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Bcmanogaeno 3anexcnocmi cknaoy cnaagy Ni—P
610 ymoe enexmpocunmesy. Illoxazano, wo ymeopen-
Ha pochopy 6iddysaemvcsa 6 pesyavmami enexmpo-
6i0HOGAEHHS | OuCcnponopuionyeanns nampii 2ino-
Qocdimy 3a yuacmio ionie 2idpozeny. 36invutenns
weuoKocmi yux peaxuiil npu3eo0ums 00 36ibUEHH
emicmy pocpopy é cnaasi. Ha niocmaei uvozo ecma-
HOBJIeH0, W0 Ni0BUWEHHA MeMNepamypu i KUCIOMHO-
cmi eaexmponimy € cnpusmaueumu paxmopamu Ons
sbinvwenns emicmy ocopy ¢ cnaasi Ni—P

Kmouosi caosa: enexmpocunmes, cnnae Ni—P,
Memuncyavponamnuii enexmponim, oydepni ena-
cmusocmi, ymeopenus ocopy

Yemanosnenvt 3asucumocmu cocmaeéa cnnaea
Ni—P om ycnosuii snexkmpocunme3sa. Iloxazano, umo
oopazosanue ocpopa npoucxooum 8 pesyrvma-
me 3J1eKMPOBOCCMAHOBIIEHUS U OUCHPONOPUUOHUPO-
eanus eunogocuma nampusa npu ywacmuu uoHoe
600opoda. Yeenuuenue CKOPOCMU ISMUX PeAKUUll
npueooum x yeenuuenuro codeprycanus ocgopa 6
cnnase. Ha ocnosanuu amoeo ycmamnosneno, umo
noevluleHue memnepamypol U KUCIOMHOCMU IJeK-
mpoauma aensomcs oaazonpusmmuom paxmopa-
Mu 05 yeeaunenust codepicanusi pochopa 6 cnaa-
eée Ni—-P

Kanroueevie cnosa: anexmpocunmes, cniaé Ni—P,
Memancyaoonamnotii  dnexmpoaum, O0ygepnvie
ceoticmea, obpasosarue Pochopa

1. Introduction

Alloys are widely used in different sectors of modern
industry. Improved physical and mechanical characteristics
provide durability and reliability during operation of alloys.
Certain alloys possess catalytic and magnetic properties.
Properties of alloys are determined by the nature of com-
ponents and qualitative composition. Alloys of the iron
group are characterized by the most varied palette of useful
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exploitation properties. At various combinations of com-
ponents such alloys possess high hardness, heat resistance,
magnetic, catalytic, anticorrosion properties.

One of the most regulated methods of obtaining alloys
with predicted properties is the electrosynthesis. Depend-
ing on the requirements to qualitative and quantitative
composition of the alloy, the electrolysis is performed from
specially selected electrolytes. The content of components
in the alloy depends also on the parameters of conducting




the electrosynthesis. The ratio of alloy components can be
significantly affected by a change in the electrolysis tem-
perature and current density.

The electrolytic Ni—P alloy, related to the system met-
al-metalloid, possesses several valuable properties. This alloy
is characterized by high hardness, electro catalytic activity
and special magnetic properties. Phosphorus content deter-
mines the crystallographic state and properties of the Ni—P
alloy. In order to form the alloy with specified composition,
an understanding is required of the ways of influence on the
kinetics of reactions of nickel and phosphorus extraction
during alloy-formation. Given this, it is a relevant task is to
establish the influence of electrosynthesis conditions on the
Ni—P alloy composition.

