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Abstract: Nickel phosphides Ni,P, are a promising family of binary compounds that have shown
much promise in various fields of technology, including energy storage, light absorption and hetero-
geneous catalysis in the reactions of biomass hydrogenation. The performance of Ni,P;-containing
materials depends greatly on their morphology and phase composition and, in turn, on the synthesis
technique. In this work, we have employed the electroplating approach to synthesize a Ni-P coating,
which was treated with nitric acid in order to develop its surface area and enrich it with phospho-
rus. We have employed scanning electron microscopy, X-ray diffraction and 31P nuclear magnetic
resonance techniques to characterize the particles separated from the coating with ultrasound for
the convenience of the study. According to experimental data, the obtained powder contained a
mixture of NizP and phosphorus oxides, which transformed into nickel phosphide phases richer
with phosphorus, such as NisP, and Nij,Ps, after treatment at elevated temperatures. Thus, we have
demonstrated that electroplating followed by acid treatment is a feasible approach for the synthesis
of Ni-P coatings with increased surface area and variable phase composition.

Keywords: nickel phosphide coating; electroplating; 31p Solid-State NMR

1. Introduction

Nickel phosphides are a family of binary compounds of nickel and phosphorus,
the atomic ratio of which can vary over a wide range from 3:1 to 1:3 [1]. All nickel phos-
phides have a metallic conductivity character; most of them are characterized by Pauli
paramagnetism. The nickel-rich side of this spectrum (Ni:P > 1) has attracted more research
interest because the nickel-rich phases have found practical applications in various fields of
technology. Nickel phosphides and composite materials based on them are used as anode
materials for lithium-ion batteries [2-5], light-absorbing surfaces of optical devices [6,7].
Much attention is currently focused on studying the possibility of using nickel phosphides
in the field of heterogeneous catalysis in biomass hydrotreating reactions. Namely, nickel
phosphides NisP, NijpP5, Ni;P and NisP4 are promising catalysts for hydrodeoxygena-
tion [8-10], hydrodesulfurization [11-16] and other hydrogenation processes [17-20], due to
their higher activity and stability compared to catalysts based on purely metallic Ni.

The properties of nickel phosphides in these fields of interest are greatly influenced
by their morphology and phase composition. Therefore, in the literature, attention is paid
not only to the study of the properties of various phases of nickel phosphides but also
to the development of methods for their synthesis [2,11,12,16,21,22]. The most common
among them are the methods of incipient wetness impregnation with compounds of nickel
and phosphorus, followed by their reduction in a temperature-programmed mode in a
vacuum or a reducing environment; direct phosphine treatment of supported Ni or NiO
nanoparticles is also used [23].

Earlier, we have shown that electrochemically deposited Ni-P coatings can contain
from 1.5 to 21.5 at.% phosphorus and represent either an interstitial-substitutional type solid

Coatings 2021, 11, 1071. https:/ /doi.org/10.3390/ coatings11091071

https:/ /www.mdpi.com/journal/coatings


https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-0523-9980
https://doi.org/10.3390/coatings11091071
https://doi.org/10.3390/coatings11091071
https://doi.org/10.3390/coatings11091071
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11091071
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11091071?type=check_update&version=1

Coatings 2021, 11, 1071

20f12

solution of phosphorus in nickel (1.5-9.0 at.% P) or an X-ray amorphous phase (coatings
with more than 9 at.% phosphorus) [24]. After heating of the as-deposited Ni-P coating
in the temperature range of 350400 °C, a thermally stimulated phase transformation
occurs with the formation of metallic nickel and nickel phosphide NizP phases, the volume
fraction of the latter being determined by the phosphorus content in the coating [25]. Since
the maximum phosphorus content in the Ni-P coating does not exceed 21.5 at.%, and the
phase composition after heating is determined by the chemical composition [25], nickel
phosphide phases richer in phosphorus were not obtained. At the same time, obtaining a
Ni-P coating with a wider composition range that would include Ni, P, phases with a lower
x/y ratio may prove beneficial because, depending on the application area, such phases can
demonstrate higher efficiency. For example, NiyP and Nij,P5 demonstrate higher activity
in catalytic hydrodeoxygenation of fatty acid esters [9]. It was shown in [26,27] that an
increase in the phosphorus content on the coating surface can be achieved by treating it in
a nitric acid solution. However, the phase composition and structure of the surface layers
enriched in phosphorus are poorly studied [28], and the possibility of obtaining nickel
phosphide phases as a result of heating the treated coatings has not been investigated either.

