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Abstract: Over the last decade, nickel nanoparticles

(NiNPs) have been investigated for various potential

applications due to their superior ferromagnetic proper-

ties such as magneto-crystalline anisotropy, high coer-

cive forces, and chemical stability. Therefore, there has

been a tremendous enhancement in the synthesis tech-

niques, proposed reaction mechanisms, and applications

of NiNPs. This paper presents a recent overview of the

synthesis, reaction mechanisms, and applications of

NiNPs. NiNPs in the size range of 1–100 nmare synthesized

by various methods for research and commercial applica-

tions. The synthesis techniques are classified into three

main types, namely, top-down, bottom-up, and hybrids

of top-down and bottom-up protocols including sol-

vothermal, physical, and chemical approaches. The

detailed reaction mechanisms in the formation of NiNPs,

especially for biosynthesis techniques, are extensively

described. Trends in NiNP applications in fields such as

biomedical, catalysis, supercapacitors, and dye-sensitized

solar cells are explored. The basic advantages and role of

NiNPs as a catalyst for various reactions are illu-

strated here.

Keywords: nickel, nanoparticle, synthesis, mechanism,

application

1 Introduction

In the last decade, nanotechnology has broadened the

scope for researchers, producers, and consumers in almost

all sectors by enabling the engineering of functional sys-

tems at the nanoscale level mostly in the form of nano-

particles [1]. Nanoparticles are the raw materials used in

nanotechnology [2]. NiNPs have gained much attention

due to their unique magnetic, chemical, and physical

properties as well as their potential applications in various

technological fields such as catalysis [3], battery manufac-

ture [4], novel ink for nanotube-printing [5], incorporation

in textile [6], enhanced pseudo-capacitance [7], field-

modulated gratings and optical switches [8], direct immo-

bilization of biomolecules through magnetic force of

NiNPs [9], and adsorption of yellow dyes [10]. In compar-

ison to other magnetic nanoparticles, Ni nanoparticles

possess great potential as a catalyst in reactions and pro-

pellant and sintering additive in coatings, plastics, and

fibres [11]. Due to its relative abundance in the earth’s

crust, Ni is more cost-effective than most of the metals in

use as a catalyst [12]. The electrical conductivity of Ni

enables its use in several applications [13]. NiNPs can be

used as nanofluids in high purity, ultra-high purity, pas-

sivated, coated, and distributed forms [14].

Review articles on nickel abound in literature such as

machinability of nickel-based superalloys [15], overview

of nanostructured metal oxides and pure nickel oxides

electrodes for supercapacitors [16], nickel-based mate-

rials for supercapacitors [17], on the performance of com-

mercially available corrosion-resistant nickel alloys [18],

recent advances in the stabilization of nickel and nickel

oxide nanoparticles [19], and a brief overview on grain

growth of bulk electrodeposited nanocrystalline nickel
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and nickel–iron alloys [7]. However, these reviews did

not focus on NiNPs; they discussed nickel oxides and

alloys. Hence, there is the need for thorough analyses

of synthesis, reaction mechanisms, and applications of

NiNPs.

The synthesis of Ni nanoparticles has often been

associated with various challenges. These may include

the difficulty of reducing Ni(II) to Ni(0) at room tempera-

ture [20]. Most synthetic protocols involve the use of dis-

tilled water to wash the Ni nanoparticles, but Ni nano-

particles are easily oxidized in air to form NiO, Ni2O3, Ni

(OH)2, or NiOOH, making the synthesis difficult [21]. Hou

et al. reported that, in comparison to other magnetic

metals such as Co, Pt, and Fe, there are few reports on

the synthesis of monodispersed Ni nanoparticles [22].

Similar observation elsewhere constitutes a challenge in

the fabrication of Ni nanoparticles [23]. In compliance

with Chen and Hsieh [24], pure Ni nanoparticles in a

nonmagnetic environment undergo oxidation. Despite

the high electrocatalytic performance exhibited by Ni

nanoparticles, its poor stability poses a real challenge

[25]. The magnetic properties of Ni nanoparticles interfere

with magnets of microwave systems during synthesis

using the microwave. This makes it difficult to obtain a

good yield of the Ni nanoparticles [26]. NiNPs tend to

cluster on formation, due to their magnetic properties,

and hence, to obtain monodispersed Ni nanoparticles

will require special techniques [27]. NiNPs must be char-

acterized immediately after production to avoid conver-

sion to Ni compounds like oxides and hydroxides. These

factors must be taken into consideration in planning the

synthesis of Ni nanoparticles [28].

Global rising of environmental carbon costs have

made it necessary for scientific research and industrial

enterprise to invest in energy-saving and environmen-

tally friendly alternative synthesis of Ni nanoparticles

by plant-mediated pathways. Green plant production

of Ni Nanoparticles is the use of plant parts, plant

extracts, plant products, and organisms, leading to

environmentally friendly products that are harmless to

the ecosystem. The green production of metallic nano-

particles employing plant extracts as a reducing agent is

considered economically viable and environmentally

friendly.