2. Literature review and problem statement

The electrolytic Ni—P alloy is widely used to prevent
corrosion of materials [1, 2]. Anti-corrosion properties of the
Ni—P alloy are predetermined by its structure and depend
on the content of phosphorus in the alloy. At the same con-
ditions, a stationary potential of the alloy is more positive
than the potential of nickel. Accordingly, corrosion current
of Ni—P is less. Nanocrystalline precipitations with a content
of phosphorus in the alloy of 5-9 % (by weight) are more
corrosion resistant than the microcrystalline alloys contain-
ing a smaller amount of phosphorus [3]. Wear resistance of
such alloys, compared with the amorphous alloys containing
more than 9 % (by weight) of P, is better. Wear resistance of
the Ni—P alloy is predetermined by high microhardness. The
alloy hardness rises significantly after thermal treatment
resulting in the formation of the Ni,P phase [4]. Authors
of [5] found that the alloy with a phosphorus content exceed-
ing 7.5 % (by weight) contains the Ni,,P; and Ni,P phases.
The formation of Ni,,P; is explained by the specific condi-
tions of electrosynthesis under conditions of the pulse elec-
trolysis. Article [6] investigated the effect of sodium dodecyl
sulfate on the morphology and roughness of the Ni-P alloy. It
was established that precipitations, synthesized in the pres-
ence of a surface-active substance, possess lower roughness.

The Ni—P alloy acts as an electrocatalyst in the synthesis
of hydrogen. The catalytic activity of Ni-P depends on the
content of phosphorus and phase composition of the alloy [7].
A change in the temperature of electrosynthesis of the Ni—P
alloy affects its catalytic activity. It was established in [8]
that the largest catalytic activity is demonstrated by the
alloy containing about 6 % (by weight) of phosphorus. In
order to develop the surface of catalytically-active Ni—P,
it was proposed to apply coprecipitation of the alloy with
titanium dioxide [9].

Authors of [10] modified the magnetic properties of Ni—P
by giving a specific geometric shape to the alloy. The alloy
was synthesized in the form of nanotubes and nanowires.
It was established that nanotubes and nanowires possess a
seeming magnetic anisotropy caused by the anisotropy of the
shape. It is shown that the use of Ni—P nanotubes as a soft
magnetic material seems to be more promising.

Thus, depending on the composition and conditions of
the electrosynthesis, an alloy for various purposes is re-
ceived. The Ni—P alloy composition, in turn, depends on the
type of the employed electrolyte. As a rule, electrosynthesis
of the Ni—P alloy is performed from the sulfate [11, 12] or
sulphamate [2, 13] electrolytes. At the same time, it was

proposed to apply in the modern technologies of the alloy
electrosynthesis a new electrolyte based on methanesulfonic
acid [14, 15]. Weak resistance and high solubility of the cor-
responding acidocomplexes of metals in the iron group [16]
expands the range of concentrations and current densities,
which provides for the electrosynthesis of alloys. Given this,
it may prove rather useful to study dependences of the Ni—P
alloy electrosynthesis from the methanesulfonate electrolyte
in comparison with the sulphate electrolyte.

3. The aim and objectives of the study

The goal of present work is to establish the influence of
electrosynthesis conditions on the Ni—P alloy composition,
precipitated from the methanesulfonate electrolyte. This
will make it possible to design a new technology for the tar-
geted synthesis of the alloy with specified composition with
predicted physical-chemical properties.

To accomplish the set goal, the following tasks have
been set:

—to receive dependences of the content of phosphorus
in the Ni—P alloy on the concentration of sodium hypophos-
phite, the electrolyte pH and temperature of the electrolysis
in the methanesulfonate sulphate electrolytes;

— to identify ways of phosphorus formation in the Ni—P
alloy electrosynthesis and to establish techniques to influ-
ence the speed of reactions that exert a decisive impact on
the composition of the alloy.

4. Materials and methods for examining
the co-precipitation of nickel and phosphorus and
the Ni—P alloy composition

We conducted electrosynthesis of the Ni—P alloy from
the methanesulfonate: 1.00 M Ni(CH,SO,),, 0.30 M NaCl,
0.70 M H,BO,, X M NaH,PO, and the sulfate: 1.00 M NiSO,,
0.30 M NaCl, 0.70 M H,BO,, X M NaH,PO, electrolytes
at current density of 20 mA/cm? The electrosynthesis was
carried out using the DC source BVP Electronics Home
Tools 30V, 6A (Ukraine).