In this work, we have electrochemically deposited a Ni-P coating on a copper foil
and treated it with nitric acid in order to enrich its surface with phosphorus. We have
employed scanning electron microscopy to study the morphology of the obtained surface,
which consisted of micron-sized ternary Ni-P-O conical particles supported on the Ni-P
substrate. An X-ray diffraction technique combined with solid-state >' P nuclear magnetic
resonance spectroscopy allowed us to establish the nickel phosphide and nickel phosphate
phases present in the obtained particles and to report the Knight shifts of phosphorus sites
of nickel phosphide NisP,. Heating of the particles separated from the substrate to 800 °C
in vacuum led to crystallization of nickel phosphide nanoparticles surrounded by a nickel
phosphate shell.

2. Materials and Methods

The Ni-P coating was deposited on a 50 x 25 mm? copper foil from an electrolyte
with the following composition: NiSO4-7H,0O (180 g/L), NiCly-6H,O (10 g/L), H3PO4
(10 g/L), KHyPO4 (14 g/L), HsPO3; (20 g/L), saccharin (2 g/L), pH 2. The deposition
was carried out in an electrochemical cell under constant temperature (60 &+ 1 °C) with
vertical oscillation of the cathode with a frequency of 30 min~—!. Cathode current density
of 3 A/dm? was applied for 2 h until a smooth coating (Figure 1) with the thickness of
45-50 um was reached. During the deposition, the pH of the electrolyte was maintained
at the same level (pH 2) by adding concentrated H,SO,4. The thickness of the coating
was determined by the gravimetric method. The phosphorus content in the coating was
estimated by the X-ray fluorescence method using an Epsilon 1 spectrometer (PANalytical,
Almelo, the Netherlands). Automatic data processing was performed using Epsilon 3
software using the Stratos application.

Figure 1. SEM micrograph of the as-deposited Ni-P coating. Note the relatively smooth surface of
the coating prior to the acidic treatment.
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The surface oxidation of Ni-P coatings was carried out by keeping the samples in
a 5 M solution of nitric acid for 150-170 s at 55 °C. The study of the morphology of
the coating surface was carried out using a Tescan Vega 3 scanning electron microscope
(TESCAN ORSAY HOLDING, Brno, Czech Republic) equipped with a secondary electron
detector (for studying the surface morphology) and a reflected electron detector (for phase
contrast detection). A Leo 1455 scanning electron microscope (Carl Zeiss AG, Oberkochen,
Germany) with an X-ray fluorescent attachment was used to determine the chemical
composition of the surface. X-ray diffraction experiments (XRD) were carried out using
an Empyrean X-ray diffractometer (PANalytical, Almelo, the Netherlands) with CuK
radiation (Ni-filter) equipped with an attachment allowing X-ray diffraction patterns to
be recorded at elevated temperatures in a vacuum (10~* Torr). The duration of heating at
each selected temperature was 30 min.

Thermal analysis (thermogravimetric analysis with scanning differential calorimetry
(DSC)) was performed using an STA449-F3 Jupiter simultaneous thermal analyzer (Netzsch,
Selb, Germany) at a sample heating rate of 10 K/min in a nitrogen atmosphere using a
Pt/Rh crucible in a temperature range from 30 to 850 °C.

The specific surface area of the as-separated powder was characterized using N,
physisorption at 77 K with an ASAP 2400 system (Micromeritics, Norcross, GA, USA).
The specific surface area was determined using a multipoint Brunauer-Emmett-Teller
(BET) model.

13 kHz magic angle spinning (MAS) 3!P nuclear magnetic resonance (NMR) spec-
tra were recorded using a Bruker AVANCE III Fourier spectrometer (Bruker, Billerica,
MA, USA) with a constant magnetic field of 11.74 T. The spectra were recorded at the
202.404 MHz Larmor frequency of the 3!P nuclei using a 7t/2-t-m Hahn echo sequence.
The samples were placed in a 4 mm (outer diameter) ZrO; rotor. Twenty-seven and thirty
kHz MAS 3P NMR spectra were recorded on a Bruker AVANCE 400 Fourier spectrometer
in a constant magnetic field of 9.4 T (162.1 3'P Larmor frequency). For these experiments,
the sample was placed in a 2.5 mm outer diameter ZrO, rotor. All sample manipulations
were carried out under open atmosphere.