The present study was designed to analyse recent

synthesis, reaction mechanisms, and applications of Ni

nanoparticles as well as the specific advantages of using

Ni as a catalyst. The objectives of this article are based on

highlighting recent techniques in the synthesis of Ni

nanoparticles, ranging from green chemical methods to

physical methods; in addition, to discuss the reaction

mechanisms leading to the formation of Ni nanoparticles,

as proposed and reported in recent literature. Furthermore,

the scope of this study will be limited to addressing the

applications of Ni nanoparticles in various fields of nano-

technology, science, and biomedical sciences as well as to

discuss the specific advantages of Ni nanoparticles as

catalysts in reactions, as compared to other magnetic

nanoparticles.

2 Techniques for the synthesis

of NiNPs

Top-down synthesis methods and bottom-up synthesis

protocols have traditionally been adopted for the synth-

esis of Ni nanoparticles. Top-down synthesis protocols

include breaking down bulk materials into nanoscale

materials. The most widely used top-down nanoparticle

synthesis methods are mechanical milling, laser ablation,

nanolithography, thermal decomposition, and sputtering

[29]. Bottom-up protocols include the utilization of

metallic oxides and metallic salts as precursors for the

reactions. These salts or oxides are eventually reduced to

metallic nanoparticles using an appropriate solvent and

reducing agent. In these techniques, the disperse mode,

shape, and dimensions of the nanoparticles can be

manipulated by varying the concentration of the pre-

cursor and the reducing agent, the pH, temperature,

heating time, and the type and choice of the stabilizing

agent [30]. Several bottom-up approaches for the fabri-

cation of Ni nanosized materials have been reported.

These are spatting, solvent-gel, gas evaporation, copre-

cipitation techniques, and plant-mediated synthesis

[21]. Similarly, Ni nanoparticles have been fabricated in

nonaqueous and aqueous media by chemical reaction,

sonication [31], radiolytic [32], and chemical reduction

and freeze-drying reactions [33].

2.1 Top-down methods for the fabrication

of NiNPs

2.1.1 Mechanical milling

Mechanical milling is the most common method of gen-

erating diverse nanoparticles among the different top-

down methods. Mechanical milling is used during
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synthesis for milling as well as post-annealing of nano-

particles where many elements are milled in an inert

atmosphere. Mechanical milling is influenced by plastic

deformation, contributing to a specific shape, whereas

fracture leads to a decrease in the particle size while

cold welding increases the particle size [34].

2.1.2 Laser ablation

Laser ablation synthesis is a method of production of

nanoparticles from different solvents. Nanoparticles are

generated by irradiation of a metal immersed in a liquid

solution by a laser beam which condenses the plasma

plume to produce the nanoparticles. Laser ablation

synthesis is a reliable technique as well as an alternative

to a chemical metal reduction in the synthesis of nano-

particles. This method provides a stable synthesis of

nanoparticles in organic solvents and water without

requiring stabilizing or capping agent [35].

2.1.3 Thermal decomposition

In this method, heat generated by endothermic chemical

decomposition breaks the bonds in the compound.

Decomposition temperature is the specific temperature

at which an element chemically decomposes. Hence,

the nanoparticles are generated by decomposing the

metal at its decomposition temperature, thereby under-

going a chemical reaction producing the nanoparticles

[36]. Figure 1 shows a scheme of thermal decomposition

techniques to produce NiNPs [37].

2.1.4 Nanolithography

Nanolithography is a technique to produce nanomater-

ials having a minimum of one dimension in the range of

1–100 nm. These techniques include nanoimprint, optical,

multiphoton, electron-beam, and scanning probe nano-

lithography. Nanolithography is a method of printing the

necessary shape or structure on a substrate that is suscep-

tible to light and extracts part of the material selectively to

obtain the required shape and structure. Nanolithography

enables the production of a single nanoparticle to a cluster

of nanoparticles with the desired shape and size [38]. The

disadvantages of these techniques are the requirements of

complex equipment and the associated cost. Figure 1

shows an illustration of the nanolithography technique

to produce nanoparticles [39].

2.1.5 Sputtering technique

In the sputtering technique, the deposition of nanoparti-

cles on a surface occurs by the ejecting particles as they

collide with ions. Sputtering is the deposition of a thin

layer of nanoparticles followed by annealing [40]. The

shape and size of the nanoparticles are determined by

the substrate type, thickness of the layer, duration of

annealing, and operating temperature.