The pH indices of the solutions were controlled using
the universal ionomer EV-74 (Belarus) with the combined
electrode ESK-10601/7 (Belarus). The required pH indices
were maintained by introducing to electrolyte the solutions
of 0.1M CH,SO,H and 0.1 M NaOH.

Phosphorus content in the alloy was determined by the
differential photocolorimetric method. Essence of the meth-
od is that the orthophosphates form with the salts of vanadi-
um and molybdenum yellow compounds with the following
composition P,0;V,0,22M00,11H,0. Optical density
of the solution was measured using the photocolorimeter
KFK-2-UKhL 4.2 (Russia) at a wavelength of 440 nm.

We prepared a molybdenum-vanadium reagent by mix-
ing two solutions containing 100 g/1 of ammonium molyb-
date and 6 g/1 of ammonium metavanadate.

The Ni—P alloy was dissolved in diluted nitric acid (1:1),
a volume of 25 ml. The resulting solution was poured in a
measuring flask of 100 ml, next we added 10 ml of the 13-%
solution of ammonium persulfate and kept the solution for
10 minutes. Upon the expiration of the allotted time, we
added 5 ml of the concentrated nitric acid, 20 ml of mo-
lybdenum-vanadium reagent, and brought the volume to



100 ml. In 20-30 minutes, we measured optical density of
the solution. The measurements were conducted relative to
a comparison solution that contained all reagents except for
the examined solution. The percentage of phosphorus con-
tent in the alloy was determined by formula:

o= 100%, ©)

where m,, is the weight of phosphorus, determined by cali-
bration chart, g; m is the weight of the alloy, g.

When constructing the calibration chart, we used stan-
dard solutions with the known content of phosphorus in the
form of phosphate ion.

0,002 0,010 0,018 0,026

mp7g
Fig. 1. Calibration chart of dependence of optical density of
the solution (D) on the phosphorus content m,

Electrochemical studies into co-precipitation of nickel
and phosphorus into the alloy were conducted using the
IPC-Pro potentiostat (Russia) in a thermostated four-cham-
ber glass cell. Platinum plate served as a working electrode.
As an auxiliary electrode during deposition of the Ni—P
alloy, we applied nickel of the NPA-1 brand. Reference
electrode — chloride silver electrode of the EVL-IMI brand
(Belarus). Potentiodynamic measurements were carried out
when the potential sweep rate was 2 mV/s.

3. Results of examining the influence of electrosynthesis
conditions on the alloy Ni-P composition

Electrosynthesis of the Ni—P alloy was carried out in
the presence of phosphorus donor in the electrolyte. In the
present work, a source of phosphorus in the alloy is the
hypophosphite-anion. An increase in the concentration of
sodium hypophosphite in the electrolyte naturally results in
an increase in the content of phosphorus in the alloy (Fig. 2).
At concentrating the electrolyte by sodium hypophosphite,
initial sharp jump gives way to a smooth change in the com-
position of the alloy. Depending on the type of electrolyte
used, phosphorus content in the alloy, obtained under the
same conditions, is different. The Ni—P alloys, received from
the methanesulfonate electrolyte, has less amount of phos-
phorus compared with the precipitations, synthesized in the
sulphate electrolyte.

A change in the electrolyte pH has a significant impact
on the composition of the alloy. Fig. 3 shows that a decrease
in pH contributes to increasing phosphorus content in the
alloy. This trend is maintained in both the methanesulfonate
and sulphate electrolyte. The above-mentioned difference
in the composition of alloys received from the methanesul-
fonate and sulfate electrolyte is observed as well at larger

acidity of the electrolyte. The Ni—P alloy synthesized in the
methanesulfonate electrolyte at pH 2 contains a quarter
less phosphorus than the alloy obtained from the sulfate
electrolyte.

