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Abstract.1 Nanostructured nickel exhibits substantial 
surface area per unit volume and adjustable optical, 
electronic, magnetic, and biological properties, that makes 
nanofabricated nickel highly attractive as regards to its 
practical application in different fields of chemistry. 
Technologies on nickel nanomaterials including their 
simple preparation and modern application are 
summarized in this review. 
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1. Introduction 

Nickel (Ni) is d-metal with atomic number 28 and 
electron configuration [Ar] 3d84s2 or [Ar] 3d94s1 ([Ar] 
refers to the argon-like core structure) since they are very 
close by energy. Experimental data suggests 3d84s2 
energy level as the lowest energy state for Ni atom, 
though each of these two configurations splits into several 
energy levels due to fine structure, and the two sets of 
energy levels overlap. The average energy of states with 
[Ar] 3d94s1 configuration is actually lower than that of 
[Ar] 3d84s2, and quantum mechanical calculations using a 
relativistic Hartree-Fock approach invariably quotes the 
ground state configuration of Ni as [Ar] 3d94s1.1,2 This is 
the reason why Ni chemistry is very rich in complex 
compounds. 

The most common oxidation state of Ni is (+2), but 
values of (0, +1 and +3) are well-known together with 
uncommon (–2, –1 and +4).3 Among Ni0 complexes 
Ni(CO)4 and Ni(COD)2 are quite popular in the Ni 
purifying process and catalysis in organic chemistry, 
respectively.4 The feature of Ni+1 complexes is the 
presence of Ni–Ni bonding (e.g., NiBr(PPh3)3, 
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K4[Ni2(CN)6] and [NiFe]-hydrogenase). These 
compounds might be considered for hydrogen production 
during their oxidation process or catalysis for reversible 
oxidation of molecular hydrogen.5 Common salts of Ni, 
such as chloride, nitrate and sulfate, dissolve in water to 
give green solutions of [Ni(H2O)6]2+ aqua complex. Some 
tetracoordinate Ni+2 complexes (e.g., NiCl2(PPh3)2) exist 
in both tetrahedral and square planar geometries, which is 
the reason for paramagnetic and diamagnetic properties, 
respectively. Because of magnetic equilibrium and 
formation of octahedral Ni+2 complexes, Ni is in contrast 
with other Me+2 complexes of the heavier group 10 metals 
(Pd+2 and Pt+2), which form only square-planar geometry.2 
For Ni+3 ions it is very easy to form simple salts with 
fluoride6 or oxide ions. One of the most famous 
compounds is NiO(OH) that is used as the cathode in 
many rechargeable batteries (e.g., Ni-Cd, Ni-Fe, Ni-H2 
and Ni-MH). Rare oxidation state for Ni(+4) was found in 
mixed cation oxides (e.g., BaNiO3), while that of (–2) – in 
dilithium-nickel-olefin complexes (e.g., Li2[Ni(1,5-
COD)2], where (1,5-COD = bis(1,5-cyclooctadiene)).7 

Undoubtedly, Ni-based compounds are very 
popular as catalyst for hydrogenation reactions, electrode 
materials for batteries, pigments and nutrient for some 
microorganisms and plants, etc. However, a question 
arises whether pure nickel may have similarly wide 
application. Historically, metallic Ni was considered to be 
corrosion-resistant, therefore, it has been used for plating 
iron and brass and coating chemistry equipment. 
However, Ni-plated objects may provoke nickel allergy 
(allergic contact dermatitis). Metallic Ni and its alloys 
(including Raney-type nickel) are very famous as catalysts 
in hydride production. Nickel foam or nickel mesh are 
used in gas diffusion electrodes for alkaline fuel cells.8 In 
some organic reactions pure Ni can manifest similar 
catalytic activities as the heavier group 10 metals, 
therefore, it might be considered as an effective and 
relatively cheaper catalyst than Pd or Pt. The most popular 
physical property of metallic Ni is magnetostriction (–50 
ppm).9 Nickel is one of four elements (along with Fe, Co, 
Gd) that are ferromagnetic at approximately room 
temperature. 
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Despite the well-known use of metallic nickel, its 
behavior at the nanoscale is not systematized. This work 
intends to fill this gap. The present review demonstrates 
the prospects for preparation and application of metallic 
nickel at nano level. Chemical and physical properties of 
Ni nanoparticles (NiNPs) and mesoporous Ni (MPNi) 
together with their promising applications are discussed in 
detail. 

2. Chemical and Physical Approaches 
for Nanostructured Ni Preparation 

As a common d-metal, nanostructured Ni might be 
prepared using different approaches, including chemical 
and physical methods, some of which are very well 
known. Since NPs are kinetically unstable, they should be 
stabilized against aggregation into larger particles. 
Therefore, micelles, polymers, and coordinative ligands 
are frequently used as stabilizers to control NPs growth. 
Solution-based methods usually offer more control and 
reproducibility on NiNPs preparation. These include 
precipitation, deposition-precipitation, sol-gel, liquid-
liquid interface technique, hydrothermal and solvothermal 
syntheses, microwave-assisted processes, polyol method, 
template-directed synthesis, and ionic-liquid assisted 
methods.10 One of the most common and size controllable 
NiNPs preparation might be synthesis through thermal 
decomposition.11 The size of NiNPs was controlled using 
various alkylamines which act as size limiting agents, and 
through excess of tri-octylphosphine, which is used as the 
capping ligand. This was the first reported synthesis of 
spherical NiNPs capped with N,N-
dimethylhexadecylamine and N,N-diisopropylethylamine 
synthesized through thermal decomposition of 
organometallic precursors. The choice of metal precursor, 
capping ligand and solvent, together with the variation of 
molar ratios of these components, time and temperature of 
the reaction system had all been shown to have an effect 
on particle size. Sintered MPNi containing hollow nickel 
fiber was successfully prepared in 1995.12 The use of 
hollow fiber in traditional slurry-scraping technology 
obviously increased the  porosity  of MPNi. The porecrea- 

ting agents like polyvinyl butyral and polypropylene were 
useful for forming a small valuable opening. Nickel 
obtained through reduction of nickel hydroxide can 
accelerate the sintering process of MPNi. The nickel 
hydroxide was also helpful for the gasification of organic 
pore creating agents to some extent. Fabrication of NiNP 
might be categorized into two main types:13 ‘bottom up’ 
(starting from Ni atoms) methods and ‘top down’ (starting 
from bulk material) methods. Physical/chemical vapor 
deposition, pray/flame pyrolysis, biological methods, and 
the above-mentioned solution based methods are the main 
‘bottom up’ examples, while mechanical milling, laser 
ablation and sputtering are ‘top down’ examples. 

2.1. The Main Methods of NiNPs 
Preparation 

Chemical reduction of Ni2+ ions to metallic nickel 
was one of the first attempts to prepare NiNPs. 

An approach that combines some advantages of 
polyol and chemical reduction routes, such as finely 
dispersed nickel powder with uniform shape and size of 
NiNPs and high reaction rate and low reaction 
temperature, was suggested in 2008.14 Spherical-shape 
NiNPs of desirable size were prepared through chemical 
reduction of NiCl2·6H2O in ethylene glycol with 
hydrazine hydrate in the conditions of various 
concentrations of polyvinylpyrrolidone (PVP) as 
stabilizing agent. It was found that the average diameter of 
resultant nickel nanoparticles decreased significantly with 
increase of PVP content. Pure NiNPs with the size of 
(~50–100 nm) were successfully prepared when the ratio 
between Ni precursor and stabilizing agent was controlled, 
which essentially prevented the aggregation and growth of 
NiNPs. The reaction mechanism was a two-stage one:  

NiCl2 + 2 NaOH → Ni(OH)2 + 2 NaCl    (1) 
Ni(OH)2 + ½ N2H4 → Ni + ½ N2 + 2 H2O   (2) 

The first stage was proposed as a homogeneous 
nucleation process to form Ni(OH)2; the second – 
heterogeneous process that was chemical reduction of 
Ni(OH)2 powder on the surface of liquid N2H4, hence the 
formation of NiNPs (Fig. 1). 

 

 
Fig. 1. The scheme of NiCl2·6H2O chemical reduction in ethylene glycol with hydrazine hydrate during stabilization  

effect obtained from polyvinylpyrrolidone. Adapted with permission.14 Copyright © 2008 The Nonferrous Metals Society  
of China. Published by Elsevier Ltd. All rights reserved 
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A similar synthetic route for the preparation of 
NiNPs through hydrazine reduction without any other 
protective agent was developed in.15 The XRD pattern 
confirmed that the final product was metallic nickel with 
the face-centered cubic (fcc) structure. It was concluded 
that during the formation of monodispersed NiNPs initial 
concentration of Ni2+ ions might be responsible for the 
well-dispersed nickel powder without particle 
agglomeration as well the number and size of NiNPs.15 
The value of 0.111 M was found as adequate precursor 
concentration. The average particle diameter decreased 
when the ratio of [N2H5OH]/[NiCl2] was increased 
between 2.5 and 5 and remained almost constant when the 
ratio was above 5. The total process of Ni2+ ions reduction 
was described with chemical reactions: 

Ni2+ + 6 C2H5OH → [Ni(C2H5OH)6]2+     (3) 
[Ni(C2H5OH)6]2+ + m N2H4 → 

→ 6 C2H5OH + [Ni(N2H4)m]2+  (m = 2;3)  (4) 
[Ni(N2H4)m]2+ + 2OH– → Ni(OH)2 + m N2H4      (5) 
Initially [Ni(C2H5OH)6]2+ and then [Ni(N2H4)m]2+ 

complexes were formed. When nickel hydroxide was 
produced by reaction (5), pure nickel might appear 
according to reaction (2).  