Table 1 shows the list of some NiNPs synthesized

from these methods. These techniques are used to create

nanosized materials using chemical, electrochemical, and

mechanical grinding protocols [1]. Top-down methods

include mechanical grinding of coarse particles to nano-

sizedparticles, electrochemical deposition ofnanoparticles

Figure 1: Illustration of (a) thermal decomposition [37] and (b) nanolithography technique [39] of NiNPs production.
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fromametal electrode [2], laser ablation [3], and sputtering

[4]. Selected top-down techniques for the fabrication of Ni

nanoparticles are presented in Table 1.

2.2 Bottom-up synthesis protocols in

fabricating Ni nanomaterials

2.2.1 Sol–gel technique

This technique involves the sol – a colloidal solution of

solids suspended in a liquid phase and the gel – a solid

macromolecule submerged in a solvent. Most of the

metallic nanoparticles can be synthesized by this method

and it is the most preferred bottom-up method due to its

simplicity. This is a wet-chemical process in which the

precursor is a chemical solution containing an integrated

system of discrete particles [52]. Metal oxides and salts

are the typically used precursors in the sol–gel process.

The precursor is then dispersed in a host liquid either by

sonication, shaking, or stirring and the resultant system

contains a liquid and a solid phase. Various methods

such as filtration, sedimentation, and centrifugation are

used to recover the nanoparticles. Figure 2 shows an

illustration of the sol–gel technique [53].

2.2.2 Spinning fabrication

In this technique, the synthesis of nanoparticles is carried

out by a spinning disc reactor. The rotating disc contains

an inner chamber where the physical parameters such as

temperature are controlled. The reactor is filled with inert

gases or nitrogen to remove oxygen and avoid chemical

reactions. The liquid precursor and water are pumped

into the chamber and the disc is rotated at a different

speed. The spinning allows the atoms or molecules to

fuse together and are precipitated, collected, and dried

[54]. The characteristics of the synthesized nanoparticles

are determined by various operating parameters such as

the disc rotation speed, liquid flow rate, location of feed,

disc surface, and liquid/precursor ratio. Figure 2 shows

an illustration of a spinning disc reactor [55].

Table 1: Top-down techniques for the fabrication of Ni nanoparticles

Top-down technique Application of Ni nanoparticles Reference

Lithography Biomedical Fu et al. [45]
Chemical etching Catalyst Heilmann et al. [46]
Laser ablation Heterogeneous catalyst Marzun et al. [32]
Mechanical milling Material softening Liu et al. [47]
Ball milling Catalyst for CO2 hydrogenation Ochirkhuyag et al. [48]
Sputtering Magnetic biocatalyst Bussamara et al. [49]
Robust catalytic reactions Catalyst Li et al. [50]
Plasma processing electrocatalyst Kim et al. [51]

Figure 2: Illustration of (a) sol–gel procedure [13] and (b) biosynthesis techniques [14] for NiNPs production.
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2.2.3 Chemical vapour deposition (CVD) technique

In this technique, a thin film of gaseous reactants is

deposited onto a substrate. The combination of gas mole-

cules occurs in the reaction chamber at ambient tempera-

ture. The heated substrate then undergoes a chemical

reaction with the combined gas. A thin film of products

is deposited on the substrate surface which is recovered

and used. In CVD, the influencing factor is the substrate

temperature [56]. CVD advantages include the produc-

tion of uniform, highly pure, hard, and strong nanopar-

ticles. The disadvantages of CVD are highly toxic gaseous

by-products and the prerequisite of unique equipment.

2.2.4 Pyrolysis technique

Pyrolysis is the most employed technique in industries

for large scale production of the nanoparticle. The pre-

cursor is burned in a flame. The liquid or vapour pre-

cursor is fed into the furnace through a small hole where

it burns at high pressure. The nanoparticles are then recov-

ered from the combustion or by-product gases [57]. In some

furnaces, laser and plasma are used rather than a flame to

produce high temperature enabling easy evaporation. Pyro-

lysis employs simple methodology, high yield with eco-

nomic efficiency as well as a continuous operation.

2.2.5 Biosynthesis

These techniques are used in the synthesis of nanoparti-

cles that are nontoxic and biodegradable. Biosynthesis is

a renewable and environmentally friendly approach. Plant

extracts, bacteria, and fungi, together with the precursors,

are used toproducenanoparticles rather than conventional

chemicals for bio-reduction and capping purposes [59].

The nanoparticles synthesized by this approach are unique

and possess enhanced properties that satisfy the

requirements of biomedical applications. Figure 2 shows

an illustration of the biosynthesis of NiNPs [58]. Table 2

shows some selected bottom-up techniques for the synth-

esis of Ni nanoparticles.

2.2.6 Comparison of the advantages and disadvantages

of top-down and bottom-up synthesis protocols

Top-down techniques have been successfully employed

in nanotechnology for the fabrication of nanomaterials.

