as a criterion
for the catalytic activity of the material, was used to
study the HER. The deposited electrodes with a
geometric surface of 2 cm? were tested for HER in
6 M KOH. The experiments were carried out under
galvanostatic  steady-state  conditions. Before
starting the measurements, the electrode surface
was polarized for 30 min by applying a relatively
high (100 mA/cm?) cathodic current. Then the
current was lowered to 10 mA/ecm®. The
reproducible polarization curves are presented in
Fig.3. The alloys, obtained from electrolytes I and
II, with different content of basic components (Ni—
Fe—Co-W), were selected. Polarization
dependencies of the pure nickel and nickel-tungsten
are also presented for a comparison. The NigsW3s
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Fig.3. Polarization curves of some obtained alloys in 6
M KOH:1-Ni; 2-NigsW3s; 3-NiggW3,CojoFey;
4-Fe3;CoxsNizn W i9;5-FeygCo37Ni sWsPs;
6-NigrCoysFepsWePs 55 7-Niz Fez Co;gW4Ps.

alloy (Fig.3, curve-2), obtained under the
conditions given in [7], shows lower hydrogen
over-potential than the pure nickel. The addition of
Co and Fe to NiW alloys reduces the polarization
for HER. A similar dependence on the nickel-iron
and nickel-cobalt alloys was established by [3,5].
The catalytic activity is improved when the alloys
contain more Fe and Co (curve 4) than Ni and W
(curve 3). The presence of P, even in small amounts
(see Table 2), significantly reduces the hydrogen
overvoltage (curves 5, 6, and 7 in Fig.3). These
curves show similar catalytic characteristics,
although they have radically different composition.
Comparing the P containing alloys, the alloy with
approximately the same content of main
components (NizFe;Co;gW4P;) shows the lowest
polarization. It is known that the high catalytic
activity of nickel alloys depends not only on the
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Ni32Fe31C030W4P3.

Ni32Fe31C030W4P3.

component composition but also on the component
real surface.

The alloy morphology, corresponding to the
polarization curves, is presented in Fig. 4 and 5.
SEM investigations were carried out at various
magnifications. A different size globular surface
structure of the obtained deposits at 5 000x
magnification for all alloys is observed (Fig.4). A
better performance of the surface and the crystalline
size is acquired at 100 000x magnification (Fig.5).

The availability of P in the alloys and probably
lower content of W leads to a strong reduction in
the size of crystals (Fig. 5S¢ and d). This fact may be
directly connected to the increase in the real surface
of the alloys. Burchardt ez al. [9] were fount also
that the differences in the electrode activities of Ni-
P alloys are principally due to differences in the
real surface area. Comparing figures 3 and 5, the
results show that Nis,Fe;Cos;gW4P; alloy presents
the lowest polarization (Fig.3, curve 7), which
owns the finest surface morphology (Fig.5d). In
opposite, NigW3CoppFeyy alloy has the largest
crystal grains (Fig.5a) and shows the highest
polarization dependence (Fig.3, curve 3) for HER
than the other multiple component alloys.

CONCLUSIONS

Alloys, based on Ni-Fe-Co with the addition of
W and P, were electrodeposited. It is shown that in
dependence of the electrolysis process conditions
rich of nickel and tungsten or iron and cobalt alloys
can be obtained. The hydrogen overvoltage is
reduced when the alloys contain more Fe and Co
than Ni and W in the layers without phosphorus.
The presence of phosphorus (3 to 3.5%) in the
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Fig.4. SEM images at 5000x magnification: a) NiyWs3,CopFeig; b)-F

Fig.5. SEM images at 100 000x magnification: a)-NiysW3,Co15Fejg;  b)-FespCopNinyWio; ¢)-FeygCos7NijsWsPs; d)-

alloys significantly reduces the content of tungsten
in them. Polarization dependences of these alloys
show better catalytic characteristics for HER than
the deposits without phosphorus content. The
reason for such result is probably the synergy
between Ni and Co, from one hand, and the
reduction of the crystal grain size, from the other
hand, which determines a more developed surface.
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EJIEKTPOXUMMWYHO OTJIOXKEHU CITJIABU HA OCHOBA Ni-Fe-Co,
CBIBPKAILUA W, P Y TIXHOTO OXAPAKTEPU3UPAHE 3A PEAKITMSITA HA
OT/IEJISIHE HA BOJIOPO/I
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CuHTe31paHy ca eNeKTPOXUMUYHO Pa3IMYHU 0 ChCTAB CIIJIABU B 3aBUCHMOCT OT YCJIOBHATA Ha €JIEKTPOJIN3a.
CrutaBu, 6oratu Ha Fe u Co wu 6oratu Ha Ni ca mosiydeHu nopaau anomanHoTto omiaraie Ha Co u Fe. Mopdonorusita
1 pa3lpeielieHNeTO Ha KOMIIOHEHTHTE ca oxapakTepusupanu upe3 SEM u EDX ananusu. Peakuusita Ha oTnensHe Ha
BOJIOPOJ] BBPXY TE€3M MaTepHald € M3CJIeABaHa IMOCPeACTBOM ranBaHoctaTudHu Kpuu B 6M KOH. Karanutnunata
aKTHBHOCT ce oA00psiBa, KOraTo cruiaBTa cbabpka noseue Fe u Co, otkoakoto Ni u W 1 0co6€HO B IPUCHCTBUETO HA
P B crutaBTa, nopu B Manku koaudectsa (3 10 3.5%). Tasu koHueHTpanus Ha P 3HaYNTETHO MOHMKABA MOJIAPU3ALIUATA
Ha peaklusATa Ha OT/eJIsAHEe Ha BOJOPoA. To3u (GakT BEpOATHO Ce IbDKU HA YBEIMYSHHUETO HA pealHaTa MOBbPXHOCT Ha
CILIaBTA.
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