Another profound example of Ni2+ ions chemical 
reduction was made.16 NiNPs with narrow size 
distribution was synthesized in aqueous solutions 
including [Ni(N2H4)m]Cl2 or [Ni(N2H4)m]SO4 complexes. 
It was noticed that particle preparation with the size 
<100 nm in aqueous solutions was not an easy process 
without novel metals as catalyst nuclei, and nickel 
hydrazine complexes had low solubility and might be 
easily deposited as salts. Therefore, ultrasonication and 
heat treatment of the precursor solution was actively 
applied during NiNPs synthesis. Through increase in the 
ultrasonication time till 60 min NiNPs with the average 
particle size of ~40 nm were prepared. 

Reduction of nickel chloride or nitrate aqueous 
solutions with N2H4 alkaline solution in the presence of 
cationic cetyltrimethyl bromide (CTAB) or anionic 
sodium dodecylsulphosuccinate (AOT) surfactants 
provided formation of NiNPs with the average size of 
2.6–3.3 nm and 1.0–5.4 nm, respectively.17 A series of 
colloidal NiNPs solutions was prepared through a 
microemulsion method using NiCl2·6H2O/Ni(NO3)2 as 
metal precursors. Microemulsion approach was studied in 
detail in order to optimize operating parameters in 
practice. To synthesize NiNPs microemulsion solutions 
were mixed and heated up to 353 K using CTAB or AOT 
as capping agents and n-octane and n-butanol as organic 
oils. 

Without any surfactant NiNPs with the average 
size of ~25 nm were synthesized by a facile method 
through reduction of the triangular Ni(HCO3)2 nanosheets 

with hydrogen.18 The facile method for the synthesis of 
single crystalline NiNPs supported on carbon nanotubes 
(CNTs) was suggested by Cheng and co-workers.19 The 
oxidation of CNTs with nitric acid caused its surface 
accessibility to Ni2+ ions that might be reduced with CNTs 
under inert atmosphere at elevated temperature. 

Along with such reducing agents, NaBH4 was also 
often used for chemical reduction of Ni2+ ions. Comparing 
to the approach with N2H4, the usage of NaBH4 did not 
result in such a high-purity product, although it was 
recognized as a simple and industrial way to synthesize 
NiNPs. For example, in the thermodynamically unstable 
emulsion system, NiNPs were fabricated through 
chemical reduction of NiSO4 with NaBH4.20 The average 
size of NiNPs was related to emulsion composition, 
concentrations of water and surfactant, and reaction time. 
It was confirmed experimentally that with the increase of 
water-to-surfactant molar ratio (R), emulsion droplet, and 
reaction time, the average size of NiNPs became larger 
and their distribution started to be non-uniform. When R 
value was 9.5, the particle size reached the value of about 
20 nm. 

One of the promising NiNPs preparations might 
also be solgel process that is widely used today in the 
preparation of other metallic NPs. The Ni2+ ions were 
coordinated with chelating agents of citric acid (CA) and 
ethylene diamine tetraacetic acid (EDTA) in the aqueous 
solution.21 Then the solutions were dried at 383 K, 
resulting in the development of sol and gel. Heating 
treatments of dried gel were then carried out, with the 
protection of N2 atmosphere to prepare NiNPs, within the 
temperature range of 623-823 K. Obtained NiNPs with fcc 
structure had the average sizes of 15–30 nm. Similar 
NiNPs were prepared with a one-pot reaction that 
involved nickel(II) acetylacetonate Ni(acac)2 reduction in 
oleylamine in the presence of trioctylphosphine (TOP) 
and 1,2-hexadecanediol.22 The reaction time and the 
temperature, as well the concentration of capping agent 
and precursor, were responsible for particle size control. 
Obtained NiNPs had a dominant hexagonal close-packed 
(hcp) symmetry, although local fcc packing was also 
present. An aerosol method involving metal vapor 
condensation in an inert gas flow was used to prepare 
NiNPs with the size of 15–200 nm.23 A direct current 
electric field applied to the condensation zone can be used 
to control the extent of oxidation and the average size of 
the obtained NiNPs. 

Because of different NiNPs applications, special 
support to introduce nanostructured nickel might be 
recommended. This feature quite often imposes additional 
problems, limiting the widespread use of various NiNPs 
fabrications. Since mesoporous materials based on MCM-
41 series are viable hosts for the controlled synthesis of 
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metal NPs, aluminosilicate with the MCM-41 structure 
(ALMCM-41) was used as substrate for NiNPs in 1999.24 
Because of the use of ALMCM-41 substrate, ion 
exchange was used to introduce Ni2+ ions. Subsequent 
treatment of the exchange product with a reducing agent 
resulted in a narrow size distribution of NiNPs that 
demonstrated super paramagnetism, while utilizing the 
host pore larger magnetic NPs might be grown. Recently 
SiO2 microsphere supported NiNPs, which did not sinter 
during heat treatment at 1073 K for 3 h, were successfully 
produced.25 Obtained NiNPs were deposited on the 
surface of SiO2 microspheres through collision into the 
NPs with the microspheres previously heated in a gas-
phase reactor. It was found experimentally that SiO2 
microspheres had to be heated above 1046 K before the 
collision to suppress NiNPs sintering, and their content 
and size could be regulated by varying the evaporation 
temperature of NiCl2 and the flow rate of N2 gas carrying 
NiCl2 vapor. Highly ordered TiO2 nanotube arrays 
fabricated by anodization were employed as substrate and 
loaded with NiNPs (~20–80 nm) using pulse 
electrodeposition (PED) technique.26 The influence of 
PED parameters on the morphology, density, and size of 
NiNPs was researched. A progressive decrease of the 
particle size was observed with increasing current off-time 
(τoff) at constant amplitude and pulse time (τon), while 
particle growth appeared at the increase in the deposition 
time at constant τoff value, amplitude and τon value of both 
negative and positive current. At constant τoff and τon 
values, the particle size decreased asymptotically with 
increasing amplitude of both negative and positive 
current. Another example of NiNPs on TiO2 might be 
atomic layer deposition (ALD) using Ni(II) 
dimethylamino-2-propoxide (Ni(dmap)2) as precursor.27 
The growth rate of the nanoparticles on the black TiO2 
nanowire arrays was 0.5 Å per ALD cycle. Both pristine 
and black TiO2 nanowire arrays exhibited enhanced 
absorption within the visible light range when the ALD 
process was applied. Because of higher polarization that 

induced stronger surface plasmon resonance (SPR) of 
NiNPs, the maximum absorption was observed for the 
black TiO2 nanowire arrays, and 50 cycles of ALD 
exhibited the most effective photoresponse within the 
visible light range. The latter effect was attributed to the 
inter-particle interaction related to the size and loading 
density of NiNPs. Highly Oriented Pyrolytic Graphite 
(HOPG) was also used as effective substrate for NiNPs 
(diameter of ~14 nm) and continuous Ni nanowires (with 
14 nm height and 1.5 pm inter-wire spacing) 
electrodeposition.28 Obtained NiNPs were found to be 
attached to the HOPG surface with weak Vander Waal 
forces. Taking into account the calculated value of the 
critical force required to displace NiNPs, their 
manipulation was successfully carried out with 
magnetization or contact-mode AFM. In order to modify 
NiNPs with polymer shells, a surface-initiated atom 
transfer radical polymerization (si-ATRP) technique was 
successfully employed.29 Various kinds of polymers 
including poly(methyl methacrylate) (PMMA) and 
poly(n-isopropylacrylamide) (PNIPAM) were grafted 
from the immobilized initiators, which were covalently 
bonded to NiNPs surfaces without any aggregation 
through the combination of ligand exchange and 
condensation reactions. Because of grafted polymers, 
obtained NiNPs with a core-shell structure had a good 
dispersion and stability in solvents, exchange, and 
condensation reactions. An iron catalyst system offered a 
good control over polymerization and did not lead to any 
corrosion threat to NiNPs. Another example that 
demonstrates an effective and controllable approach to 
NiNPs modification with a stable organic shell might be 
NNPs doped pitch (NNDP).30 It was prepared using the 
detonation of a Ni-containing explosive during the 
thermal polycondensation of ethylene bottom oil. NNDP 
can be spun into fibers through modified melt-
electrospinning to form NiNPs doped carbon fibers 
(NNDCFs) with the diameters of 2–50 nm after heat 
treatment. 

 
 

Fig. 2. The scheme of large-scale spray pyrolysis of nickel II nitrate/acetate.  
Adapted with permission.31 Copyright © 2007, Elsevier B.V. All rights reserved
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Fig. 3. Proposed mechanism of NiNP formation during the large-scale spray pyrolysis process.  
Adapted with permission.31 Copyright © 2007, Elsevier B.V. All rights reserved. 

 

Table 1. Three technological approaches to NiNP preparation through the large-scale spray pyrolysis process. Adapted 
with permission.31 Copyright © 2007, Elsevier  B.V. All rights reserved 

Сase T1, K T2, K Precursor 
I – < 1473 nickel(II) nitrate 

– ≥ 1473 nickel(II) nitrate II 
≥ 1173 ≥ 1473 nickel(II) nitrate 

III ≤ 973 ≥ 1473 nickel(II) nitrate or nickel(II) nitrate with nickel(II) acetate 
 
For large NiNP preparation physical approaches 

are better. Spherical NiNPs were prepared by large-scale 
spray pyrolysis31 (Fig. 2). The process was carried out in 
aqueous solution of nickel(II) nitrate/acetate at the 
residence time of about 3 s without any chemical reagents. 
High density of NiNPs (>8.4 g/cm3) were obtained when 
reactor temperature was over 1473 K. In case of nickel(II) 
nitrate, the gas-to-particle conversion resulted in the 
formation of NiNPs with the size <50 nm, while in case of 
nickel(II) acetate large (~160–450 nm) NiNPs were 
fabricated. It was experimentally found that size and 
morphology control for the obtained NiNPs might be 
performed using temperature regulation in reactor 
chambers (Fig. 3 and Table 1). 

