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SONO-ELECTROCHEMICAL PULSE DEPOSITION 
OF NiP COMPOSITE COATINGS 

Katya Ignatova, Daniela Lilova

ABSTRACT

The growth rate, elemental composition and morphology of electrodeposited NiP composite coatings in pulse 
mode with ultrasound stirring were investigated. NiP(C) composite coatings include graphite (C) and NiP(Prts) 
coatings - oxide bimetallic particles Prts, mainly of SnO and NiO. When increasing the temperature to 60 - 70oC at 
a concentration of graphite in the solution of 2 g L-1, the growth rate of the coatings decreases compared to that at 
room temperature (from 11 - 13 to 8  9 mg cm-2  h-1). The application of ultrasonic stirring and higher temperatures 
(60 - 70oC) increases the phosphorus content in the NiP(C) coatings to 16.38 wt. % Р. In the same conditions, a 
coarsening of the structure of NiP(C) coatings is observed. NiP(Prts) coatings grow slower than those with graphite 
particles and are composed of nanosized spheroidal crystals. At higher content of bimetallic oxide particles in the 
solution, deposited NiP(Prts) coatings double their tin content at the expense of nickel (33.12 wt. % Ni, 15.95 wt. % 
P, 42.34 wt. % Sn), making the coating suitable for application as an anode material in Li-ion batteries.
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INTRODUCTION

In the last two decades, interest in transition 
metal phosphides prepared by electrochemical or 
pyrometallurgical methods has increased [1 - 3]. It has 
been proven that the implantation of phosphorus in the 
metal matrix of Ni and Co alloys leads to an increase 
in wear-resistance, frictional abilities and corrosion 
resistance of the coatings, which is why they are used in 
machine building, automotive, chemical and petroleum 
industries [1 - 4].

Transition metal phosphides have a wide range 
of properties that strongly depend on the composition 
of the phosphide and can be semiconductors, 
ferromagnets, catalytic materials, battery materials, 
etc. [5 - 8]. Thus, Ni2P is one of the most active catalytic 
materials for hydrodesulfurization (HDS) and for 
hydrodenitrogenization (HDN) [9, 10], while NiP2 is 
a promising material for the negative electrode in Li-

ion batteries [11, 12]. Fe3P is a ferromagnetic material 
with a high-temperature transition [13], while Fe2P 
has semiconductor properties [14]. Transition metal 
phosphides are good catalytic materials with excellent 
efficiency in the hydrogen and oxygen evolution reactions 
during the water decomposition process [15 - 19]. 

In recent years, materials based on transition metals 
have been studied and applied in electrochemical 
energy storage devices such as supercapacitors, solar 
cells, lithium-ions, LIBs and sodium-ions batteries, 
NaIBs [20 - 23].  These materials are characterized 
by lower prices and high volumetric and gravimetric 
capacity [20]. Their advantage over graphite anodes, 
besides the high capacity, is also the lower volume 
expansion, which strongly affects the battery life. 
Among metal phosphides, nickel phosphides such as 
Ni3P, Ni2P, Ni12P5, Ni5P4, NiP2 and NiP3 are the most 
studied materials as LIBs anodes due to the richness 
of their phase diagram. The P - rich phases (NiP2 and 
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NiP3) have higher capacity [22]. Li implantation and 
reverse release from Co3P, used as an anode in LIBs 
show specific capacity of 400 mAh g-1 [24]. A NiCoP 
ternary alloy consisting of phosphides of both metals 
and with good electrochemical characteristics for Li-
ions batteries was electrochemically obtained [25]. The 
implantation of graphite particles in NiP coatings would 
improve anode performance in Li-ion batteries or reveal 
new applications [21]. 

The electrochemical mechanism of NiP coating 
deposition has been studied in solutions containing 
phosphoric oxoacids as a phosphorous carrier [27 - 29]. 
Two possible deposition mechanisms have been proposed:

 - direct through the reduction of nickel, hydrogen 
and hypophosphite ions [27, 28] and 

- indirect - through the involvement of intermediate 
product phosphine in the production and implantation 
of phosphorous [27].  

With a higher content of sodium hypophosphite, 
it is possible to obtain NiP by including a chemical 
mechanism such as reduction of Ni ions from 
hypophosphite anions and obtaining P by decomposition 
of hypophosphite [30].

The use of pulse electrolysis simultaneously with 
ultrasonic stirring of a suspension оf graphite particles has 
not been well studied, although it would have a beneficial 
effect on the properties of the deposited composite 
coatings. Data about sono-electrochemical pulse 
deposition of Ni(SiC) composite are published in [31].  