In all cases, the 7t/2 pulse length was 2.4 us and the interpulse delay was chosen such
that the experiments were rotor-synchronized. Due to the rapid relaxation of P sites in
intermetallic compounds, a short delay (0.05 s) between the pulse sequences was chosen.
Echo-mapping procedure with a ~100 kHz carrier frequency step was used to record the
spectra severely broadened (spanning over 7000 ppm) due to the presence of paramagnetic
ions. To record ultra-wide lines caused by the conducting or paramagnetic character of the
systems under study, the echo-mapping procedure was used. In this case, the detuning of
the carrier frequency was changed with a step of 500 ppm, which corresponds to ~100 kHz
at a given Larmor frequency. All NMR spectra were recorded at room temperature and
referenced to an 85% H3POy solution.

3. Results and Discussion

The Ni-P coating with a phosphorus content of ~5.0 at.% was synthesized by electro-
chemical deposition. Treatment of this coating in a nitric acid solution led to its partial
dissolution with the formation of a deep black surface. Analysis of the composition of this
surface, carried out using an EDX attachment of a scanning electron microscope, showed
the presence of elements in the following concentrations, at.%: nickel-56.7, oxygen-30.7,
phosphorus-11.8, sulfur-0.8. The coating contained a small amount of sulfur due to the
saccharin present in the electrolyte. The drastic change in the Ni:P ratio from 1:20 to 1:4.8
indicates the predominant removal of nickel from the surface during the etching of the Ni-P
coating in nitric acid and the accumulation of phosphorus. At the same time, the presence
of a large amount of oxygen in the surface layer indicates the presence of oxidized species
at the surface.

In [7,29], it was shown that the treatment of chemically or electrochemically deposited
Ni-P coatings in a nitric acid solution leads to the formation of a well-developed micro-
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relief of the surface, which significantly increases its specific area. From the micrographs
obtained with the use of a secondary electron detector, we could observe that the etching
of Ni-P coatings had resulted in a surface with regularly alternating cone-shaped elements
(Figure 2a,b). The diameter of the base of the cones was 2-3 pm and their height was
6-8 pm. The tops of the cones appeared with slightly higher brightness, which indicates
poor drainage of the charge accumulated in these areas during irradiation with electrons
and, accordingly, their dielectric nature.

10 pm

C d

Figure 2. SEM micrographs of (a) the etched surface at an angle of 10° and (b) its cross section
obtained using a secondary electron detector; (c) a cross section SEM image obtained using a reflected
electron detector; (d) schematic representation of the cross section of the etched coating: 1—Ni-P
coating, 2—hollows formed during etching, 3—layer of conical particles containing light elements.

When studying the cross section of the etched coating using a backscattered electron
detector, we have found that the distribution of elements in it is non-uniform (Figure 2c).
Between the tops of the cones (2-3 microns) and their lower part (4-5 microns), there is
a clear border in the brightness of the image. The upper part has a low signal intensity,
which indicates the presence of a large amount of light elements in its composition, while
the lower part has the same signal intensity as the Ni-P coating on the substrate, which was
not etched, which indicates that their composition is very close. The schematic structure of
the oxidized surface is shown in Figure 2d.

Due to the small thickness of the topmost layer on the etched surface (Figure 2c),
it was separated from the substrate in the form of a fine powder in order to determine
its chemical composition. For this, the etched Ni-P coatings were placed in a container
with a minimum amount of ethanol and subjected to ultrasonic treatment to obtain a
suspension of black powder in alcohol. After the evaporation of the alcohol at 40 °C,
the fine powder was dried in air and stored in a desiccator. According to the scanning
electron microscopy data, the powder consisted of conical particles 2.5-4.0 pm in length
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and 1.0-2.0 um in diameter at the base (Figure 3a). Consequently, the ultrasonic treatment
with separation of conical particles led to smoothing of the surface of the etched Ni-P
coating: SEM micrographs of the treated surface revealed that the upper pointed parts of
the cone-shaped elements disappeared, while numerous hollows significantly differing in
size are observed (Figure 3b). The obtained black powder displayed a moderate specific
surface area of 53 m?/g according to a BET adsorption study. Due to the smoothness of the
as-obtained coating (Figure 1), we can follow geometrical considerations to evaluate the
specific surface area increase provided by the nitric acid treatment. From 1 dm? of Ni-P
coating, we can separate roughly 20 mg of powder that, considering the BET measurement
results, has a total surface of 1.06 m? resulting in a 100-fold increase of surface area.