Tan et al.32 successfully synthesized NiNPs by 
pulse laser ablation in distilled water using laser 
wavelengths of 1064 and 532 nm. Experimentally it was 
found that the absorption peak intensities of the NiNPs 
increased at higher laser pulse energy and higher 
absorption peak was observed for the shorter laser 
wavelength of 532 nm compared to 1064 nm. Sizes of 
NiNPs were almost similar for both laser wavelengths of 
1064 and 532 nm. Separate NiNPs were spherical in shape 
with the size of <100 nm while their agglomerations were 
irregular in shape and several times larger. 

2.2. The MPNi Fabrication 

Almost 20 years ago porous metallic nickel was in 
high demand for battery, catalyst, and filter material 
applications, and today the demand is becoming even 
higher, specifically due to macro- to meso- or even 
microproposity of Ni where pore dimeters are within the 
range of > 50 nm; ~2–50 nm and < 2 nm, respectively. 
Traditionally such structures were prepared through 
sintering of fine filamentary nickel powders but often the 
strength of such porous structures was rather low, for 
example, comparing with Ni foams of similar density. To 
improve the powder particle distribution and, hence the 
strength of the final sintered structure, colloidal methods 
were applied by Zaitsev et al.33 Prior introduction of a 
binder dispersing Ni powder in water took place with 
further addition of dispersants that led to better separation 
of NiNPs, avoiding their conglomerates and improving 
their distribution. These colloidal techniques enhanced 
control of the slurry viscosity and density of the nickel 
porous body and promoted higher tensile strength of the 
prepared MPNi. Additionally, it was found that residual 
sulfur adversely affected the strength of the sintered nickel 
powder. Therefore, due to the combination of these 
colloidal methods and sulfur-free dispersants, the strength 
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to porosity ratio of sintered MPNi was increased. In order 
to quantify the effect of the methods used in terms of 
increased uniformity of the ligament spacing and density 
of ligament connections, analysis of fracture surfaces was 
effectively applied in practice. Using sonication method 
synthesis of MPNi with pore diameter of 4–6 nm was 
successfully carried out with Ni(II) sulphate as precursor 
and cetyltrimethylammonium bromide as organic 
surfactant.34 The surfactant was removed with solvent 
extraction and calcination. The Brunauer-Emmet-Teller 
surface area was reported to have H2-type hysteresis for 
the obtained MPNi. 

A series of macroporous Ni were fabricated 
through the lost carbonate sintering (LCS) process from 
pure Ni powder with the average particle size of 25 μm 
and K2CO3 powder with particle size within the range of 
250–1000 μm (Fig. 4).35 Obtained Ni foams had porosity 
value within the range of 0.5–-0.77. The pore diameters of 
macroporous Ni were within the range of 250–425, 425–
710, and 710–1000 μm, which was predicted by 
previously sieved K2CO3 powder. Mixed Ni and K2CO3 

powders were compacted by 200 MPa and sintering at 
1223 K for 2 h. The microstructure of macroporous Ni 
prepared by LCS were composed of interconnected open 
pores with the size of used K2CO3 particles (Fig. 5a). For 
comparison of morphology, other macroporous Ni 
samples were manufactured by loose sintering and 
electrodeposition (Fig. 5b,c). The microstructure of 
macroporous Ni, prepared by loose sintering of spherical 
Ni powder with the average particle size of 75 μm without 
any additives, was composed of sintered Ni particles with 
pore diameters of ~10 μm and porosity of ~0.50 (Fig. 5b). 
The highest porosity value (~0.98) was obtained for the 
sample prepared by electrodeposition of Ni onto the 
polymer foam followed by the polymer substrate burn-off. 
The microstructure of macroporous Ni, prepared through 
electrodeposition, was composed of Ni ligament network 
with polyhedron cells in the order of 500 μm (Fig. 5c). 
Because of the lack of cell walls, the cells could not be 
considered as typical pores, therefore, this macroporous 
Ni can be regarded as a material with a very large pore 
diameter. 

 

 
Fig. 4. The scheme of lost carbonate sintering process for manufacturing Ni foam.  
Adapted with permission.35 Copyright © 2019, Elsevier B.V. All rights reserved 

 

   
a) b) c) 

 
Fig. 5. SEM micrographs of porous Ni samples manufactured by lost carbonate sintering (a), loose sintering (b), and 

electrodeposition processes (c). Reprinted with permission.35 Copyright © 2019, Elsevier B.V. All rights reserved 
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Macroporous Ni wafers were prepared by a 
molding-decomposition-sintering method.36 The Ni 
oxalate nano-rods were used as precursor and decomposed 
at 633 K. For technological optimization, the sintering 
temperature was chosen as 693, 723, 753, and 783 K in a 
tubular oven filled with Ar atmosphere. At the first stage, 
during molding process a great deal of small pores were 
formed. Secondly, during Ni oxalate decomposition, 
gaseous CO2 and H2O were released and agglomerated Ni 
nanofibers with big pores were formed. This was exactly 
the moment when the volume of wafers became smaller 
and harder. At the third stage, during sintering the surface 
of Ni nanofibers started melting and bonding to each 
other. Finally, Ni fibers became shorter and thicker, that 
resulted in smaller pore diameters and appearance of Ni 
blocks. Obtained Ni wafers showed the morphology of a 
porous structure and had fcc crystal structure. The 
structure of macroporous nickel wafers was irregular, with 
the pore diameter of 100–1000 nm and fiber-like wall 
diameter of 100–300 nm. Mohamed et al.37 showed that 
porous Ni was fabricated by compacting Ni powder 
followed by sintering in vacuum at 393 K for 2 h. The 
average oxidation rate for porous and cast Ni samples was 
initially rapid and then decreased gradually to become 
linear. It was experimentally found that linear oxidation 
kinetics and the formation of porous non-adherent duplex 
oxide scales on inhomogeneous Ni substrates might be 
possible. Addition of new NiO layers occurred at the 
scale/metal interface due to the thermodynamically 

possible reaction between Ni and molecular oxygen 
migrating inwardly. 

Similarly to NiNPs, MPNi were also used in 
composites but often as substrate. Wu and co-workers38 
presented the production of MPNi with Pd surface 
decoration by electrochemical methods. It was 
experimentally demonstrated that, by taking advantage of 
the formation of a passive Ni oxide film, MPNi could be 
prepared through selective electrochemical dissolution of 
the more noble Cu from electrodeposited Ni-Cu alloys 
(Fig. 6). First, a bimetallic Ni-Cu film deposited on the Ni 
foam support was prepared through electrodeposition 
process and then MPNi film with a nanotube-like 
structure was obtained through selective electrochemical 
dissolution of the more noble Cu. Eventually, Pd 
deposition on the surface of MPNi was harvested by a 
galvanic replacement reaction between MPNi and 
K2PdCl4 solution.  

A nanostructured MPNi-based composite was 
prepared by El Naggar et al.39 The material obtained was 
Ni-B based alloy supported by nylon fiber. The MPNi 
preparation involved electroless plating (ELP) of Ni alloy 
particles using template approach, i.e., metal particle 
deposition within the pores of the template. Performance of 
the prepared composite was evaluated in terms of acquired 
hydrogen recovery. High concentration as well as the good 
distribution of nickel deposits within the composite 
structure was the reason for good reliability and catalytic 
performance in the process of hydrogen separation.  

Electrodeposition
Ni Cu

Dealloying

Ni-Cu  film Porous Ni film Pd-porous Ni filmNi foam

Galvanic 
replacement

Pd

 
Fig. 6. Schematic diagram of Pd-porous Ni/Ni foam preparation by a combination of dealloying and galvanic replacement methods. 

Adapted with permission.38 Copyright © 2019, Elsevier B.V. All rights reserved 
 

3. Properties of Nanostructured Ni 

In contrast to bulk metallic Ni, nanostructured Ni 
might exhibit a huge surface area per unit volume and 
tunable optical, electronic, magnetic, and biological 
properties. NiNPs with different sizes, shapes, and surface 
characteristics can be prepared. Conditions of NiNPs or 
MPNi fabrications (e.g., reaction temperature and time, 
capping ligands and solvent, etc.) promote their specific 
properties. For example, (111) oriented single-crystalline 
NiNPs, produced by solid-state dewetting, might exhibit 
an ultrahigh compressive strength (up to 34 GPa) 
unprecedented for metallic materials.40 This strength 
matches available estimates of Ni theoretical strength 
supported by molecular dynamics (MD) simulations that 
closely   mimic   the experimental  conditions.  Cu-NiNPs  

were found as additive that improved load-carrying 
capacity and tribological properties of liquid paraffin.41 
This might be attributed to the rolling effect of the 
agglomerate Cu-Ni nanocores during sliding and 
formation of a boundary lubricate film. The critical 
domain for Ni was reported to be approximately 55 nm.42 
However, two years later, 16 nm NiNPs with hcp were 
synthesized, which demonstrated ferromagnetism and a 
coercivity of 8 Oe at 300 K.43 This indicates that the 
particles with diameters below the theoretical single 
domain boundary can still exhibit ferromagnetism. 
Therefore, the size of NiNPs alone does not determine 
whether the particles are single- or multi-domain ones by 
nature. In the 20th century bulk Ni was recognized as 
catalyst for some polymer reactions involving 
hydrogenation and condensation and today there are a lot 
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of examples of electro-, photo-, and chemical catalytic 
reactions on a metallic Ni or Ni modified surface. 
Catalytic activity of MPNi regarding molecular hydrogen 
was found out many years ago, although the mechanism of 
H+ and H– ions formation on Ni surface is not completely 
clear. Recently the mechanism to produce negative and 
positive ions has been studied using constrained DFT.44 It 
has been found that when hydrogen atoms leave Ni surface 
from top sites, the charge of hydrogen is negative, while at 
bridge sites or center sites with lower electron density 
atoms of hydrogen mainly get a positive charge. These 
peculiarities of nanostructured Ni show intrinsic 
mechanical, magnetic, and catalytic properties.  