The presented paper aimed to develop an electrolyte 
for electrodeposition of composite NiP coatings with 
incorporated graphite and bimetallic oxide particles 
using pulse mode, with and without ultrasound stirring 
of the electrolyte and to determine the effect of applied 
conditions on the growth rate of the coatings, their 
elemental composition and morphology. 

EXPERIMENTAL

Sono-electrochemical deposition 
Composite NiP(C) and NiP(Prts) coatings were 

deposited on copper foil with a surface area of 4 cm2 
(2 × 2 cm) in different electrolyte compositions and 
by applying ultrasonic stirring and pulse potentiostatic 
mode. A thermostatic Digital Ultrasonic Сleaner CD-
4830 with capacitance of 3000 ml and a frequency of 36 
kHz was used. The bubbles, formed inside the solution 

at high frequency are the cause for the stirring effect 
realized with the device. 

The deposition was performed in pulse potentiostatic 
mode at а frequency of 500 Hz (pulse filling θ = 0.5) 
and an average polarization of 1.96 - 2.06V. The 
temperature of the electrolyte was maintained with an 
ultrasonic thermostatic bath in the range of 20oС - 70oС. 
The electrolyte with added graphite powder or powder 
mixture NiO0.45NiS0.25SnS0.30 with a concentration of 2 - 
3 g L-1 is subjected to heating to а suitable temperature 
and ultrasonic stirring for 20 - 30 min. before the start 
of the electrolysis. The sonication was continued during 
the electrolysis in the ultrasonic stirring experiments.

Pretreatment of the electrodes [32]
Copper foil was used to prepare working electrodes. 

They were in the shape of a rectangle measuring 1 
by 2 cm. The  non-working side was isolated with 
nitrocellulose lacquer. Before each experiment, the 
electrodes were subjected to pretreatment operations to 
clean possible contaminants and oxides on their surface: 
degreasing in an alcohol-ether mixture, washing in 
hot distilled water (80oC), glossy etching in a mixture 
of concentrated acids (HNO3 : H2SO4 = 2 : 1) with an 
addition of 10 mL c. HCl in 100 ml of solution and 
subsequent rinsing with distilled water repeatedly. 
The platinum counter electrode was periodically left 
submerged for 5 - 10 min in a solution of 50 % HNO3 
heated to 50оC. After deposition, the coated electrodes 
were rinsed with distilled water and dried. 

Morphological and elemental analysis
As in our previous study, the surface morphology of the 

samples was analysed by Scanning Electron Microscopy 
(SEM) using an SEM/FIB LYRA I XMU microscope of 
the company TESCAN with tungsten heated filament 
as an electronic source, 3.5 nm resolution at 30 kV and 
accelerating voltage from 200 V up to 30 kV [32]. The 
microscope was equipped with an EDХ detector Quantax 
200 of the company BRUKER for quantitative analysis. 
Spectroscopic resolution at Mn-Kα and 1 kcps 126 eV 
was used.

Electrolyte preparation
The electrolyte we developed and applied had the 

following composition: 0.3M NiSO4, 0.6M H3PO3, 
0.06M NaH2PO2, 30 g L-1 Na2SO4. The рН of solution 
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was 3.5 and the temperature was 20 - 70oС, maintained 
with the thermostatic device of the ultrasound bath. The 
deposition of NiP(С) and NiP(Prts) is carried out in the 
same electrolyte composition with the addition of the 
corresponding powder materials. Fine graphite powder 
for NiP(C) coatings is based on soft carbon (type Soft) 
and is characterized by parallel arranged graphene 
layers with a high degree of defects, an average particle 
size of 3 - 8 μm, and is suitable for use in lithium-ion 
batteries [33]. For NiP(Prts) coatings, a bimetal powder, 
(designated as Prts) was used. 

Growth rate of the coating mass
The growth rate (GR) of the coating mass is 

estimated by the Eq. (1):

GR = m2 – m1 =  Δm/S.tel ,  mg/cm2 h		   (1)

where m1 [mg] is the mass of the electrode before 
electrolysis, m2 [mg] - the mass of the electrode after 
electrolysis, S - electrode surface, cm2 and tel, h is the 
time for which the electrolysis itself is carried out.

