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Abstract

The work is devoted to the topical issue of creating electrocatalysts for hydrogen evolution from alkaline electrolyte.
The rapid development of hydrogen energy using the electrolytic method of hydrogen requires the use of cheap,
resource-intensive and highly catalytic cathode materials. The most variable and flexible in control is the
electrochemical method of synthesizing electrocatalysts of this type. A very promising material for cathodic hydrogen
release is the Ni-Fe alloy. The limiting factor for its use is the high internal stresses that arise during its
electrosynthesis. To reduce the internal stresses of Ni-Fe electrocatalyst films, sulfur-containing modifiers sodium
allyl sulfonate and sodium saccharinate were used in this work, which were introduced into the methanesulfonate
electrolyte of electrodeposition. It was established that increasing the concentration of sodium allyl sulfonate from
30 to 100 mmol/l leads to a decrease in internal stresses from 300 MPa to 100 MPa. The use of sodium saccharinate
in a concentration of 0.5 mmol/l to 6 mmol/l contributes to a decrease in internal stresses from 300 MPa to 0 MPa.
This effect of modifiers on internal stresses is associated with a change in the alloy structure due to the incorporation
of sulfur and hydrocarbon residues of modifiers. It was found that the Ni-Fe alloy obtained in the presence of allyl
sulfonate demonstrates high electroactivity, approaching the electroactivity of platinum. This effect is explained by
an increase in defects in the crystal lattice and the presence of nickel and iron sulfide particlesin the structure of the
cathode material. It is recommended to carry out the electrosynthesis of Ni-Fe, as electrocatalysts for hydrogen
evolution, from a methanesulfonate electrolyte containing 80-100 mmol/l of sodium allyl sulfonate in the range of
current densities from 3 to 7 A/dm?2.
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EJIEKTPOCHUHTES IIJIIBOK Ni-Fe 3 IIIBULHIEHOIO EJIEKTPOKATAJIITUYHOIO
AKTUBHICTIO I1OA0 BUAIVIEHHA BOJAHIO 3 JIYX KXHOI'O EJIEKTPOJIITY
Muxaino K. Cyxuii, [puna B. CkHap, TetsiHa €. Bytupina, I0Opiii €. CkHap®,

Bosiogumup I'. Hedenos, KOs B. Ioingyk
Ykpaincokuli depacasHutl yHisepcumem Hayku i mexHoso02il, 8y JlazapsiHa, 2, [JHinpo, 4910, Ykpaina

AHoTanis

PoGoTa npucBAYeHa aKTya /IbHiil TeMi CTBOpEeHHA eJIEKTPOKaTaJli3aTOpiB BUAiIeHHS BOAHIO 3 JIY>KHOTO eJIeKTPOJIiTy.
Haii6isibm BapiaGe/IbHUM i THYyYKHMM B KEPYBaHHI € eJIEKTPOXiMiuHM CIOCi6 CHHTE3y eJIeKTPOKAaTaJli3aTopiB TAaKOro
TUny. BeJAbMHM nepcneKTMBHUMM MaTepiajioM JJjs KaTOAHOTO BUAiNeHHS BOoAHI € cmiaB Ni-Fe. O6Mmexyro4um
dakTopoM AJ14 Hi0oro BUKOPUCTAHHA € BUCOKI BHYTPillIHi HANIPYTH, 110 BUHMKAIOTh NiJ yac iioro eeKTpocuHTe3y. s
3HIKEeHHs] BHYTPIilIHIX HAaNpyr NJiBOK eJieKTpokaTaJjidaTtopiB Ni-Fe B gaHiil po60Ti BUKOpHCTaHO Cy/ib(ypBMicHi
MoaudikaTopu asaijicysbpoHaT HaTpilo i caxapuHAT HaTpilo, AKi BBOAWIM B MeTaHCy/J1bQOHATHHMI eJeKTpPOJiT
eJIEKTpoocaJKeHH:A. BcTaHOBJ/IeHO, 1110 36i/IbIIeHHS KOHLeHTpauji a/utijicyabdoHaTy HaTpiwo 3 30 o 100 MMoJib /1
NPUBOAUTHL A0 3MeHIIeHHsA BHYTpiluHiX Hanpyr 3 300 MIla go 100 MIla. 3acTrocyBaHHs caxapUHaTy HaTpilo B
KOHIeHTpaii Big 0.5 MMoJb/J1 50 6 MMOJIb /JI cIpUsi€ 3MeHIIeHHIO BHYTpilHiX Hanpyr 3 300 MIIa ao 0 MIla. Takwuii
BIIUB MoAUGiKaTOpiB HA BHYTPIIIHI HANpyry NoB’A3aHUI 3 3MiHOI0 CTPYKTYPH CIlJIaBy 32 PaXyHOK iHKopmnopanii
cynbdypy i ByrjieBogHeBUX 3a/IMIIKIB MoAudikaTopiB. BcraHoBaeHo, mo cnaaB Ni-Fe, oTpumMaHuil y npuCcyTHOCTI
asnisicy1bpoHaTy, JeMOHCTPYE BUCOKY €/1€KTPOAKTUBHICTb, 110 HAG/IMKAETHCA A0 €J1eKTPOAKTUBHOCTI IJIATHHHU.
Takuii epeKT NosicCHeHO 36ijbmeHHAM JedeKTiB y KpUCTaliyHid rpatii i HasBHicTIO B CTPYKTYpi KaTogHOro
MaTepiasy cyabQiZHMX 4YaCTMHOK HikKesl0o i 3asisza. PekoMeHaoBaHO mnpoBoguTH esekTpocuHTe3 Ni-Fe sk
eJIEKTPOKaTaJli3aTopy BHUAIJIEHHSA BOJHI0 3 METAaHCY/ibPOHATHOrO eJIeKTPoJiTy, mo Micruth 80-100 MMoab/a
aJsutiicy1bPOHATy HATPilo B Aiana3oHi rycTuH cTpyMy Bij 3 07 A/am2.