Figure 3. SEM micrographs of (a) the separated fine powder (note the conical shape of the par-
ticles that has not changed during the ultrasonic treatment) and (b) the etched surface after the
ultrasonic treatment.

To investigate the phase composition of the obtained powder, a study was carried
out using the X-ray diffraction technique. The XRD pattern shown in Figure 4a shows
two broad halo peaks characteristic of amorphous materials. The first of them is located
in the range of angles 20 = 27°-37° and the second is located in 41°—47° region. Such a
large width of reflections can be due to both the amorphous state of the substance and
the very small size of the coherent scattering regions. Thus, the XRD technique turned
out to be uninformative in identification of compounds present in the upper layer of the
separated powder.

Unlike the XRD technique, the NMR technique is much less sensitive to the parti-
cle (and crystallite) size and allows one to study the structure of amorphous materials.
The 13 kHz magic angle spinning 'P NMR spectrum of the obtained powder (Figure 4b)
shows a broad line shape with two distinguishable regions: the region of signals from
diamagnetic phosphorus compounds (in vicinity of 0 ppm) and the region of signals shifted
to a weak field (about 1500 ppm). Such a large signal shift (Knight shift) has several possi-
ble sources: for non-conducting compounds it is caused by the presence of spin density
from electrons of paramagnetic centers Ni (most often, Fermi contact shift); for conduct-
ing compounds, by the presence of conduction electrons; for conducting materials with
paramagnetic ions, a combination of both sources may be present. The signals are highly
broadened and cannot be resolved. However, due to the presence of signals in the diamag-
netic region, it can be argued that a noticeable proportion of phosphorus is present in the
oxide form. These signals can correspond to various phosphate groups (POy, P,O7, PO3,
etc.), in the immediate environment of which there are no paramagnetic nickel ions. Such
groups can be part of various di-, tri- and polyphosphoric acids, which can be products
of phosphorus oxidation in a strongly acidic medium. This is in good agreement with the
elemental analysis data on the presence of a large amount of oxygen in the Ni-P coating
after its etching in nitric acid. Moreover, the broad character of the spectrum does not allow
for excluding the presence of elemental phosphorus in the sample. Signals in the region of
large Knight shifts seem to correspond to nickel-rich phosphide phases, namely, NisP or
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Nij,Ps, the signals which are located at about 1800 ppm for the NisP phase and about 1950
and 2250 ppm for the Nij»P5 phase [30,31].
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Figure 4. (a) Fragment of an X-ray diffraction pattern and (b) 13 kHz MAS 3'P NMR spectrum
obtained for the separated fine powder.

The significant broadening of the spectrum and its “distributed” nature may indicate
the presence of nonstoichiometric defect phases of phosphides and nickel phosphates. In or-
der to confirm the presence or absence of the latter, we have synthesized and recorded 3'P
MAS NMR spectra of several pure nickel phosphates (article in preparation) because only
nickel pyrophosphate NiP,O7 was covered in the literature with the reported Knight shift
of 3950 ppm [32]. Despite their insulating character, the signals of synthesized phosphates
cover 3P Knight shifts in a wide range from 1000 to 8000 ppm. Nickel orthophosphate
Niz(POy) gives rise to a broad line stretching from 1000 to 3000 ppm, which fits well
within the experimental spectrum of the fine powder. The low-field “tail” of the spectrum
extending into the 4000-5000 ppm region may indicate the presence of highly disordered
8-NipP,O7 phase that gives rise to a signal centered around 3900 ppm. Thereby, according
to 3P NMR data, the separated fine powder comprises Ni-rich phosphide and phosphate
phases with some of the phosphorus present as phosphoric and polyphosphoric acids or in
an elemental state.