RESULTS AND DISCUSSION

Synthesis and characterization of bimetallic powder 
(Prts) for deposition of NiP(Prts) coatings

The bimetallic powder (Prts) was prepared by controlled 

heating of a solution of NiSO4, SnCl2 and 50 g L-1 sodium 
gluconate (C6H11NaO7) to 80 - 900C (pH = 2-3). The 
resulting powder mixture was washed, dried and 
ground in an agate mortar for homogenization and then 
quantities of it were introduced into the electrolyte to 
obtain composite NiP(Prts) coatings. 

According to the X-ray analysis (Fig. 1), the latter 
consists of 44.90 wt. % NiO(OH); 14.45 wt. % SnS; 
17.96 wt. % SnO and 22.45 wt. % S (Fig.1). The 
material was obtained by controlled heating of a 
solution of NiSO4, SnCl2 and 50 g L-1 sodium gluconate 
(C6H11NaO7) up to 80 - 90oС (pH = 2 - 3). The resulting 
powder mixture was rinsed, dried and ground in an 
agate mortar to homogenize, and then a certain amount 
was introduced into the electrolyte to obtain NiP(Prts) 
composite coatings. The results for the composition of 
the material “Prts” from X-Ray data are in excellent 
agreement with those from EDX and EDX-Mapping 
analyses shown in Fig. 2.             

SEM image in Fig. 2a shows that the “Prts” material 
is very finely crystalline and is characterized by an 
average crystallite size of about 1 μm. 

Data on the rate of growth of coatings GRm, 
mg cm-2 h-1 and elemental composition in wt. % by 
respective experimental conditions: temperature of 
electrolyte, toC, ultrasonic stirring, US and concentration 
of graphite, C or bimetallic particles, Prts in electrolyte, 
g L-1 are presented in Table 1.  

Fig.1. X-Ray diffractogram of the material, described as „Prts“(NiO0.45 NiS0.25SnО0.30), used for electrodeposition of 
NiP(Prts) composite coatings.
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NiP(С)
Table 1 shows that at graphite content of 2 g L-1 in 

the solution, the growth rate of the coating mass, GR is 
higher at a lower temperature of 20oC (11.86 mg cm-2 h-1 

at “quiet” conditions and 12.64 mg cm-2 h-1 at ultrasound 
stirring). Increasing the temperature to 60 - 70oС at the 
same graphite content in the solution leads to a lower 
rm of 8 - 9 mg cm-2 h-1. 

As can be seen from Table 1, under “quiet” 
conditions, 20oС and content of graphite particles of 
2 g L-1 (sample 1), a high content of Ni (82.38 wt. %), 
as well as P (13.12 wt. %) were found. The application 

of ultrasound under the same other conditions (sample 
2) leads to a decrease in phosphorus content to 2.00 
wt. %. When using higher temperatures (60 - 70oС) and 
a concentration of graphite in the solution of 2 g L-1, the 
phosphorus content in the coating increases to 16.38 
wt. % Р (sample 4).  

As can be seen from Fig. 3 under the investigated 
conditions an important change in the morphology of 
the deposited coatings was found. The coating obtained 
under “quiet” conditions (sample 1 from Table 1) has a 
fine crystalline structure but with very uneven deposition 
of graphite particles (Fig. 3а, а*). Dark non-uniform 

Fig. 2. SEM image (a), EDX spectrum (b) and SEM-mapping (c) of the „Prts” - material.

Nr alloy t, oC
Ultrasonic stirring, 
“+” US; Content of 
Gr or Prts in g L-1

GRm,
mg cm-2 h-1

Ni, wt. 
% P, wt. % Sn, wt. % C, wt. % O, wt. %

1 NiP(С) 20 - US (2 g L-1 Gr) 11.86 82.38 13.12 - 2.06 2.44
2 NiP(С) 20 + US (2 g L-1Gr) 12.64 87.5 2.00 - 5.34 5.16
3 NiP(С) 60 + US (2 g L-1 Gr) 8.320 80.02 8.19 - 6.83 4.25
4 NiP(С) 70 + US (2 g L-1 Gr) 9.024 79.18 16.38 - 2.13 2.33
5 NiP(Prts) 60 + US (2g L-1Prts) 4.8 70.35 7.99 19.09 - 3.21
6 NiP(Prts) 60 + US (3g L-1Prts) 2.016 33.12 15.95 42.34 - 8.59

Тable 1. Elemental composition in wt. %, growth rate of coatings GRm, mg cm-2 h-1 at respective experimental conditions: 
temperature of the electrolyte, toC, ultrasonic stirring, US and concentration of graphite, C or bimetallic particles, Prts in 
electrolyte, g L-1. 
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spots are visible on the surface. As can be seen from 
Fig. 3b, b* (sample 2 from Table 1) the application 
of ultrasound stirring at low temperature (20оC) leads 
to the formation of dark lines on the coatings. When 
the temperature rises to 60оC, the coating’s structure 
becomes rougher with the formation of spheroidal 
crystals (Fig. 3c, c*).