Karouosi caosa: enekTpokartasizaTop BUAiIeHHs BoAHIO; IIiBKU Ni-Fe; cynbdypBMicHi opraHiuyHi peyoBUHU; CTPYKTYypa;
BHYTPpILLHI HANIpyTH.
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Introduction

A marker of the development of modern society
is the amount of energy consumed, which is
necessary to create material goods and increase the
comfort of people's lives [1]. The continuous
increase in energy consumption has prompted
humanity to search for energy resources that are
alternative to fossil fuels [2,3]. A major
breakthrough in solving the energy problem
occurred with the creation of nuclear power, which
allowed us to significantly reduce the cost of
electricity. The next step in reducing the cost of
electricity and introducing mobility in its
generation was the industrial production of solar
batteries [4]. Direct conversion of solar energy into
electricity has become widely available and this
direction of electricity generation is rapidly
developing. With the advent of cheap electricity, the
issue of developing hydrogen energy through the
production of high-purity hydrogen by electrolysis
has become relevant. This method of obtaining an
energy-intensive resource is indispensable for fuel
cells, the use of which in the near future is expected
not only in aerospace and other high-tech
industries, but also in conventional industrial
facilities and in the transport sector [5].

The key issue in the development of a water
electrolyzer is to ensure minimal energy
consumption, which is mostly solved by reducing
the overvoltage of hydrogen and oxygen evolution
at the electrodes. The lowest overvoltage of
hydrogen evolution is characteristic of platinum,
rhodium, ruthenium and iridium [6]. However, the
high cost of these rare metals has led to an
extensive search for alternative materials with
similar electrochemical characteristics. The
electrochemical method of applying thin-film
electrocatalysts for hydrogen evolution should be
singled out as the most rational in terms of process
controllability and extremely wide possibilities of
varying the composition and structure of the
resulting films.

Recently, a large number of studies of the
electrocatalytic properties of hydrogen release of
electrodeposited coatings from alloys and
composites based on transition metals, mainly
iron group, have been conducted [7]. The vast
majority of synthesized materials contain nickel as
a d-metal, which has a relatively small overvoltage
of hydrogen evolution in an alkaline medium. To
increase the electrocatalytic activity and wear
resistance of cathode materials, it was proposed to
modify nickel with molybdenum [8,9], tungsten
[10; 11], chromium [12; 13], etc.