Among the top-down protocols, nanolithography pro-

vides opportunity for fabrication of smaller nanomater-

ials. The techniques can easily be upgraded for large

scale production. However, bottom-up techniques which

rely on self-assembly of nanomaterials are difficult to

upgrade for large scale production. While top-down tech-

niques are well-established over the decades, bottom-up

protocols offer unlimited possibilities in the design and

fabrication of nanomaterials. Both top-down and bottom-

up techniques have their advantages and disadvantages

as presented in Table 3.

3 Green plant-mediated production

of Ni nanoparticles

Global rising of environmental carbon costs have made it

necessary for scientific research and industrial enterprise

to invest in energy-saving and environmentally friendly

alternative [67] synthesis of Ni nanoparticles by plant-

mediated pathways. Green plant production of Ni nano-

particles is the use of plant parts, plant extracts, plant

products, and organisms, leading to environmentally

friendly products that are harmless to the ecosystem.

The green production of metallic nanoparticles employ-

ing plant extracts as a reducing agent is considered eco-

nomically viable and environmentally friendly. These

Table 2: Selected bottom-up techniques for Ni nanoparticles production

Bottom-up technique Application of Ni nanoparticles Reference

Chemical vapour deposition Antimicrobial Chaudhary et al. [60]
Sol–gel process Superparamagnetic material Li et al. [61]
Laser pyrolysis Advanced functionalized material Mckeown et al. [62]
Spray-pyrolysis Water splitting Li et al. [63]
Atomic condensation Electrocatalyst Fadil et al. [64]
Molecular condensation Antibacterial activity Bhattacharjee et al. [65]
Aerosol process Enhanced electrocatalytic activity Khalid et al. [66]
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techniques have the advantage of being eco-friendly, low

cost, and mostly single-step reactions [68]. Angajala and

coworkers [68] reported that most plants are rich in sec-

ondary metabolites and responsible for the reduction of

metal salts or metal oxides to metallic nanoparticles.

Plant metabolites are widely available, free of contami-

nation, and cost-effective and the process of reduction is

a one-step reaction. Green production of nanoparticles

can be easily upgraded to large scale production. Metal

nanoparticles produced this way have characteristically

been found to be of distinct sizes [69] and morphologies

[70]. The organic functional groups in plant metabolites

play an active role in the production of nanoparticles, as

reducing, capping, and stabilizing agents [71]. The nano-

materials fabricated using plant metabolites have high

polydispersity, well-defined size, and thermodynamic sta-

bility [72]. Green-based synthesis methods such as leaf

extract, stem bark root as well as plant secretions are con-

sidered viable substitutes to physical and chemical proto-

cols for the synthesis of metallic nanomaterials [73].

3.1 Synthesis of Ni nanoparticles using leaf

extracts as reducing agent

The production of Ni nanoparticles using aqueous leaf

extract of Ocimum sanctum has been reported by Pandian

andcoworkers [74]. They concluded that thegreen synthesis

ofnanoparticlesprovidesmoreadvancement inpharmaceu-

tical and biomedical applications than chemical and phy-

sical methods due to its cost-effectiveness and eco-friendli-

ness. Similarly, Nouneh and coworkers [75] reported the

synthesis of spherical NiNPs deposited on indium tin oxide

surfaceusingawet-chemicalmethod.Theyclaimed that this

was thefirst in situattachmentofNinanoparticleson indium

tinoxide substrate. Sudhasreeandcoworkers [76]published

Ni nanoparticle synthesis by green and chemical routes.

They compared the biological activity and toxicology of Ni

nanoparticles synthesized by the two routes. They con-

cluded that the green-synthesized Ni nanoparticles showed

reduced size and better monodispersity compared to the

chemically synthesized nanoparticles. The green-synthe-

sized Ni nanoparticles were found to possess reliable anti-

oxidant and antibacterial activity as well as being nontoxic

to animal cells, as compared to chemically synthesized Ni

nanoparticles.

Ni nanoparticle synthesis with Azadirachta and

Psidium guajava leaves has been documented by Mariam

and coworkers [77]. They discovered that the Ni mesh value

was higher than the bulk value. They also stated that the Ni

nanoparticles in HT29 cell lines were spherical and toxic.

Chen and coworkers [78] reported the use of Medicago

sativa, commonly called alfalfa plant extract, to synthesize

Ni nanoparticles. They concluded that the flavonoids and

reducing sugars in the extract were responsible for the bio-

reduction of Ni. They further reported that the biosynthesis

approach is more cost-effective and is a promising alterna-

tive to conventional methods of Ni nanoparticle synthesis.