= Ni(CH,SO,),
== NiSO,
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Fig. 2. Dependence of phosphorus content in the Ni—P
alloy on the concentration of sodium hypophosphite in
the methanesulfonate and sulphate electrolytes at pH 3
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Fig. 3. Composition of the Ni—P alloy received at
X=0.12 from: a — methanesulfonate electrolyte with pH 3;
b — sulfate electrolyte with pH 3; ¢ — methanesulfonate
electrolyte with pH 2; d — sulfate electrolyte with pH 2

Let us consider the effect of temperature on composition
of the Ni—P alloys received by the electrosynthesis from the
methanesulfate and sulfate electrolytes. Phosphorus content
in the alloy, synthesized at a temperature of 313 K from the
methanesulfonate electrolyte with 0.07 mol/l NaH,PO, is
3.37 % (by weight). An increase in the temperature of elec-
trolyte to 333 K leads to an increase in the alloy phosphorus
content to 4.35 % (by weight) .

An increase in the electrolysis temperature has a larger
impact on the change in the composition of the Ni—P alloy
when using the methanesulfonate electrolyte. The difference
in the compositions of alloys, precipitated at 313 K and 333 K
from the sulfate electrolyte is negligible (4.1 and 4.63 % (by
weight), respectively). The patterns established for the elec-
trolytes containing 0.07 mol/1 of NaH,PO,, are similar in the
solutions, more concentrated by sodium hypophosphite. Thus,
the Ni—P alloy, precipitated at 313 K from the methanesul-
fonate electrolyte in the presence of 0.12 mol/l of NaH,PO,,
contains 5.2 % (by weight). At 333 K, phosphorus content
increases to 7.0 % (by weight). For the precipitations, syn-



thesized in the sulphate electrolyte under these conditions,
the phosphorus content values make up 6.55 % (by weight)
and 7.68 % (by weight).

The alloy Ni—P composition is determined by the rates of
formation of nickel and phosphorus during electrolysis. The
electrodeposition process of the Ni—P alloy is characterized
by voltampere dependences, shown in Fig. 4.

333K 33K
4 | 333K 313K
“g -18
S
<
£ -12
- — Ni(CH,S0;),
-6 — NiSO,

-0,4 -0,5 -0,6 -0,7 -0.8E,V
Fig. 4. Voltammograms of the Ni—P alloy deposition from
the methanesulfonate and sulfate electrolytes at X=0.12

Voltammograms shift towards the region of more posi-
tive potentials when the electrolysis temperature rises, both
the for methanesulfate and sulfate electrolytes. This indi-
cates that a change in the temperature affects the kinetics of
proceeding processes.

When conducting the electrosynthesis under galvanos-
tatic mode, influence of the electrolysis parameters on the
composition of the alloy will manifest itself mainly through
a change in the rate of phosphorus formation.

6. Discussion of results of examining the effect of
electrosynthesis conditions on the alloy Ni-P composition

Let us consider reactions that proceed in the Ni—P alloy
electrosynthesis. The electrodeposition of nickel follows the
reaction:

Ni?*+2e=Ni. 2)

Formation of phosphorus can take place along several
pathways. Phosphorus gets into the nickel matrix either
in the form of nickel phosphides or in the atomic state
[17, 18]. Phosphide formation occurs as a result of redox
reaction involving nickel (IT) ions and phosphine [19-21].
Atomic phosphorus can be formed as a result of cathodic
reduction of hypophosphite anion [22]. In the course of
the Ni—P alloy electrosynthesis from the electrolyte con-
taining a hypophosphite-anion, the disproportionation
reaction may also take place [22].

Therefore, the probable reactions of phosphorus forma-
tion in the examined system take the following form:

H,PO;+2H*+e—P+2H,0, (3)
4H,PO,+2H,0—4P+3H,PO;+2,5H,+OH", (%)
H,PO,+5H"+4e—PH,+2H,0, )
2PH,+3Ni**—>2P+3Ni+6H". (6)