3.1. Mechanical Properties of Ni 
Nanomaterials 

It is well-known that deformation mechanisms 
change once the sample size is reduced in at least one 
dimension into the micrometer range. Therefore, a natural 
question is to ask whether further downscaling can 
produce objects reaching the theoretical strength of the 
material. In ductile metals and alloys the latter is defined 
as the resolved shear stress in the primary glide plane, that 
causes homogeneous sliding of two neighboring atomic 
planes past each other.40 An alternate definition relates the 
theoretical strength to the shear stress required for 
homogeneous, barrier-free nucleation of a dislocation loop 
in a perfect crystal. According to different estimates, the 
theoretical shear strength varies from G/30 to G/8, where 
G is the shear modulus of the material. In nanoindentation 

tests on well-annealed metallic single crystals, abrupt 
displacement bursts are usually explained by 
homogeneous dislocation nucleation when the local shear 
stress reaches the theoretical strength. This nucleation 
process is usually discussed in terms of the Hertz elastic 
contact theory which predicts that the maximum shear 
stress is reached at a point some distance away from the 
contact. In a well-annealed single crystal, chances are high 
that this point is located in a defect-free region and thus a 
dislocation can only nucleate homogeneously. This 
argument also applies to spherical metallic nanoparticles 
tested with a flat punch. Experimental findings reported 
by Sharma et al.40 were supported by MD simulations that 
closely reproduce the experimental conditions and provide 
additional insights into the dislocation mechanisms 
increasing the particle strength. Examination of MD 
snapshots revealed that compressive stress dropped 
immediately after the nucleation of the first dislocation 
and its passage through the particle. This passage 
triggered surface nucleation and subsequent glide of new 
dislocations, their multiplication, and eventually a 
dislocation avalanche resulting in a large increment of 
strain. In other words, the nanoparticle strength is totally 
controlled by the nucleation of the first dislocation. 
Accumulation of strain was accompanied by the 
development of an increasing number of dislocation slip 
traces on the NiNPs surface. Eventually, the particle with 
the diameter of 25 nm was compressed to a pancake-like 
shape with fractured fringes similar to those in the 
experimental particles (Fig. 7c). 

 

 
a)                                               b)          c) 

 
Fig. 7. The NiNPs shapes at different stages of simulated compression tests: after the first burst of compressive strain with 

dislocation slip traces on the surface (a), later stage of compression (b) and the final shape (c). Reprinted with permission.40 
Copyright © 2018, Nature Publishing Group. All rights reserved. 

 
Careful examination of MD snapshots revealed 

that, at high stress levels, the stress components thermally 
fluctuated inside the particle, occasionally creating 
localized states, so called ‘hot spots’, with significant 
atomic displacements relative to the neighbors. Such 
fluctuations favored loop development and gave rise to 
multiple nucleation attempts, until one of them turned out 

successful and created a dislocation loop capable of 
further growth. It was shown that ‘hot spots’ tend to be 
localized in certain zones inside the particle. However, 
such zones did not coincide with the regions of the highest 
resolved shear stress, hydrostatic stress, von Mises stress, 
or any other stress measures. However, they seemed to 
correlate with the regions of the largest resolved shear 
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stress gradient. Tentatively, hot zones could be linked to 
phonon behavior at finite temperatures, for example, to 
the focusing of phonons reflected from the surfaces of 
smooth corners acting like parabolic mirrors. 
Experimental and theoretical measurements performed by 
Sharma et al.40 demonstrated that theoretical strength of 
NiNPs can be readily achieved through elimination of all 
dislocations and creation of optimal shapes with rounded 
corners and edges between crystallographic facets. It was 
concluded that single-crystalline, faceted, and dislocation-
free Ni samples with more complex shapes (nanowires or 
nanoframes) might exhibit similar high strength. These 
nanostructured Ni can find important applications in 
catalysis, electric conductivity or as an additive to 
lubricants (ball-bearing effect).  

Tribological properties of Cu-Ni bimetallic NPs in 
liquid paraffin were evaluated with an MSR-10A four-ball 
friction and wear tester (Fig. 8).41 The friction and wear 
tests were conducted at the rotary speed of 1450 rpm, an 
ambient temperature of about 298 K, an applied load of 
196 N or 392 N, and a sliding duration of 60 min (196 N) 
or 30 min (392 N).14 The friction and wear tests were 
repeated three times under each preset condition to 
minimize data scattering. At the end of each test the wear 
scar diameter (WSD) of the three lower balls was 
measured with an optical microscope with the accuracy of 
0.01 mm. The average wear scar diameter of the three 
lower balls was calculated and morphology of the worn 
surfaces as well as composition and chemical states of 
typical elements on the worn surfaces were analyzed.  

 

 
 

Fig. 8. Schematic diagram of the four-ball fraction and wear 
tester. Adapted with permission.41 Copyright © 2017, Elsevier 

B.V. All rights reserved. 
 
It was found that the dodecanethiol ligand was able 

to effectively increase the dispersibility of bimetallic Cu–
Ni NPs in apolar solvents and prevent them from 
oxidation. Moreover, Cu–Ni NPs significantly improved 
the load-carrying capacity and tribological properties of 

liquid paraffin. This might be attributed to the rolling 
effect of agglomerate Cu–Ni nanocores released by Cu–Ni 
NPs during sliding and formation of a boundary 
lubricating film containing tribo-chemical reaction 
products such as iron oxides and iron sulfate. 

Porous Ni foam was applied to fabricate a 
triboelectric nanogenerator (TENG) that could harness 
ambient vibration and footfalls, which are the most 
common and available mechanical motions for powering 
electronics.45 Constructed TENG consisted of two 
substrates, electrodes, triboelectric materials, and springs 
(Fig. 9a). A sheet of porous Ni foam that played the role 
of the contact surface and an electrode were attached on 
the lower side (Fig. 9b). Porous Ni foam (SEM image in 
Fig. 9c) was prepared via Ni electroplating on the electric 
conductive organic template, with further elimination of 
the template through reductive sintering. Polymethyl 
methacrylate (PMMA), selected as supporting substrate, 
in virtue fits felicitous strength with good processing, light 
weight, graceful appearance, and low cost (Fig. 9d). Back 
electrode (aluminum foil) was fixed on the substrate and 
contact surface (polydimethylsiloxane (PDMS) that was 
directly spin-coated on PMMA). Four springs supported 
the two substrates leaving a narrow gap at the corners. 
With hybridization of both the contact-separation and 
sliding electrification modes of the porous Ni foam top 
inserting into flexible PDMS, constructed TENG could 
generate a uniform signal output at the short-circuit of 
71.9 μΑ and an open-circuit voltage up to187.8 V. 

 

 
 

Fig. 9. The scheme (a) and photo (b) of the triboelectric 
nanogenerator. SEM image of porous Ni foam (c). Reprinted 
with permission.45 Copyright © 2015, Elsevier B.V. All rights 

reserved. 