Mamuru and coworkers [79] documented the production of

Ni nanoparticles by Annona squamosa (sugar apple) plant

extract. Their study reveals that aryl amine in the phyto-

chemicals of the leave extractwas responsible for the reduc-

tion ofNi oxide toNi nanoparticles. Angajala and coworkers

[68] documented the fabrication of Ni nanoparticles using

Aegle marmelos Correa plant leaf extract as a reducing, sta-

bilizing, and capping agent. They also compared the as-

synthesized Ni nanoparticles with Aegle marmelos Correa

crude leaf extract for their in vitro anti-inflammatory, larvi-

cidal mosquito effectiveness against three blood eating

parasites. The results showed that the Ni nanoparticles pos-

sess an enhanced anti-inflammatory and larvicidal activity

when compared to the crude leaf extract.

3.2 Synthesis of Ni nanoparticles using

starch and plant secretion as reducing

agent

Fardood and coworkers [80] fabricated NiO nanoparticles

using Arabic gum by the solvent–gel technique. They

Table 3: Comparison of top-down and bottom-up protocols

Top-down protocols Bottom-up protocols

Advantages Techniques are suitable for large scale production Low cost of production
Protocols are well-established High precision in designing size and shape of particles
Techniques provide surface control and precision Production of wide range of particle size and shape

Disadvantages High cost of production Highly specific; cannot be easily generalized
Stronger resistance as feature becomes smaller Difficulty in large scale production
Defects become pronounced with decrease in size Unsuitable for integrated devices
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reported the first green synthesis of NiO nanoparticles

with Arabic gum gel as a bio-polymeric template. They

claimed that the method can be employed for the fabrica-

tion of transition metallic nanoparticles from their oxides

and other materials with low production cost. Similarly,

several other reports on the synthesis of Ni nanoparticles

employing green agents include those of Yu and Qiu [81]

who fabricated nanosized nickel material using starch.

They reported the synthesis of unique core–shell-struc-

tured Ni nanoparticles from starch and the metal salt by

carbonization in flowing hydrogen. This apparently pro-

vides a new approach to the synthesis of carbon-encap-

sulated metal nanoparticles.

3.3 Synthesis of Ni nanoparticles using

microorganisms as reducing agent

Dias and coworkers [82] synthesized Ni nanoparticles

using strains of Aspergillus terreus immobilized in

polyurethane foam. They demonstrate the feasibility of

replacing synthetic adsorbents with bio-absorbents in

the treatment of industrial waste. Furthermore, the bio-

absorbents can be recycled and are cheaper than syn-

thetic resins. Various reports in the literature show that

algae, both living and dead, can reduce noble metals to

metal nanoparticles [83]. This provides an opportunity

for utilizing organisms [84] as an environmentally green

approach to synthesize metal nanoparticles [85]. Figure 3

is an illustration of the pathway for the synthesis of metal

nanoparticles from microorganisms [86].

Based on these reports, green synthesis using plant

parts has significantly improved over the past decade.

Extracts of new plant species are constantly added to

the literature as reducing agents in the fabrication of Ni

nanoparticles. Green synthetic protocols are environmen-

tally friendly, with low-cost startingmaterials [87]. Selected

reports in which green reducing agents were used in the

synthesis of Ni nanoparticles are summarized in Table 4.

The sizes reflected in Table 4 show that all the nano-

particles produced via plant-assisted are within the size

range 1–100 nm, except for Annona squamosa and Chlor-

ella vulgaris. Therefore, they can be employed as catalyst

in appropriate reactions. The green-synthesized Ni nano-

particles were found to possess reliable antioxidant and

antibacterial activity as well as being nontoxic to animal

cells, as compared to chemically synthesized Ni nano-

particles. Ni nanoparticles synthesized using leaf extract

of Aegle marmelos Correa as reducing agent possess an

enhanced anti-inflammatory and larvicidal activity when

compared to the crude leaf extract. NiNPs synthesized by

Azadirachta indica and Psidium guajava were further

evaluated for the cytotoxic activity using HT-29 colon

cancer cell lines and the results showed significant

changes in the cell morphology such as swelling of cells

and cell breakage, when treated with the synthesized NiO

and Ni nanoparticles.

Biosorption studies using Aspergillus terreus to gene-

rate Ni nanoparticles showed that due to its affinity for
Figure 3: Illustration of metal nanoparticles synthesis procedure
from microorganisms [86].

Table 4: Green reducing agents in the synthesis of Ni nanoparticles with shapes and sizes

Green reducing agent Shapes Sizes (nm) Reference

Ocimum sactum leaf extract Spherical 12–36 Jeyaraj Pandian et al. [74]
Aegle marmelos leaf extract Triangular 80–100 Angajala et al. [68]
Azadirachta indica and Psidium guajava leaf extract Cubic 22–44 Mariam et al. [77]
Medicago sativa leaf extract Cubic 1–10 Chen et al. [78]
Annona squamosa leaf extract — — Mamuru et al. [79]
Acacia senegal latex secretion Cubic 34 Fardood et al. [80]
Starch Ellipsoidal 30–50 Yu and Qiu [81]
Microalgae Colloidal 3 Song et al. [88]
Microalgae Chlorella vulgaris Crystalline 200–500 Gong et al. [89]
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binding simultaneously to a mixture of three heavy

metals in solution, this strain of A. terreus can be con-

sidered as a good candidate for application at an indus-

trial level for removing iron, chromium, and NiNPs.