It has been shown that in nickel-based
electrocatalysts, the synergistic effect between Ni
and neighboring heteroatoms such asFe, O, N, and
P leads to an increase in surface adsorption due to
changes in electronic properties and, possibly, an
increase in surface area [14]. The authors [15; 16]
reported that the Ni-Fe alloy is characterized by
high rates of hydrogen evolution from alkaline
solutions due to the fact that the rate of hydrogen
adsorption and desorption on the nickel surface is
significantly accelerated by iron, since unfilled d-
orbitals (d6-orbitals of Fe) are able to facilitate
hydrogen desorption according to the Geyrovsky
mechanism. The high electrocatalytic and anti-
corrosion properties of the Ni-Fe alloy were noted
in [17]. In [18], a Ni-Fe alloy with a nickel content
of 40 % was subjected to anodic treatment in
hydrochloric acid for surface development. The
obtained cathode showed half the overvoltage
values of hydrogen evolution compared to smooth
nickel. The electrocatalytic activity of the Ni-Fe
alloy depends on its composition. The highest
catalytic activity for the electrochemical reaction
of hydrogen evolution from a one-molar KOH
solution was demonstrated by the cathode
obtained from an electrolyte containing nickel
ions and iron (III) ions in a ratio of 4 to 6 [19]. In
[20] it was found that an increase in the iron
contentin the Ni-Fe alloy leads to a decrease in the
hydrogen evolution overvoltage in a 25 % KOH
solution at 80 °C. However, in parallel with the
saturation of the alloy with iron (III), the pitting
corrosion of the electrodeposited films increases,
which requires optimization of the conditions for
their production. It should be noted that it is
possible to obtain a Ni-Fe alloy electroplating with
acceptable physical and mechanical properties
only in the presence of organic sulfo compounds,
which contribute to a decrease in the internal
stresses of the deposits. Given the active use of
methanesulfonate  electrolytes in  modern
electroplating [21-24], it is relevant to establish
the nature of the influence of the most common
organic sulfo compounds, which reduce internal
stresses in electroplated nickel and its alloys, on

the structure, physical, mechanical, and
electrocatalytic properties of the Ni-Fe alloy
electrodeposited from methanesulfonate
electrolyte.

Research methods

Electrodeposition of Ni-Fe alloy films was
carried out(conducted) from a methanesulfonate
electrolyte of the following composition: 1.00 M
Ni(CH3S03)2+0.30 M NaCl+0.70 M H3B03+0.08 M
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Fe(CH3S03)2. As special electrocrystallization
modifiers, sulfur-containing organic compounds
sodium allyl sulfonate and sodium saccharinate
were used. The reagents used in the experiments
had a qualification of not lower than (p.f.a),
distilled water. All experiments were carried out
at an electrolysis temperature of 333 K and pH 3.

The internal stresses of the electrodeposited
films were determined by the flexible cathode
method. A copper plate measuring 50x20 was
insulated on one side and fixedly fixed on top. When
forming a film during electrolysis, internal stresses
of the deposit arise, which lead to bending of the
cathode. The equation for calculating internal
stresses oy has the form [25]:

Oic = Ec'dc'(dc‘l'ddeg)'z (1)
Ls 3-12-dgep

where E. is the modulus of elasticity of the cathode
plate; dc is the thickness of the cathode; dgep is the
thickness of the deposit; 1 is the length of the
working part of the cathode; z is the deviation of
the cathode end from the initial position.

The thickness of the cathode deposit with the
Ni-Fe alloy was 25 pum. Each experiment was
repeated at least 5 times. The confidence interval
limits for the values of the internal stresses of the
deposits were found using the Student's t-test for
a confidence probability of 95 %.

The structure of nickel-iron films was studied
using the X-ray diffractometer DRON-3 in
monochromatized CuK,-radiation. Measurement
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of the sulfur content in Ni-Fe alloy films was
performed by the fluorescent X-ray method using
a portable X-ray universal technical spectrometer
"Sprut” X100 with a Si(Li) detector [26].

The current-voltage dependences of hydrogen
evolution were obtained using an MTech SPG-500
fast potentiostat. Platinum, nickel, iron and
samples with electrodeposited Ni-Fe alloy films
were used as working electrodes. Platinum served
as an auxiliary electrode, and a chloride-silver
electrode of the EVL - 1M1 brand, immersed in a
saturated solution of potassium chloride, was
used as a reference electrode. The experiments
were carried out in an electrochemical cell made
of heat-resistant glass with a volume of 50 cm3.
The temperature of the solutions was maintained
at 50 °C using the thermostat UT - 15 with an
accuracy of 0.5 °C.

Results and discussion

Electrolytic films of Ni-Fe alloy, obtained from
methanesulfonate electrolyte without special
organic compounds, at a thickness of 25 um are
characterized by significant internal tensile
stresses, which leads to cracking of such films and
loss of their adhesion to the base. The study of the
influence of sulfur-containing organic compounds
selected in this work on the internal stresses of
galvanic deposits with Ni-Fe alloy showed that
when sodium allyl sulfonate is introduced into the
electrolyte, the internal tensile stresses decrease

(Fig. 1).