3.2. Magnetic Properties of Ni 
Nanoparticles 

Studying of the magnetic properties of NiNPs has 
already become one of the most active research directions. 
In 2001 it was reported that NiNPs with the average 
diameter of 10 nm showed the behavior of a random 
magnet with a high field-dependent irreversibility 
temperature (Tirr).46 Separate NiNP acts as a super 
paramagnet and a spin glass above and below Tirr, 
respectively. Magnetic relaxation studies showed a clear 
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logarithmic time dependence and a strongly field and 
temperature dependent effective barrier. The data suggested 
the model where the time-dependent dipole field dominated 
magnetic relaxation of NiNPs. In 2010 it was found that 
magnetic hysteresis loops of shuriken-like NiNPs (particle 
diameter of 100–200 nm; fcc crystal structure) illustrated 
ferromagnetic nature at 300 K.47 This fact indicates 
potential application of NiNPs in magnetic storage. For 
NiNPs with the average diameter of 4 nm zero field cooled 
(ZFC) and field cooled (FC) magnetization versus 
temperature displayed magnetic interaction effect at 
approximately 5 K, indicating the super paramagnetic 
behavior.48 Magnetic anisotropic constant was estimated to 
be 4.62·105 erg/cm3, and coercive field was 168 Oe at 
3 K.49 NiNPs were synthesized in a magnetic Ni 
phthalocyanine anions matrix based on intercalation 
between potassium atoms and Ni phthalocyanine (NiPc) at 
573 K. It was found that K2NiPc had approximately 1 wt% 
of NiNPs with the average diameter of 15 nm and with fcc 
structure. The measured values of magnetization and 
absorption of ferromagnetic resonance considerably 
predominated the magnetism which could be attributed to 
pure NiNPs. The results obtained indicated the presence of 
room temperature molecular ferromagnetism caused by 
anionic molecules of NiPc, that made a significant 
contribution to ferromagnetic resonance. It was very 
interesting that at helium temperatures, along with the 
observed ferromagnetic resonance of pure NiNPs and 
anionic molecules of NiPc, giant paramagnetism with 
drastic decrease in intensity with the temperature was also 
observed at g = 2. This EPR signal at g = 2 might be 
determined by NiPc anions and clusters of anionic 
molecules of NiPc, that showed disordering in mutual 
orientation of different NiPc molecules, with the preserved 
structure of each molecule. The effect of NiNPs addition on 
magnetic properties of polystyrene (PS) was studied by El 
Komy and co-workers.50 NiNPs were synthesized by 
reduction method and added to polystyrene as filler with 
different weight percentages (3, 5, 8 and 10 wt%) to form 
Ni–PS composite films. XRD measurements confirmed fcc 
structure of NiNPs embedded in semi crystalline PS matrix 
and showed that the average size of NiNPs increased with 
increasing Ni content from 3 to 8 wt% while decreased at 
10 wt% due to dominant nucleation over aggregation 
process. HRTEM revealed individual NiNPs with needle-
like shaped particles and their agglomerates forming dense 
balls with the diameter of 50–200 nm. With increasing of 
NiNPs the optical band gap of Ni–PS composite films 
decreased from 4.54 to 3.91 eV that suggested direct effect 
of NiNPs on the electronic structure of the PS matrix. All 
samples demonstrated ferromagnetic behavior with well-
pronounced magnetic hysteresis, except pure PS that 
showed diamagnetic behavior. The exchange bias effect at 
room temperature was observed and discussed for Ni–PS 

composite films. The value of coercivity of pure NiNPs 
increased from 154.13 to 185.5 G, measured in the Ni–PS 
composite films, while the value of room temperature 
exchange bias (HEB) decreases with increasing Ni content 
from 56.5 to 21.1 G. These results suggested strong 
coupling between the ferromagnetic phase and the 
disordered surface spins in the PS matrix. Magnetic 
susceptibility of thin films made of NiNPs with polyvinyl 
alcohol and graphite was experimentally studied by Aneli et 
al.51 Gradient distribution of NiNPs in the stretched 
direction resulted in equivalent change of magnetic 
properties. It was concluded that structural anisotropy was 
the main reason of anisotropy in magnetic properties of the 
composites. 

A great interest in magnetic and radiative pro-
perties of porous Ni has recently been shown in 
theoretical works. For example, spectral radiative 
properties of porous Ni, including wavelength-selective 
transmission, reflection, and absorption, were theoretically 
observed by Liu et al.52 The finite-difference time-domain 
(FDTD) method for electromagnetics was used to 
calculate spectral radiative properties. It was found that 
the absorption spectra of porous Ni microstructure will 
generate two peaks within the wavelength range of 0.2–
2.0 μm at normal light incidence. Furthermore, the value, 
position and shape of the absorption peaks were 
dependent on the pore diameter, Ni filling height, incident 
angle, and light polarization. The magnetic polariton (MP) 
resonance could be observed clearly, which might be the 
crucial mechanism to estimate power absorption 
enhancement. Additionally, it was calculated that power 
absorption predominantly focused on the top surface of 
the porous Ni structure, especially in the region near the 
orifice. These theoretical results suggest future 
applications of porous Ni like thermophotovoltaics (TPV) 
and impact energy absorption. 

3.3. Catalytic Properties of Metallic Ni 
in Hydrogen Exchange Reactions 

Many inorganic and organic chemical reactions 
involve relocation of hydrogen protons, atoms, or 
molecules, which need to be exchanged with other ions, 
atoms, or radicals on the reaction route. Hydro-
genation/dehydrogenation, reduction/oxidation, synthesis 
of organic compounds, electrochemical and fuel cells 
reactions are the most common types of chemical 
reactions involving hydrogen exchange. All these 
reactions may exhibit a wide spectrum of various types of 
reaction mechanisms and different nature of atomic 
interactions, where the efficiency of hydrogen relocation 
controls reaction rate and efficiency. Today improving the 
efficiency of hydrogen relocation is the main challenge for 
many chemical technologies where reactions with 
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hydrogen transfer can be facilitated by catalysis. It is well-
known that the main role of these catalysts is to promote 
atomic-scale processes of hydrogen exchange by lowering 
activation energy. The general field of catalysis is 
relatively wide and well-developed, with a large number 
of various catalytic materials where metallic Ni, especially 
at nanolevel, plays a significant role. NiNPs are among 
the most important catalysts, being tested for refining 
petroleum, conversion of automobile exhaust, hydro-
genation of carbon monoxide and fats, etc. Ni-based 
catalysts usually consist of an active phase, for example, 
NiNPs dispersed on a support. Historically, it is assumed 
that NiNPs might be active centers for hydrogen 
dissociation, while the role of their support is not fully 
understood. A subtle change during catalyst preparation 
(size, shape, density, and distribution of NiNPs; 
introduction of NiNPs in a support and chemical 
interaction between them; value of surface area for porous 
Ni; etc.) may result in dramatic alteration of its properties. 
Another problem is that nanostructured Ni catalysts 
become rapidly deactivated when exposed to air oxidized 
at surface. Therefore, activation process in hydrogen 
atmosphere is required in order to regain their catalytic 
properties, and their further handling under inert 
atmosphere is strongly recommended (e.g., pure argon). 

In 2014 two experimental works were dedicated to 
decomposition-formation of Mg(BH4)2 with NiNPs as 
catalysts.53,54 Nanocomposite as milled mixture of Mg(BH4)2 
with NiNPs was tested to study NiNP effect on the reversible 
hydrogenation of the borohydride.53 It was experimentally 
found that chemical reactions between NiNPs and Mg(BH4)2 
did not take place during ball milling, although crystallinity 
of the borohydride decreased. During hydrogenation NiNPs 
reacted with Mg(BH4)2 to form thermodynamically stable 
Ni3B.  Hydrogen  desorption  resulted  in  the  formation  of a  

reversible phase, which was identified by 11B NMR as 
Mg(B3H8)2. Incorporation of NiNPs into Mg(BH4)2 enhan-
ced the kinetics of hydrogen desorption from Mg(BH4)2 and 
resulted in hydrogen desorption at lower temperatures.  

Formation of Mg(BH4)2 was experimentally found 
by reaction (6) in the presence of NiNPs:54 

MgH2 solid + B2H6 gas→ Mg(BH4)2 solid (6) 
Solid MgH2 was nanoconfined in carbon 

nanoscaffold previously decorated with NiNPs and treated 
under B2H6/H2 gaseous mixture. This solvent-free method 
was found to be a new nanotechnological approach 
resulting in magnesium boron hydrides that were 
selectively formed inside nanopores (Fig. 10). 

Addition of NiNPs opened a new possibility to 
control the reaction rate and even reaction mechanism. 
The reaction with B2H6 could occur at 303 K, and various 
magnesium boron hydrides could be formed, while 
domination of both MgB12H12 and Mg(BH4)2 would be 
observed at 393 K. Unambiguous role of NiNPs in this 
case is not clear. Although it was well-known that 
addition of NiNPs might lead to a substantial increase in 
reversibility for hydrogen desorption-absorption of 
complex metal hydrides55 and formation of a variety of 
NixB compounds that might act as a site to ‘store B 
reversibly’ facilitating the reaction.56 The presence of 
Mg2NiH4 intermetallic hydride could also facilitate 
Mg(BH4)2 formation.  

Metallic Ni surfaces are well-known to be excellent 
catalysts for hydrogenation reactions, therefore, Ni-based 
materials, for example Ti-Ni alloys, were effective metal-
hydride (MH) electrodes.57 Surface analysis of Ti-Ni 
alloys58 revealed a lot of processing-related impurities in 
the form of Ti carbides and oxides. It was concluded that 
TiO2 or TiC film should participate in charge-transfer 
reactions and could affect hydrogen diffusion into the bulk 
of MH electrode. 

 

 
 

Fig. 10. Schematic overview of the strategy of synthesis of magnesium boron hydride compounds inside  
porous carbon nanoscaffold. Nanoconfined MgH2 was treated under B2H6/H2 pressure to form mainly MgB12H12 (upper route)  
or mixtures of magnesium boron hydrides including Mg(BH4)2 when the nanoscaffold was previously decorated with NiNPs  

(lower route). Reprinted with permission.54 Copyright © 2014, ACS Publications. All rights reserved. 
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4. Chemical Applications  
of Nanostructured Ni 

Today application of Ni is rapidly increasing since 
a different design of nanostructured Ni opens a huge 
variety of practical applications in different kinds of 
chemistry. MPNi started being used as current collectors 
and support for active materials of supercapacitors or 
batteries. Raney Ni, that was developed in 1926 by 
American engineer Murray Raney for hydrogenation of 
vegetable oils, today is more often called ‘spongy’ Ni and 
still continues to develop as effective catalyst mainly in 
organic and electrochemistry. Porous Ni or NiNPs showed 
higher electrocatalytic activity during alcohol oxidation 
than bulk Au, Pd or Pt. Therefore, cost-effective 
nanostructured Ni might be recommended as effective 
anode for methanol, ethanol, or butanol fuel cell. Catalysis 
in organic chemistry should be paid special attention to, 
since organic molecules with their own functional groups 
have a special posture on pure Ni surface in a convenient 
way to react without delay. Historically, it was the very 
first chemical application of metallic Ni dispersed into 
microparticles. Since the beginning of the 21st century, 
with the rising concern of multidrug resistance and 
scarcity of new antibiotics, the use of NiNPs in medicine 
has been undergoing renaissance. The size- and 
morphology-induced tunable properties of nanostructured 
Ni and their wide scope of applicability in pharmacy and 
biotechnology today draws global attention. 