NiP (Prts) 
Table 1 shows that the growth rate of the NiP(Prts) 

coating is 4.8 mg cm-2 h-1 in a solution with a concentration 
of Prts of 2 g L-1 and 2.016 mg cm-2 h-1 when the same 
is 3 g L-1.  The rate of growth of coatings is influenced 
by a complex of factors, among which are the electrical 
conductivity of the solution, the electrophoretic speed 
of the particles depending on their size and charge, 
and  polarization effects at the electrode-solution 
interface. The listed factors change as the concentration 
оf bimetallic oxide particles in the electrolyte varies, 
especially with ultrasonic stirring. In such systems, 
defined as suspensions, the thickness of the diffusion 
layer is expected to decrease upon sonication of the 
electrolyte, which should increase the mass growth 
rate of the coatings. Our results confirm adherence to 
these theoretical principles [34]. The observed two-fold 

decrease in the growth rate of NiP(Prts) coatings with 
increasing bimetallic particle content in the electrolyte 
at constant other conditions (samples 5 and 6 in Table 1) 
well illustrates the above. 

Fig. 4 shows SEM images of NiP alloy coatings with 
introduced bimetallic oxide particles. The coatings were 
deposited at an electrolyte temperature of 60oС and varying 
the content of particles in the solution. The effect of changing 
the particle content in the solution on the morphology of the 
coatings is not very noticeable. The coatings are made of 
nano-sized spheroidal crystallites on a smooth base. 

Table 1 shows that the coating content depends 
strongly on the particles content. At 2 g L-1 Prts, coatings 
with a composition of 70.35 wt. % Ni, 7.95 wt. % P and 
19.03 % Sn were obtained. At 3 g L-1  Prts, coatings with a 
composition of 33.12 wt. % Ni, 15.95 wt. % P and 42.34 
wt. % Sn were deposited, which are very suitable for 
application in Li-ion batteries because the Sn/Ni ratio is 
above 1. Sn is known to be the active element in anodes 
during the electrochemical conversion of Li [35].            

The images of the NiP(C) and NiP(Prts) coatings 
show some morphological heterogeneity, but the SEM -
Mapping analyses of samples 4 (Fig. 5) and 5 (Fig. 6) 
show that the elements are evenly distributed on the 
coating’s surface.

Fig. 3. SEM images of NiP(С) coatings at two different magnifications: (a, a*) - sample 1 from Table 1; (b, b*) - sample 
2 from Table 1; (c, c*) - sample 4 from Table 1. 
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CONCLUSIONS

Based on the obtained data, the following conclusions 
can be drawn: For NiP(C): I) When increasing the 
temperature to 60 - 70oС at a concentration of graphite 
in the solution of 2 g L-1, the growth rate of the coating 
decreases compared to that at room temperature; II) 
Application of ultrasonic stirring and higher temperatures 
(60 - 70oC) leads to an increase in phosphorus in the 
coating up to 16.38 wt. % Р; III) NiP(C) coating deposited 
at “quiet” conditions has a fine-crystal structure but a very 

Fig. 6. SEM image (a), EDX spectrum (b), summary view 
of all elements (c), and discrete distribution of each of 
the elements (d) by SEM - Mapping analysis оf NiP(Prts) 
coating - sample 5 from Table 1. 

Fig. 4. SEM images of NiP(Prts) coatings at different 
magnifications: (a, a*) - sample 5 from Table 1; (b, b*) - 
sample 6 from Table 1.

Fig. 5. SEM image (a), EDX spectrum (b), color distribution 
of all elements (c) and of individual elements (d) on the 
coating surface оf NiP(C) coating - sample 4 from Table 1.

uneven distribution of the graphite particles. Applying 
ultrasonic stirring simultaneously with an increase in the 
temperature to 60oС gives a slightly rough structure to 
the coating. The elements are evenly distributed on the 
surface; For NiP (Prts): IV) NiP (Prts) coatings  grow at 
a slower rate than those with graphite particles and are 
composed of nanosized spheroidal crystals; V) At higher 
content of bimetallic oxide particles in the solution, 
deposited NiP (Prts) coatings double their tin content at the 
expense of nickel (33.12 wt. % Ni, 15.95 wt. % P, 42.34 
wt. % Sn), making the coating suitable for application as 
anode material in Li-ion batteries.
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