Cmmol/dm 3

Fig. 1. Dependence of internal stresses of Ni-Fe films on electrodeposition current density and sodium allyl sulfonate
concentration in the electrolyte

Moreover, when the concentration of sodium
allyl sulfonate is increased from 30 mmol/l to
50 mmol/], a sharp decrease in internal stresses is
observed, with practically constant values upon

further addition of this compound to the
electrolyte. It should be noted that the effect of
allyl sulfonate on the internal stresses of Ni-Fe
films increases with increasing electrodeposition
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current density. In particular, at a current density
of 2A/dm?, this effect is minimal, and it is
characteristic that an increase in the
concentration of sodium allyl sulfonate in the
electrolyte at this current density leads to a
significant difference in the values of internal
stresses. Therefore, it can be stated that an
increase in current density contributes to a more
effective effect of sodium allyl sulfonate on the
structure of Ni-Fe films in the context of their

internal stresses. Probably, the adsorption of this
organic substance on the cathode surface
increases in the region of more negative
potentials, which may be associated with its
anionic nature. Unlike sodium allyl sulfonate, the
use of sodium saccharinate allows obtaining Ni-Fe
alloy films without internal stresses. The

concentration of this substance required for
complete elimination of internal stresses is
6 mmol/L (Fig. 2).

Fig. 2. Dependence of internal stresses of Ni-Fe films on electrodeposition current density and sodium
saccharinate concentration in the electrolyte

Increasing the concentration of sodium
saccharinate in the electrolyte for
electrodeposition of the Ni-Fe alloy proportionally
reduces the internal stresses of the deposits. The
distribution of the values of internal stresses
depending on the current density for sodium
saccharinate is much more uniform compared to
sodium allyl sulfonate. As can be seen from the
obtained data, a decrease in the internal tensile
stresses of nickel-iron films is achieved by
introducing sodium saccharinate into the
electrodeposition electrolyte, the concentration of
which is two orders of magnitude lower than in
the case of using sodium allyl sulfonate. The high
efficiency of sodium saccharin is apparently
associated with a more intensive incorporation of
its degradation products into the cathode deposit,
which is associated with a stronger adsorption of
this substance on the electrode surface. As is well
known, the electronic structure of nickel and iron
contains an unfilled d-orbital, and organic
molecules with excessive electron density, in
addition to adsorption under the action of
electrostatic forces and Van der Waals forces, are
capable of forming a stronger bond with the metal.

Apparently, the relatively high adsorption
capacity of sodium saccharinate is due to the fact
that the nitrogen atom present in the molecular
structure has an unshared electron pair, which
takes part in the creation of a bond with the
surface atoms of nickel and iron.

It should be noted that the presence of the
studied sulfur-containing organic compounds in
the methanesulfonate electrolyte for
electrodeposition of the Ni-Fe alloy affects the
structure of the obtained precipitates. This is
evidenced, in particular, by the change in the
values of the dislocation density in the
precipitates. As can be seen from Fig. 3, an
increase in the concentration of sodium
allylsulfonate in the electrolyte to 30 mmol/I
causes a sharp increase in the dislocation density
to 65-10101/cm?2. Further saturation of the
electrolyte with sodium allylsulfonate has little
effect on the value of the dislocation density.
Sodium saccharinate is characterized by a slight
increase in the dislocation density, which is about
40 % at a concentration of this substance in the
electrolyte of 10 mmol/1 (Fig. 4).
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Fig. 3. Dependence of the dislocation density of Ni-Fe films on the concentration of sodium allyl sulfonate in the
electrolyte

The established effects of the influence of
sulfur-containing organic substances on the
physical and mechanical properties and structure
of electrodeposited films of Ni-Fe alloy obtained
from methanesulfonate electrolyte can be
explained on the basis of the following
considerations. The studied modifiers of the
structure of the electrolytic alloy contribute to the

D10, 1/cm?

30

20

10 1

reduction of internal tensile stresses due to the
introduction of sulfur into the crystal lattice of the
electrolytic deposit and the weakening of the
effect of dislocations emerging to grain
boundaries. In addition, hydrocarbon
decomposition products of organic substances can
enter the deposits, resulting in internal
compressive stresses.

6 8 10
C, mmol/dm?®

Fig. 4. Dependence of the dislocation density of Ni-Fe films on the concentration of sodium saccharinate in the
electrolyte

As can be seen from Table 1, the sulfur content in the films increases with increasing concentration

of modifiers in the electrolyte.