4.1. Porous Ni as Current Collectors 

There are only a few research publications on the 
application of porous metal materials in supercapacitors, 
but porous Ni has come to be one of the first materials 
studied as current ones. Interdigital electrodes based on 
Mn3O4-porous Ni were fabricated using lithography 
method and demonstrated much higher volumetric spe-
cific capacitances than that of flat nickel film supported 
Mn3O4 in the same conditions.59 The value of volumetric 
specific capacitance of the Mn3O4-porous Ni electrode 
reached 533 F·cm-3 at the scan rate of 2 mV·s-1. A flexible 
all-solid micro supercapacitor based on this electrode 
showed volumetric specific capacitance of 110 F·cm-3 at 
the current density of 20 μA·cm-2, with capacitance 
retention rate of ~95 % after 5000 cycles. It was 
concluded that vertical pores in the porous Ni electrode 
did not just suit its fabrication but also played an 
important role in enhancing capacitive performance of 
supported Mn3O4 NPs. 

A single-step route to honeycomb-like 3D porous 
Ni@Cu nanoscaffolds via hydrogen bubble dynamic 
template electrodeposition was proposed by Xu et al.60 

Obtained current collectors offered an outstanding cycling 
performance of Li plating/stripping (> 300 cycles at 
0.5 mAh·cm-2 and > 200 cycles at 1.0 mAh·cm-2) or Na 
reversible deposition (> 240, 110 and 50 cycles at 0.5, 1.0 
and 2.0 mAh·cm-2) attributed to their ability to effectively 
accommodate Li/Na deposits in their porous networks and 
to delocalize charge distribution. Although the presence of 
nickel in the 3D Ni@Cu current collector replaced some 
volume, it would not reduce volumetric energy density of 
the electrode as compared to a dendritic porous Li 
deposition layer. Most probably, this was because of 
remarkably homogeneous Li deposition that fully filled 
the well-defined porous structure that acted as a 
nanoscaffold, leading to a highly stable cycling 
performance. This nanoconfinement effect in porous 
Ni@Cu nanoscaffolds opened a new way to develop 
Li/Na metal battery technology.  

4.2. Raney Ni Electrode  
for Hydrogenation Reactions 

Hydrogen consumption and electrode potential 
were measured during hydrogenation of acetone in basic 
aqueous solution with (Co,Cr,Cu,Mo,Ti)-doped Raney 
Ni.61 The reaction was carried out under pressure in an 
autoclave equipped with a reference electrode. Only for 
Cr, Mo and Ti-modificated Raney Ni higher catalytic 
activity was found if compared to pristine Raney Ni. 
Obtained experimental kinetic data obeyed the Langmuir-
Hinshelwood mechanism that allowed calculation of the 
rate and adsorption equilibrium constants. Metallic 
catalyst NPs acted as a dispersed electrode, and an 
electrochemical double layer was formed at their surface. 
In the presence of hydrogen, the potential of metal was 
determined by the Nernst law for hydrogen electrode, and 
further addition of acetone resulted in the potential shifted 
to the positive region. The degree of initial potential shift 
(ΔE0) measured when acetone was introduced in the 
reactor correlated very well with the physicochemical 
characteristics of the catalysts and their activities for 
acetone hydrogenation in the liquid phase. When Cr, Mo 
and Ti NPs modified Raney Ni, they were oxidized, 
resulting in smaller value of ΔE0, while for metallic Co 
and Cu doped Raney Ni, the ΔE0 value was higher than in 
pristine Raney Ni. It was concluded that this is because 
Cr, Mo and Ti oxides are Lewis acids and can adsorb the 
electron-rich carbonyl functional group. Hydrogen 
molecules dissociatively adsorbed to H atoms on Ni sites 
could migrate by a spillover effect to the oxide sites where 
reaction with adsorbed acetone molecules could take 
place. Low potential shift might be justified by the fact 
that metallic Ni surface was not involved in the catalysis 
for acetone, while it was responsible only for hydrogen 
dissociation. In contrast, on the undoped or Co and Cu 
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doped Raney Ni acetone and hydrogen adsorption would 
take place on the metallic surface, giving way to a 
stronger potential shift. Hydrogenation of n-butyraldehyde 
to n-butanol was experimentally investigated with a 
unique cage-like structured carbon-composed Raney Ni 
catalyst.62 The catalyst was reinforced with in-situ grown 
carbon nanotubes. The powders of both phenol 
formaldehyde resin and Ni-Al alloy (48 wt% Ni) were 
mixed and then compressed and carbonized, followed by 
alkaline leaching. The prepared carbon-composed catalyst 
possesses high stiffness, good hydrogen adsorption 
capacity, perfect catalytic property, and high selectivity. 
Because of the used carbon composing method, carbon-
composed Raney Ni catalyst might be recommended for 
other applications, such as carbon capture, energy storage, 
and redox reactions. 

Chiral modification of Raney Ni using (2R,3R)-
tartaric acid was studied by Kukula et al.63 The prepared 
catalyst was used in enantioselective hydrogenation of 
methylacetoacetate (MAA) to methyl-(3R)-hydro-
xybutyrate. The influence of reaction conditions (pH, 
temperature, time, concentration of modifier and co-
modifier) on the optical yield of MAA hydrogenation was 
systematically investigated. A considerable influence of 
the modifying conditions on the resulting enantio-
selectivity of the catalyst was evident. Optical yield was 
proportional to the modifying temperature and time, and 
its dependencies on the tartaric acid concentration and the 
modifying pH passed through a maximum. Significant 
adsorption of tartaric acid and subsequent complex 
formation of Ni and tartaric acid was experimentally 
found on the catalyst surface. In the next research work64 
detailed surface analysis of this modified Raney Ni was 
made. Decreased content of Al in the modified catalysts, 
due to Al leaching to the modifying solution, and 
increased carbon content because of an adsorbed amount 
of tartaric acid was observed. XPS data confirmed Ni2+ 
and Ni0 in the ratio of approximately 1:1 on the catalyst 
surface while only Ni0 was found on the surface of Raney 
Ni. 

Performance of Raney Ni electrodes with 
electrically conductive materials for hydrogen oxidation 
reaction (HOR) on an alkaline fuel cell was investigated 
in 6M KOH solution at 353 K.65 Because of enhanced 
electrode conductivity, increased electrolyte diffusivity, 
and enlargement of active sites performance of the Raney 
Ni electrode was improved. Carbon black and NiNPs 
added to the Raney Ni electrode promoted better 
performance of the Raney Ni electrode. Moreover, 
additives with higher value of electric conductivity and 
surface area showed higher performance of Raney Ni. 
Kiros and co-authors66 used Raney Ni as gas diffusion 
electrode for HOR and prepared it by a mixture of Ni and 

Al with the weight ratio of 1:1. Additionally, modification 
with other alloy formations containing 2 wt% of Cu, Fe, 
Cr, Ti and La was made for the Raney Ni electrode. 
Depending on the active layer composition, 
electrocatalytic activity of the electrode was decreased in 
the order of Cr > La > Ti > Cu > Fe. The highest catalytic 
response was experimentally found for the Cr and Ti- 
doped Raney Ni electrodes. This fact might be explained 
by the presence of Cr and Ti oxides.61 The surface 
analysis of the electrodes after electrochemical tests 
showed high concentrations of transition metals, with 
catalyst aggregation that caused structural and surface 
changes and affected both the activity of HOR and 
electrode stability at high current density.66 Combined 
experimental techniques and calculations of the surface 
conditions for activated MP Raney Ni produced via 
leaching of spray-atomized Ni-Al precursor powders were 
described by Barnard et al.67 Predicted surface areas from 
the kinetic Monte Carlo simulations were in good 
agreement with BET measurements of nitrogen 
physisorption for catalyst materials prepared from two 
different Ni-Al alloys. Surface concentrations of residual 
Al after leaching process predicted by Metropolis Monte 
Carlo simulations were in agreement with XPS results 
confirming absence of Al-Al bonding at the surface. It 
was concluded that activation energy responsible for 
diffusion of Al on the surface was lower than that for Al 
dissolution. The presence of residual unleached Ni2Al3 
phase demonstrated influence on the amount of Al signal 
at the surface, measured with XPS. This effect was 
removed by using a precursor that did not contain residual 
Ni2Al3.68 

Raney Ni electrodes, prepared with atmospheric 
plasma spraying (APS), were actively studied in hydrogen 
evolution reaction (HER).69,70 Potentiodynamic Tafel 
analysis and electrochemical impedance spectroscopy 
(EIS) in 30% KOH solutions within the temperature range 
of 303–353 K were used for the Raney Ni layers of 30, 
100 and 300 μm thickness.69 Cell efficiency values based 
on the higher heating value of hydrogen within the region 
of 96 % was obtained for APS Raney Ni layers with the 
thickness of 100 and 300 μm at current density of 
300 mA·cm-2 and the temperature of 343 K. This was 
accounted for by a very high electroactive area as well as 
enhanced kinetics obtained for these samples following 
the chemical and electrochemical activation procedures. 
Dependence of the temperature and hydrogen heat 
treatment on the electrochemical properties associated 
with HER were investigated by Kim et al.70 The APS 
Raney Ni electrode contained unleached NiAl phase that 
resulted in more active sites and hence showed higher 
current density than that of the polished Ni electrode. It 
was found that in alkaline electrolysis the value of 
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operating temperature is proportional to the electrolyte 
ionic conductivity and electrode surface kinetics. During 
hydrogen heat treatment of Ni-Al-alloy coated electrode 
the NiAl phase disappeared. An increase in the durability 
of the APS Raney Ni electrode was anticipated due to the 
fact that Al in the coating layer spread to the Ni substrate 
after the hydrogen heat treatment, also resulting in faster 
deactivation and a 6-fold increase in the crystallite size 
(~6.7 nm). Enhanced electrocatalytic HER was found for 
1D graphitic nanofiber encapsulated Ni/NiO NPs, 
prepared through electrospinning and subsequent 
carbonization-reduction calcination procedure.71 Obtained 
experimental results indicated that with precursor 
containing Ni2+ of 0.5 mmol the product showed the 
highest HER performance in alkaline medium along with 
excellent electrode durability. When voltage was applied 
to the reaction system, the charge was transferred to the 
Ni/NiO NPs from the electrode through the graphite 
structure (Fig. 11). When it was transported to the active 
sites on the surfaces of Ni/NiO NPs, reaction with water 
in the electrolyte formed Hads and then hydrogen 
molecules that eventually left catalyst surface.  