Crystallization and ordering of the formed phases can be achieved by heating the
powder in an inert atmosphere to prevent oxidation of nickel and phosphorus. To deter-
mine the temperatures at which structural-phase transformations of a fine powder occur,
a study was carried out using the differential scanning calorimetry technique. From the
thermal analysis curve shown in Figure 5, it follows that when the powder is heated in a



Coatings 2021, 11, 1071

7 of 12

nitrogen atmosphere from 25 to 500 °C, its weight decreases by 21.7%, the process proceeds
with heat absorption and has a peak on the DSC curve at 126 °C. The rapid weight loss
observed up to 200 °C may be due to the removal of the adsorbed water from the powder.
Further delayed weight reduction may be associated with the polyphosphoric acid poly-
condensation processes occurring during heating. Two exothermic peaks are observed on
the DSC curve: one of low intensity with a maximum at 400 °C, and the other, a narrow,
sharp one at 755 °C. We assume from the XRD data presented below that the former peak
corresponds to the crystallization of nickel phosphides, while the latter peak corresponds
to the crystallization of nickel phosphates. No change in the mass of the sample in the
temperature range from 500 to 730 °C was recorded (Figure 5).

2 5 105
755 °C

-
1

Heat flow, mW/mg
(o)
L

126 °C

70

T T 1 T 1 1 T 1
100 200 300 400 500 600 700 800
Temperature, °C

Figure 5. Thermogravimetry (1) and differential scanning calorimetry (2) curves of the separated fine
powder when heated in nitrogen.

To study the structural transformations during heating of the obtained powder, the fol-
lowing temperatures were chosen: 500 and 800 °C. The X-ray diffraction patterns of the
powder heated to 500 °C show several intense reflections corresponding to nickel phos-
phide phases Nij;P5 and NisP; (Figure 6a). The large broadening of the reflections indicates
either the small size of the crystallites or their high defectiveness. In the 13 kHz 3'P NMR
spectrum of the powder heated at 500 °C, one can observe a significant decrease in the
signals in the diamagnetic region of the spectrum, simultaneous with the growth of the
broad spectrum shoulder in the region of 3000-5000 ppm (Figure 6b). Thus, it can be
assumed that, upon heating, amorphous polyphosphates interact with nickel to form nickel
phosphides or nickel phosphates. A line that cannot be attributed to any previously studied
nickel phosphate or phosphide is relatively well defined at approximately 1200 ppm. Con-
sidering the data obtained by XRD, this line may correspond to the NisP, phase. Even at
this temperature, the lines in the spectrum are notably broad, which indicates a significant
disorder or defectiveness of these compounds (Figure 6b).

After heating the powder at 800 °C, the entire set of narrow reflections from nickel
phosphides NijpPs and NisP, became clearly visible in the X-ray diffraction patterns,
which indicates their good crystallization. Intense narrow reflections from metaphosphate
Ni(PO3); and nickel pyrophosphate Ni, P,O7 also appeared (Figure 7a). The detection of
these phosphates may be due to their crystallization from the amorphous state, which
may be the exothermal process reflected in the peak at 755 °C on the DSC curve. The 3!P
NMR spectrum demonstrates a noticeable narrowing of the lines, for which the specific
Knight shifts can be attributed. The intensity of the signals in the 0 ppm region decreased
drastically, which indicates the complete conversion of “free” phosphates into compounds
with nickel. Lines with shifts of about 1200, 2250, 4000 and 5000 ppm can be distinguished
in the spectrum (Figure 7b). The line at 4000 ppm can be attributed to nickel pyrophosphate
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(5-phase), the presence of which was also confirmed by XRD data. Nickel phosphide phase
Ni,P gives rise to a line located in the same region; however, the absence of this phase in the
sample is evident from the absence of a line at 1500 ppm from the second phosphorus site
in the Ni,P structure [30,31,33]. The line located at 2250 ppm confirms the presence of the
nickel phosphide phase Nij;P5 detected by XRD. According to our measurements made for
reference nickel phosphates, the signal at 5000-6000 ppm corresponds to «-modification
of N12P207.
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Figure 6. (a) Fragment of an X-ray diffraction pattern and (b) 13 kHz MAS 3P NMR spectrum
obtained for the separated fine powder after heating at 500 °C in vacuum.