Table 1
Sulfur contentin Ni-Fe films obtained from methanesulfonate electrolyte
Modifier Modifier concentration, mmol/ Sulfur conten
wt.%
Without modifier - 0.00
. 10 0.02
Sodium allyl sulfonate 80 0.4
Sodium saccharinate 2 0.02
6 0.03
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It should be noted that the effect of reducing
the internal tensile stresses of electroplated films
with Ni-Fe alloy due to the introduction of sulfur
into the deposit is not sufficient to obtain stress-
free deposits. This is evident from the data
obtained using sodium allyl sulfonate, where an
increase in the concentration of the modifier
achieves a maximum value for dislocation density,
but the internal tensile stresses are not completely
eliminated. The dependencies obtained when
using sodium saccharinate are indicative in this
regard. With a significantly lower sulfur content
and lower values of the dislocation density in the
deposits compared to films deposited in the
presence of sodium allyl sulfonate, electroplated
deposits with Ni-Fe alloy are obtained without

i, mA/cm?
-100 1

-80 1

internal stresses. This is due to the fact that the
products of sodium saccharinate transformations
at the cathode are intensively introduced into the
film and provoke the occurrence of internal
compressive stresses, which compensate for the
internal tensile stresses. As a result, it becomes
possible to electrodeposit Ni-Fe films, the internal
stresses of which are not detected.

Studies of the electrochemical behavior of the
obtained Ni-Fe films in relation to the reaction of
hydrogen evolution from a solution containing
0.5mol/l KOH showed the presence of
electrocatalytic activity of these films. As can be
seen from Fig. 5, the hydrogen evolution
overvoltage on Ni-Fe alloys is lower than on
individual alloy components.

o ~w N -

-0,6 -0,8

-14
E,V

-1,0 -1,2

Fig. 5. Current-voltage dependences of hydrogen evolution from 0.5 M KOH at a temperature of 50°C on the surface of:
1 - platinum; 2 - Ni-Fe, obtained in the presence of 100 mmol/l sodium allyl sulfonate; 3 - Ni-Fe, obtained in the
presence of 6 mmol/l sodium saccharinate; 4 - Ni; 5 - Fe

The evolution of hydrogen on the Ni-Fe alloy
obtained from a methanesulfonate electrolyte
containing sodium allyl sulfonate occurs with less
kinetic limitations compared to the cathode
obtained in the presence of sodium saccharinate.
Such an electrocatalytic effect can be associated
with two circumstances. The electrocatalytic
properties of metals increase with increasing
crystalline heterogeneity of the cathode surface.
As can be seen from the obtained experimental
data, the dislocation density of the Ni-Fe alloy
obtained in the presence of allyl sulfonate is twice
as high as the values corresponding to the film
electrodeposited in the presence of sodium
saccharinate. Therefore, the difference in the
structure of these cathode materials with the
presence of a larger number of defects in the
electrocatalyst, which demonstrates lower values
of the hydrogen evolution overvoltage, is obvious.
The second important point is that the

electrodeposition of the Ni-Fe alloy carried out in
the study is accompanied by the incorporation of
sulfur into the precipitate. As is known [27; 28],
nickel sulfides and Ni-Fe-S structures are
characterized by a synergistic effect in the release
of hydrogen due to the peculiarities of the
electronic configuration, the increased number of
active centers and good dissipation of gaseous
products. The amount of sulfur incorporated into
the electroplating films obtained in the presence
of 80 mmol/L sodium allyl sulfonate is several
times higher than when using 6 mmol/L sodium
saccharinate. This may indicate the influence of
sulfur on the electrocatalytic activity for hydrogen
evolution.

Therefore, the conditions for the
electrosynthesis of Ni-Fe alloy films as
electrocatalysts for hydrogen evolution from an
alkaline electrolyte must meet two main
requirements. Such films must have high physical
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and mechanical properties, in particular, have low
internal stresses. And, obviously, they must have
high electrocatalytic activity. The optimal choice
in this case is the electrodeposition of a Ni-Fe
electrocatalyst from a  methanesulfonate
electrolyte containing 80-100 mmol/L of sodium
allyl sulfonate.

Conclusions

1. The work investigated the effect of sulfur-
containing organic substances sodium allyl
sulfonate and sodium saccharinate on the internal
stresses and electrocatalytic activity for hydrogen
evolution from alkaline solutions of Ni-Fe films
electrodeposited from methanesulfonate
electrolyte. It was found that the internal stresses
of the Ni-Fe alloy obtained in the presence of allyl
sulfonate are reduced to 100 MPa, which is more
than three times less than in the absence of a
modifier of the structure of electroplated deposits.
The use of sodium saccharinate as a modifier of
the structure of the Ni-Fe alloy in an amount of
6 mmol/] allows obtaining films with zero internal
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