 

 
 

Fig. 11. Schematic mechanism of hydrogen evolution reaction 
for sample with precursor containing 0.5 mmol of Ni2+. 

Reprinted with permission.71 Copyright © 2019, Elsevier B.V. 
All rights reserved 

 
Uniform 1D porous structure provided a large 

specific surface area resulting in more active sites 
exposure on the electrode surface while homogeneous 
distribution and uniform size of Ni/NiO NPs promoted 
charge separation and transport to get high hydrogen 
evolution. 

4.3. Nanostructured Ni for 
Electrochemical Oxidation Reactions 

Recently, carbon material supported Ni or Ni-based 
alloys were confirmed as a promising catalyst of hydrogen 

oxidation reaction (HOR) in alkaline media for anion 
exchange membrane fuel cells (AEMFCs).72 Firstly, 
NiNPs supported on the N-doped carbon nanotubes with 
improved HOR performance were reported by Zhuang et 
al.73 It was found that introduction of N atoms into carbon 
support altered the electronic structure of Ni d-orbitals and 
reduced the hydrogen binding energy (HBE) on the Ni 
surface. This resulted in enhanced HOR activity that 
obeyed the Tafel-Volmer or Heyrovsky-Volmer 
processes:74 

H2 ↔ 2Had     (Tafel step)                     (7) 
H2 + OH– ↔ Had + H2O + ē    (Heyrovsky step)   (8) 

Had + OH– ↔ H2O + ē (Volmer step)      (9) 
According to the volcano-shaped curve, low or 

high HBE is adverse for HOR activity.75,76 Therefore, 
modification of carbon support, especially with N doping, 
would become an efficient way to regulate HBE on the Ni 
surfaces, hence optimizing HOR activity. It was 
concluded that adsorbed Had on the catalyst surface played 
a key role in HOR activity,77 and especially on the Ni 
surface Had adsorption was too strong to activate 
HOR.78,79 Introduction of N into the carbon support was 
proven to reduce Had adsorption on the Ni surface through 
metal-support electronic interaction. Besides, weak 
adsorption of Had and oxidation of the Ni surface were 
confirmed experimentally. This resulted in the negative 
shift of Ni oxidation potential.80 The sample with an 
optimal surface Ni:N atomic ratio of ~0.34 showed the 
best HOR kinetics that was accounted for by appropriate 
HBE on the Ni surface. 

The next example of oxidation reaction with NiNPs 
might be electrochemical oxidation of butan-1-ol in alkali 
solution.81 NiNPs with the average diameter of ~10 nm 
were tested through anode catalysis. Graphite-supported 
NiNPs formed Ni(OH)2 and then electrocatalytically 
active NiOOH. It is well-known that oxidation of Ni to 
Ni(OH)2 in alkali solution gives a peak at around 0.5 V 
just after HER on Ni during anodic scan of potential. 
Therefore, the surface of NiNPs was primarily covered 
with Ni(OH)2 formed during exposition of a thin film 
electrode in the air and immersion in alkali solution for 
cyclic voltammetry (CV) measurement. The correspon-
ding reverse peak was not found due to possible 
complexation of Ni2+ with oxidation products of ethylene 
glycol or of NiOH+ destabilization. Conversion of Ni2+ to 
Ni3+ [Ni(OH)2/NiOOH] and vice versa occurred according 
to reaction (10) with the peak at ~0.51 V in anodic and at 
~0.35 V in cathodic directions: 

Ni(OH)2 + OH– ↔ NiOOH + H2O + ē (10) 
Obtained NiOOH oxidized butanol and was 

reduced to Ni(OH)2 by the most possible chemical 
reactions: 

2 NiOOH + C4H10O = 2Ni(OH)2 + C4H8O   (11) 
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2 NiOOH + C4H8O + OH– = 2Ni(OH)2 + C4H7O2
–(12) 

2 NiOOH + C4H7O2
– + 25OH– = 

= 2Ni(OH)2 + 4CO3
2– + 15H2O + 18ē (13) 

It was experimentally found that catalytic activity 
of the synthesized NiNPs depended on their size, purity, 
and molecular environment around the catalyst. The study 
revealed higher catalytic activity and increased ratio of 
carbonate to butanoate in the products using NiNPs 
obtained by reaction (2) with excess of hydrazine 
monohydrate and only 333 K heat treatment for 15 min. 
These samples showed approximately a 2 and 14 times 
higher current density peak with respect to bulk Pd and Pt 
at the electrochemical oxidation of butan-1-ol. 

Porous Ni is also actively used in oxidation 
reactions since it has a high value of conductivity and 
surface area, good permeability, and light weight. Three-
dimensional porous Ni was efficiently fabricated by 
controllable electrodeposition of Ni microparticles using 
hydrogen bubbles as the template at ambient temperature 
and pressure.82 Electrochemical measurements confirmed 
that obtained porous Ni possessed a good electrocatalytic 
activity for methanol and ethanol oxidation reaction due to 
both high surface area and open porous structures. 
Therefore, a good cycle life and catalytic properties of the 
prepared porous Ni encouraged promising prospects for 
its application not just as catalyst but also as sensor and 
purifier. 

4.4. Catalysis in Organic Chemistry  
with Nanostructured Ni 

Nickel atoms bound to organic ligands in complex 
compounds were actively used as universal catalysts in 
organic chemistry since different ligands could tune the 
electron  density  around  the  central  Ni  atom.  Activated  

with methylaluminoxane α-diimine nickel83 or o-diethyl- 
and o-diisopropyl nickel84 demonstrated high catalytic 
activity towards olefin polymerization. Today NiNPs85,86 
are more often used as catalyst in organic chemistry 
instead of well-known Ni complexes. Catalytic activity 
and stability of amorphous and crystalline NiNPs with the 
surface area of 250 and 110 m2/g, respectively, was 
investigated at different time on stream (TOS) for ethanol 
decomposition.87 Heating of fresh amorphous NiNPs 
caused nucleation of crystalline NiNPs with fcc structure, 
crystal growth, and sintering below 473 K resulting in the 
decrease in the surface area (65–146 m2/g) during 
hydrogen reduction (Fig. 12). The structure of amorphous 
NiNPs was continuously refined to form both fcc and hpc, 
as well as Ni3C and carbon layers that stabilized catalytic 
activity. The fcc structure of crystalline NiNPs remained 
unchanged during 96 h of TOS experiment indicating that 
carbon deposition might cause its initial deactivation. 

At 523 K, amorphous NiNPs showed 100% 
conversion, which remained constant during 96 h of TOS, 
while crystalline NiNPs initially exhibit 95% conversion 
and then slowly deactivate to ~80 % at 96 h TOS. This 
fact suggested that active sites on the used catalysts might 
be different as compared to the crystal structure of NiNPs. 
Activity vs. TOS results obtained at 473 K showed that 
amorphous NiNPs conversion increased from about 50 to 
60–75 %, reaching a steady value at ~30 h of TOS, which 
remained constant during the observed 96 h of TOS. 
Crystalline NiNPs initially exhibited higher conversion 
(~85 %) but was quickly deactivated to the conversion 
within the similar range as amorphous NiNPs. Based on 
this study of the catalytic process for ethanol 
decomposition it was concluded that NiNPs might be 
proposed as affective catalyst for decomposition of other 
alcohols and even hydrocarbons to produce hydrogen. 

 

 
 

Fig. 12. Scheme of the behavior of amorphous and crystalline NiNPs for ethanol decomposition  
at different time on stream. Reprinted with permission.87  

Copyright © 2018, Elsevier B.V. All rights reserved 
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NiNPs containing polymethacrylic acid p(MAAc) 
hydrogel were applied as catalyst for degradation of a 4-
nitrophenol (4-NP).88 Carboxylic groups acted as highly 
efficient adsorption sites and their high degree was 
responsible for the removal of huge amounts of methylene 
blue (MB) and Rhodamine-6G (Rh-6G) from water. The 
maximum adsorption capacity of p(MAAc) hydrogel was 
685 for MB and 1571 mg·g−1 for Rh-6G, and their 
adsorption data were best fit with the Langmuir- and 
Temkin adsorption isotherm, respectively. In a catalytic 
trial, a 0.05 g p(MAAc)-NiNPs composite and 0.19 g of 
NaBH4 were added to 50 ml of 0.001M aqueous solution 
of 4-NP. Experimental value of the apparent rate constant 
for the reduction of 4-NP was as high as 0.038 min−1 and 
was proportional to both reaction temperature and catalyst 
dose. Furthermore, the catalyst was easily recoverable by 
a simple and fast process of filtration and only 20% loss in 
catalytic activity in the fourth consecutive cycle was 
observed. Prepared p(MAAc)-NiNPs composite might be 
recommended as a recoverable and reusable catalyst with 
a promising catalytic activity on the degradation of a nitro 
compound. 