Extracts of new plant species are constantly added to

literature as reducing agents in the fabrication of Ni

nanoparticles. Similarly, more organisms are reported

for the synthesis of Ni nanoparticles. This provides an

opportunity for utilizing both plant extracts and organ-

isms as an environmentally green approach to synthesize

metal nanoparticles.

4 Proposed reaction mechanisms

of Ni nanoparticle formation in

plant-mediated green synthesis

The mechanism of binding and subsequent conversion of

metallic ions to metal nanoparticles has been extensively

discussed in various literature [90]. Plant metabolites

such as polyphenols, terpenoids, phenolic acids, alka-

loids, proteins, and sugars are important in the bio-

reduction of metal ions to form nanoparticles. The func-

tional groups involved in the reduction can be identified

from the FT-IR bands of the plant extract, taken before

and after the reduction. Shankar and coworkers [91]

reported that terpenoids are sometimes associated with

nanoparticle formation in green synthesis. Terpenoids

contain various polymers, photosynthesized in most

plants containing isoprene units with five-carbon, having

strong antioxidant activity [90]. These can reduce metals

to metal nanoparticles. Therefore, Ni nanoparticles can

be synthesized by this approach.

4.1 Mechanisms of Ni nanoparticle

formation involving terpenoids

Terpenoids play a significant role in the biosynthesis of

silver ions to metallic nanoparticles when Geranium

leaves extracts are used in the reactions; the major terpe-

noid of Cinnamomum zeylanisum is eugenol, which was

found to be involved in the bio-reduction of HAuCl4 as

well as AgNO3 to nanomaterial [91]. Using FT-IR info,

proton dissociation in the eugenol OH group was pro-

posed to create hybrid structures that can be further oxi-

dized. The successful reduction of metal ions contributes

to the synthesis of the nanoparticle. The proposed

mechanism is shown in Figure 4. In this mechanism,

the metal ions interact with plant reducing agents (O–H)

leading to the formation of a reaction intermediate

(M]O), which subsequently breaks down to metal atoms

(M) followed by growth and stabilization of the metal

atoms.

4.2 Mechanisms of Ni nanoparticle

formation involving flavonoids

Another class of compounds contained in the plant

extracts are the flavonoids, which are a group of poly-

phenolic functional groups that are made up of various

classes, i.e. isoflavonoids, anthocyanins, chalcones, fla-

vonols, flavonones, and flavones. These compounds can

effectively chelate and reduce metals to nanoparticles

[92]. Flavonoids have different functional groups that

can facilitate the development of nanoparticles [93].

The hybrid conversion from enol to keto will generate

reactive hydrogen to convert metal ions into metallic

nanoparticles as has been reported. It has been proposed

[90] that for Ocimum basilicum extracts, the forming of

silver nanoparticles from Ag ion is due to the transition of

the flavonoids luteolin and rosmarinic acid from enol to

keto form.

Likewise, a pathway to convert ketones into car-

boxylic acids in flavonoids is likely to reduce Au3+ ion.

Metal ions may be chelated with their carbonyl groups or

π-electrons from some flavonoids. For example, the fla-

vonoid quercetin is very active in chelating, as it can be

used in three positions in C3, C5, and C3 and C4 in the

carbonyl and the hydroxylic groups and C3 and C4 in the

catechol, as seen in a quercetin molecule in Figure 5.

These compounds can chelate transition metal ions like

Pb2+, Co2+, Fe2+, Al3+, Zn2+, Ni2+, Cr3+, and Fe3+. Chelation

reactions can clarify the potential adsorption of flavo-

noids on the surface of the metal nanoparticles. Kasthuri

et al. [94] reported that probably it constitutes the

Ni2+
Ni2+

Ni2+

Ni2+
Ni2+

Ni2+

Ni
nanoparticle

OO

O

OH

plant reducing
agent Nucleation

Reduced Ni atomsNi ions

Figure 4: Scheme of reaction mechanism of Ni nanoparticle
formation.
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initiation stage of the nanoparticle formation and subse-

quent growth, in addition to the bio-reduction stages.

Likewise, the formation of metal nanoparticles is gener-

ated by isolated flavonoids and glucosides.

Isolated reducing sugars from plants initiate reduc-

tion reactions leading to nanoparticle formation. Mono-

saccharides like glucose can initiate reduction reactions.