The electrosynthesis of atomic phosphorus is possible
during electroreduction of hypophosphite-anion by reac-
tion (3) or in the course of reactions (5) and (6). In order
to obtain the same amount of phosphorus, four times less
amount of electricity is required in the first case. As shown
(Fig. 2), phosphorus content in the examined alloys reaches
7 % (by weight). Comparison of limiting current magnitudes
of the electroreduction of hypophosphite anion (Fig. 5) with
the total density of electrosynthesis current of the Ni—P
alloy testifies in favor of the reaction (3).
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Fig. 5. Cathode voltammograms, obtained in
electrolytes without the Ni**ions, at X=0.12 and pH 5:
a — methanesulfonate electrolyte; b — sulfate electrolyte

An increase in temperature contributes to an increase in
the rate of hypophosphite anions electroreduction (Fig.5).
This leads to increased phosphorus content in the Ni—P alloy.
Limiting current density of the electroreduction of hypophos-
phite-anions in the sulphate electrolyte exceeds that in the
methanesulfonate electrolyte. This agrees well with the fact
that phosphorus content in the alloy, received from the sulfate
electrolyte, is larger.

It should be noted that the alloy Ni—P electrosynthesis takes
place in the region of potentials, which does not correspond to
the electroreduction of hypophosphite-anions. Obviously, in
this case, there occurs a chemical disproportionation reaction
of hypophosphite-anions by reaction (4). Thus, phosphorus is
formed by electrochemical and chemical way. Because the rate
of reactions (3) and (4) depends on the concentration of hydro-
gen ions, an electrolyte pH decrease should lead to an increase
in the rate of phosphorus formation. Indeed, dependences of
the Ni—P alloy composition on the electrolyte pH, shown in
Fig. 3, do confirm this. An increase in temperature contributes
to the reduction of diffusion difficulties during hydrogen ions
transport to the near-electrode layer. In accordance with the
electrochemical (3) and (4) chemical reactions, it also provides
for an increase in the rate of phosphorus formation.

The increased phosphorus content in the alloys obtained
from the sulfate electrolyte is due to the elevated acidity of
the near-electrode layer. Sulfate electrolyte possesses higher



buffer properties than those in the methanesulfonate elec-
trolyte [11]. This is due to the presence in the electrolyte
of hydrosulfate anions, which act as the donors of hydrogen
ions. As a result, the near-electrode layer pH in the sulphate
electrolyte is lower than that in the methanesulfonate elec-
trolyte. In accordance with reactions (3) and (4), the rate of
phosphorus formation in the sulphate electrolyte is higher.
which is relected by the composition of the alloy.

7. Conclusions

1. We received dependences of the Ni—P alloy composi-
tion on the concentration of sodium hypophosphite in the
methanesulfonate and sulphate electrolytes. An increase in
the concentration of the donor of phosphorus atoms in the
electrolyte contributes to increasing phosphorus content in
the alloy. An increase in the acidity and temperature of the
electrolyte leads to the formation of alloys with a larger con-
tent of phosphorus. At the Ni—P alloy electrosynthesis from
the methanesulfonate electrolyte, phosphorus content in the
alloy is less than when using the sulfate electrolyte.

2. It was established that phosphorus formation during
the Ni—P alloy electrosynthesis takes place in two ways.
Electrochemical reaction matches direct formation of
phosphorus during electroreduction of hypophosphite-an-
ion. The chemical synthesis of phosphorus occurs as a
result of the disproportionation reaction of hypophos-
phite-anion on the cathode surface. Both reaction of
phosphorus formation proceed with the consumption of
hydrogen ions. Therefore, a change in the parameters of
electrolysis, leading to an increase in acidity of the elec-
trode layer, increases the rates of phosphorus formation
reactions. This, in turn, affects the composition of the
Ni—P alloy. That is why an increase in temperature and
acidity of the electrolyte leads to increased phosphorus
content in the alloy. It is shown that under identical con-
ditions phosphorus content in the Ni—P alloy received in
the methanesulfonate electrolyte is less than in the sul-
phate electrolyte. This is linked to the lower buffer prop-
erties of the methanesulfonate electrolyte. Established
dependences are required for designing the new technol-
ogies of electrosynthesis of the Ni—P alloy with specified
composition from the methanesulfonate electrolyte.
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