Experimental methods to fabricate Ni- and Ni-
CoNPs composites with polyvinylpyrrolidone (PVP) were 
developed by Ignatovich et al.89 Catalytic activity of the 
composite towards reduction of substituted nitroarenes 
(nitropyrimidines containing pyridine and substituted 
aniline moieties) was examined. Catalytic activity of the 
PVP/NiNPs composite depended on the molecular weight 
of PVP connected to NiNPs. Conversion of 3-nitroaniline 
and the yield of 1,3-phenylenediamine were maximal in 
reactions catalyzed by the composites containing PVP 
with the molecular weight of 10 and 360 kDa, 
respectively. Catalytic properties of bimetallic Ni-Cu-, Ni-
Ag- and Ni-AuNPs with the average diameter within the 
range of 10–30 nm were studied by Knudsen effusion 
mass spectrometry (KEMS).90 It was found that catalytic 
activity of NPs leading to the oxidation of the organic 
surface layer to CO2 at the final stage depended on 
the second element in the Ni-based nanoalloys. It 
was concluded that as regards to oleylamine 
oxidation catalytic activity decreases while 
thermodynamic stability of catalysts increases in the 
direction of Ni-Cu→Ni-Ag→Ni-Au. 

Tada and co-aurthors91 reported CO2 methanation 
was carried out using porous Ni without any pretreatment. 
Because fabricated porous Ni with fcc structure possessed 
a great number of crystal defects, high-temperature 
treatment at the temperature of 573–873 K caused defect 
loss. It is well-known that active sites of porous Ni are 
low-coordination surface places resulting from defects, 
and density of active sites is directly related to catalyst 
activity. Porous Ni was stored in water at room 
temperature and dried in the air at room temperature for 

48 h, that means surface oxidation was also possible. 
Under high space velocity (4200 h−1, 0.11 molCO2·gcat

−1·h−1) 
porous Ni exhibited CO2 conversion of 83 % at 523 K 
according to reaction (14) that might be considered as 
total reaction from both (15) and (16): 

CO2 gas + 4H2 gas → CH4 gas + 2H2O gas 
ΔrH0 = –165 kJ·mol-1                    (14) 

CO2 gas + H2 gas → CO gas + H2O gas 
ΔrH0 = +41 kJ·mol-1                  (15) 

CO gas + 3H2 gas → CH4 gas + H2O gas 
ΔrH0 = –206 kJ·mol-1                      (16) 

Obtained porous Ni might be considered as a 
promising new catalyst for CO2 methanation because it 
showed high activity that most probably derived from the 
great number of crystal defects in fcc crystal structure. 

4.5. Application of NiNPs  
in Biotechnologies 

In general, metal NPs are hydrophilic and highly 
stable as compared to organic materials. However, not 
every metal NP might be considered as nontoxic and 
biocompatible as NiNPs. Nevertheless, because of 
valuable properties (e.g., unique optical and magnetic 
properties, functionalization with various specific ligands 
to enhance their affinity towards target cells or molecules, 
etc.) NiNPs started to show new applications in 
biotechnology.92 Today modern drug delivery composites 
designed for enhanced drug efficacy and reduced adverse 
effects have evolved, accompanied by the development of 
novel materials. Recent advancement in biotechnology 
prepared excellent drug delivery matrices that work better 
than classical drug carriers (e.g., calcium phosphates). 
Nanostructured Ni might be considered as the material for 
drug delivery and tissue engineering. 

It is well-known that people suffer from Ni 
allergy,93-95 and the first suspects were found in 
householding (e.g., jewelry or coins that contain Ni). 
Many agents have been developed to reduce penetration 
of Ni through skin,96,97 but only few of them are safe and 
effective. A thin layer of glycerine emollient containing 
NPs of CaCO3 or Ca3(PO4)2 on an isolated piece of pig 
skin (in vitro) and on the skin of mice (in vivo) prevented 
penetration of Ni ions into the skin.98 Because of cation 
exchange NPs capture Ni ions and remain on the skin 
surface allowing them to be removed by simple washing 
with water. It was found that the usage of NPs with the 
average diameter < 500 nm in topical creams may be 
considered as an effective way to limit the exposure to 
metal ions that can cause skin irritation. Together with 
that the property of Ni allergy may be turned into useful 
application as a technique to destroy local malignancy on 
human skin using NiNPs or MPNi.99 It was tested whether 
surface modification of NiNPs could alter lung 
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inflammation and injury in vivo induced by them. In order 
to compare the NiNPs ability to cause lung inflammation, 
injury, and fibrosis three samples were prepared – pure 
NiNPs, partially oxidized NiNPs and NiNPs coated with 
carbon. It was concluded that all three samples may cause 
lung injury and inflammation, however, their extent of 
pulmonary toxicity was different. Because of altered 
physicochemical properties surface modification of NiNPs 
with oxygen or carbon showed lower pulmonary effects 
for partially oxidized NiNPs and carbon coated NiNPs. 
The value of lung inflammation and injury with partially 
oxidized NiNPs was similar to those of pure NiNPs, but 
considerably decreased with carbon coated NiNPs. Only 
slight or no lung fibrosis was observed in case of carbon 
coated NiNPs and even partially oxidized NiNPs showed 
a significantly lower value than pure NiNPs. 

A one-step process for the synthesis of hydrophilic 
carbon nanofibers (CNFs) through CO2 hydrogenation on 
NiNPs-Na/Al2O3 was developed to prepare a NiNPs-
Na/Al2O3@CNF composite and applied for drug 
delivery.100 The main task was to load and deliver the 
anticancer drug doxorubicin (DOX). CNFs that exhibited 
a large content of hydrophilic oxygen-containing 
functional groups on the carbon surface resulted in an 
excellent colloidal solution and, hence, in a highly 
efficient DOX adsorption capacity. It was found that 
adsorption of DOX onto the NiNPs-Na/Al2O3@CNF 
composite relied on the strong electrostatic interaction 
between protonated DOX (R-NH3+) and negative 
functional groups on CNFs, as well as on the typical π–π 
stacking interaction. Therefore, the release of DOX was 
strongly pH dependent. An adequate magnetic response 
was accounted for by the presence of NiNPs in the 
NiNPs-Na/Al2O3@CNF composite. It was concluded that 
DOX-loaded NiNPs-Na/Al2O3@CNF drug carrier 
targeted cancer cells more selectively and effectively than 
free DOX and showed a marked tendency to kill HeLa 
cancer cells and reduce toxicity to normal human primary 
fibroblast (HPF) cells. Bimetallic Ni-FeNPs with the 
average diameter within the range of 20–200 nm were 
synthesized on the silica surface and applied for reductive 
degradation of the drug nimesulide in aqueous solution.101 
Degradation of nimesulide was characterized by reduction 
of the nitro group and removal of the sulphonyl group, 
with the formation of an amine and thioester aromatic 
derivative product. It was concluded that Ni may act as 
catalyst to accelerate the redox reaction between Fe0 and 
nimesulide by capturing and converting molecular 
hydrogen into H˙ radicals, which were eventually 
responsible for reductive degradation of numesulide. 
Thus, proposed silica-supported bimetallic Ni-FeNPs 
might be considered as a promising biomaterial for the 
elimination of nitro moiety present in nimesulide. 

5. Outlooks 

Synthetic approaches to nanostructured Ni fabri-
cation are quite well-developed, however, their main 
parameters responsible for a certain geometry, 
morphology, and crystal structure of NiNPs or MPNi need 
to be systematized. This experimental data might be 
helpful for altering desirable properties of nanostructured 
Ni. 

Properties of metallic Ni at nanolevel are still a 
new object since certain design of nanomaterial might 
disclose a new special feature. It was unexpected to see 
that MPNi possesses unique mechanical or magnetic 
properties when everyone has expected to get a higher 
catalytic activity because of the size effect and nothing 
more. Therefore, thorough studies with the focus on 
intrinsic properties of nanostructured Ni must be a very 
good and promising way to find a new application.  

It is expected that nanocomposites made of NiNPs 
or MPNi will be actively investigated to multiply their 
properties with valuable Ni properties such as mechanical, 
optical, electronic, magnetic, catalytic, biological, etc. 
Control synthesis and good knowledge of nanostructured 
Ni properties might be a strong background for preparing 
a more complex nanomaterial with a valuable application 
in science and technology. 
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НАНОТЕХНОЛОГІЇ ПРИГОТУВАННЯ  
ТА ВИКОРИСТАННЯ МЕТАЛІЧНОГО НІКЕЛЮ 

 
Анотація. Наноструктурований нікель має значну пло-

щу поверхні на одиницю об’єму та керовані оптичні, елект-
ронні, магнітні та біологічні властивості, що робить нано-
приготування нікелю надзвичайно привабливим з точки зору 
його практичного застосування у різних галузях хімії. В роботі 
узагальнено технології по наноматеріалах нікелю, включаючи 
їх просте приготування та сучасне застосування. 

 
Ключові слова: наноструктурований нікель, нанопри-

готування металу, магніт, колектор струму, каталізатор, 
доставка ліків. 

 