Monosaccharides contain a keto group like fructose,

which can act as an antioxidant after undergoing several

tautomeric transformations from ketone to an aldehyde

[95]. Disaccharides and polysaccharides have their

reduced tendency to follow a conformation within an

oligomer based upon the specific monosaccharide struc-

ture, thereby making the metal ion available to an alde-

hyde molecule [96]. The disaccharide lactose and mal-

tose have reduction potential, for example, because one

of their monomers can shift in an open-chain shape.

Sucrose cannot reduce metal ions as the monomers glu-

cose and fructose are joined in a manner that does not

promote the reduction of the open-chain configuration.

Glucose can induce metal nanoparticle synthesis with dif-

ferent morphologies, while fructose initiates a synthesis

with monodispersed silver and gold nanosized materials.

4.3 Mechanisms of Ni nanoparticle

formation involving amino acids

It has been suggested that nanomaterial synthesized with

plant extracts or in plants showed the as-synthesized

nanomaterials are often found in association with pro-

teins [97]. The ability of amino acids to bind and reduce

metal ions can differ if kept on the peptide chain. The

formation of peptide linkage, for example, modifies the

functionality of the amines R-carbon of certain amino

acids and carboxylic acids; hence, they are unavailable

to react with metal ions. Din and Rani [19] formulated a

mechanism of plant extracts-assisted synthesis of metal

oxides and metals as represented in Figure 6. In this

mechanism, nickel ions (Ni2+), in the presence of plant

reducing agents (O–H), undergo a reaction to form (Ni]O)

intermediate. This is followed by the reduction of the inter-

mediate to form nickel atoms (Ni0). The Ni nanoparticles

formed undergo growth and stabilization as they are

capped by the phytochemicals.

4.4 Reduction, growth, and stabilization

stages in Ni nanoparticles formation

Plant-mediated synthesis of Ni nanoparticles consists of

three major steps, namely, activation stage, growth stage,

and termination stage. According to Kim et al. [98], the

comprehensive reaction process for plant and plant extract

synthesis of Ni nanoparticles involves three main phases;

initiation step at which the Ni ions are reduced and subse-

quent nucleation of reduced Ni atoms occurs. The second

step is the growth point, in which the neighbouring nano-

particles are naturally aggregated into bigger particles and

accompanied by an enhancement in nanoparticles’ stabi-

lity and, finally, the stage which determines nanoparticles’

size and crystallinity. pH variation influences the activity of

the phytochemicals contained in an extract, which deter-

mines their binding capacity and the subsequent reduction

of metal cations and anion at the time of nanoparticle for-

mation, leading to the acquisition of various shapes, sizes,

and yield of nanoparticles [99].

Nanoparticle nucleation has been formulated as the

operation by which nuclei act as a template for the

growth of crystals. Primary nucleation is when nucleation

occurs in the absence of other crystalline matter [100].
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Homogeneous nucleation is said to occur when there is a

uniform formation of nuclei all over the phase, while

heterogeneous nucleation occurs at fundamental inho-

mogeneity, dislocations, and grain boundaries [100]. The

total energy possessed by a nanoparticle is given by the

sum of the bulk-free energy and the surface-free energy

[71]. Mittal et al. [101] suggested a scheme of nanoparticle

formation through the stages of reduction of Ni ions to

Ni atoms, growth of Ni atoms, and stabilization of the

atoms during synthesis. The detailed mechanism of metal

nanoparticle formation can be summarized as shown in

Figure 7, in which the metal ions (Ni+) are reduced to

metal atoms (Ni0). The nickel atoms then aggregate and

grow. Finally, the metal atoms are capped with stabi-

lizing agents to form stable NiNPs.

Pandian et al. specifically formulated the mechanism

of reaction in Ni nanoparticles formation employing

Ocimum sanctum leaf extract [74]. The mechanism

involves oxidative damage, surface bond, and the release

of Ni ions, and finally, the reduction of Ni ions to Ni, as

represented in Figure 8. A summary of the reported reac-

tion mechanisms contains the three main phases of

reduction, growth, and stabilization.

5 Solvothermal synthesis of Ni

nanoparticles

Solvothermal synthesis of Ni nanoparticles, in which

solvent at high temperature and pressure acts as redu-

cing agent, has been reported. Several reports describing

hydrothermal fabrication of Ni nanoparticles are obtain-

able in literature [21,102–104]. Libor and Zhang [103]

described the procedure for the synthesis of Ni nanopar-

ticles in which an aqueous solution of Ni acetate was

heated and then hydrazine was added to the solution

with continuous stirring. They concluded that the crystal

shape can be controlled by controlling various Ni-ions

reduction parameters to adjust the solution pH of core

and shell particles. They also reported the successful

coating of Ni nanoparticles onto SiO2 particles. Liu

et al. [102] reported the synthesis of Ni nanosized belts

using a hydrothermal reduction technique involving a

complex surface-active reagent. Figure 9 shows a schematic

diagram of the solvothermal synthesis of NiNPS [105].