Nickel metaphosphate Ni(PO3), gives rise to a weakly intensive line at 7000 ppm,
severely broadened due to the strong paramagnetic influence of Ni ions that can also lead
to quick relaxation of 3'P nuclear magnetization to its equilibrium state. Thus, although
weak Ni(PO3); reflexes are observed in the XRD pattern of the sample heated to 800 °C,
the NMR signature of this phase is missing in the spectrum. The last line on the 13 kHz
3P NMR spectrum located at approximately 1200 ppm differs significantly from the rest
of the lines by clearly observable spinning sidebands. Their presence means that this line
corresponds to a well-ordered phase. Taking into account the results obtained using XRD,
the most probable candidate for such a phase is Ni5P;. In order to specify the Knight shift
of this compound, we have recorded partial MAS spectra at higher rotation frequencies
of 27 and 30 kHz (Figure 7c). Despite the low signal-to-noise ratio, we observed several
lines that remained static between these spectra. The first two lines located at 2250 and
1950 ppm correspond to a Nij;P5 phase, while the two other lines at 1250 and 1180 ppm
that have not been reported previously likely correspond to a NisP, phase.
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Figure 7. (a) X-ray diffraction pattern and (b) 13 kHz MAS 3P NMR spectrum obtained for the
separated fine powder after heating at 800 °C in vacuum. (c) Comparison of 30 kHz (top) and 27 kHz
(bottom) MAS 3'P NMR spectra. Asterisk, circle and square denote the corresponding spinning
sidebands of Nij»P5 (2250 ppm line), NisP, (1250 ppm line) and NisP, (1180 ppm line), respectively.

The electron microscopic investigation of the finely dispersed powder after heating in
a vacuum at 800 °C demonstrated the sintering of cone-shaped particles produced by the
etching of the Ni-P coating (Figure 8). In the phase contrast mode, it can be clearly seen
that rounded grains of dense nickel phosphides (approximately 100 nm in diameter) that
have a lighter shade in the image are evenly distributed in the mass of nickel phosphates,
which have lower density (Figure 8). There are also areas in which the aggregation of
nickel phosphide particles has occurred, as a result of which large light areas with a size of
300-800 nm are formed, next to which there are dark areas of nickel phosphate particles of
the same size. Furthermore, the micrograph contains fragments of cone-shaped particles
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that have not sintered. In these fragments, one can observe a uniform distribution of light
nickel phosphide granules in the gray matrix of phosphates (Figure 8).

2um Signal A= QBSD  Date :2 Mar 2018
Mag = 20.00 KX WD= 13mm Photo No. =553  Time :12:17:25
EHT =20.00 kv

Figure 8. SEM micrograph of the separated powder heated at 800 °C in vacuum, obtained using a
reflected electron detector.

4. Conclusions

A new method for the synthesis of nickel phosphide-phosphate compounds immobi-
lized on an electrochemically deposited Ni-P coating by etching it in a nitric acid solution
is proposed. The resulting surface has a developed micro-relief and consists of uniformly
alternating cone-shaped elements, with a diameter of 1-2 um at the base and a length of
4-5 pum. Nitric acid etching has successfully served as a mean to enrich the deposited
surface with phosphorus. According to the elemental analysis data, the conical formations
were enriched with light elements relative to the original coating with a P:Ni ratio increased
from 1:20 to just about 1:5. An XRD study of the as-synthesized powder separated from the
surface by ultrasonic treatment revealed no crystalline phases. At the same time, according
to 3!P NMR data, the sample contained highly disordered nickel phosphide phases as well
as phosphorus in the form of amorphous polyphosphates not bound to nickel.

After heating the cone-shaped particles in a vacuum at 500 °C, two nickel phosphide
phases Nij»P5 and N5P; are precipitated according to XRD data and precipitation of nickel
phosphide phases is observed: NijpP5 and NisP;. Further heating to 800 °C leads to
crystallization of nickel phosphates, namely, metaphosphate Ni(PO3), and pyrophosphate
Niy POy (x- and d-phases). The presence of the detected phases was confirmed by the
3P NMR technique, with Knight shifts of nickel phosphide phase N5P, reported for the
first time. After heating at 800 °C, according to the SEM micrographs, rounded grains
of nickel phosphides are evenly distributed in the matrix of nickel meta- and pyrophos-
phates. These results demonstrate that, even at low initial phosphorus concentrations,
electrochemical deposition allows obtaining of a coating with a developed micro-relief
containing nanoparticles of nickel phosphides that perform well in various technology
fields, including catalyzed biomass refinement, where phases with higher P:Ni atomic ratio
(Niy2Ps5 and Ni,P) display increased catalytic performance.
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