Chen and Wu synthesized nanoparticles of Ni using a

microemulsion of water-in-oil as a reducing agent and Ni

chloride as a precursor. They concluded that the main

factor in the synthesis of smaller Ni nanoparticles was

Ni2+
Ni2+

Ni2+
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Ni2+
phytochemical Redaction

Ni
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Figure 7: Mechanism of nanoparticle formation.

Figure 8: The mechanism of reaction for NiNP formation [74].
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the higher ratio of the solvent system [21]. The depen-

dence of particle sizes on the concentration of hydrazine

and Ni chloride could be explained by the reduction,

nucleation, and growth process. Figure 9 shows a sche-

matic diagram of the microemulsion solvothermal synth-

esis of NiNPs [106].

Kumar et al. described the fabrication of size-con-

trolled Ni and NiO nanoparticles by employing micro-

emulsions of water-in-oil. The size of the Ni nanoparticles

can easily be managed by adjusting the water-to-surfac-

tant molar ratio or adjusting the reducing agent concen-

tration [107]. Hou et al. reported the fabrication of size-

controlled Ni nanoparticles using a standard airless pro-

cedure in the synthesis. It was found that the introduction

of hexadecylamine and trioctylphosphineoxide (TOPO)

is an effective approach to obtain smaller monodispersed

Ni nanoparticles. They believed this method provided a

good approach for the synthesis of other metal nanoparti-

cles [22].

Roselina and Azizan fabricated Ni nanoparticles by

applying adjusted polyol by employing ethylene glycol

and N2H4·6H2O. It was found that the molar ratio of

N2H4/Ni was significant in controlling the rate of reaction.

They reported that the reaction rate increases with the

increase in N2H4/Ni molar ratio. However, an increase

in agglomeration was observed as a rather unfavourable

condition in the synthesis of Ni nanoparticles [108]. These

results can be generalized to other metal nanoparticles,

notably magnetic nanoparticles such as Ni nanoparticles.

The above reports show that solvothermal techniques

for the synthesis of Ni nanoparticles are well-documented.

In solvothermal synthesis, the crystal size and shape of the

nanoparticles can be controlled by reaction parameters

such as concentration of reactants, reaction temperature,

reaction time, pH of reactants, and finally concentration of

stabilizing and capping agents. Specific size can be pro-

duced by controlling the surface charge on the nanoparti-

cles and the pH of the precursor, while the crystal shape

can be controlled by adjusting the crystal nucleation and

growth process.

In solvothermal synthesis by water in oil procedure,

the main factor to produce smaller Ni nanoparticles was

the ratio of water to cetyltrimethylammonium bromide to

n-hexanol system. Higher ratio of cetyltrimethylammo-

nium bromide to n-hexanol favoured the production of

smaller nanoparticles. The average diameter of Ni nano-

particles was determined by the number of nuclei formed

at the beginning of the reduction process. The magneti-

zation of Ni nanoparticles was found to increase with

decreasing temperature.

In surfactant-assisted solvothermal synthesis, a slow

reaction rate is favourable for isolating the growth step

from the nucleation step. In the solution phase synthesis,

the main factor determining the size and shape of the

final products was the kinetic control of the nucleation

and growth step. The shape of the nanoparticles can be

effectively modulated by adding chemical capping agents

to the synthesis system. Thus, the selective interaction of

the capping agents on a facet of the first-formed Ni nano-

particles is the key to its growth.

The polyol assisted solvothermal synthesis using Ni

salt and hydrazine hydrate as precursors, sodium hydro-

xide as stabilizing agent, and ethylene glycol as capping

agent; the molar ratio of N2H4/Ni was found to play an

important role in controlling the reaction rate. However,

the increase in reaction rate led to agglomeration of the

Ni nanoparticles which is a drawback in the fabrication of

the nanoparticles.

In the standard airless solvothermal synthesis of Ni

nanoparticles using trioctylphosphine oxide and pure

Figure 9: Schematic diagram of (a) polyol [105], and (b) microemulsion solvothermal [106] synthesis of NiNPs.
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hexadecylamine as the stabilizing agents, the shape of

the nanocrystal is significantly affected by reaction para-

meters such as reaction temperature, time, solvent, and

the chemical potential between the reacting species. The

surfactant trioctylphosphine oxide was effective in con-

trolling the particle size. Hence, in solvothermal synth-

esis various factors play important role in determining

the final size and shape of the Ni nanoparticles.

6 Hybrid approach of top-down and

bottom-up methods for the

synthesis of Ni nanoparticles

Several physical techniques abound in literature for the

fabrication of Ni nanoparticles, among which are radi-

olysis techniques such as ultrasonic sonication, micro-

wave, and laser methods, and mechanical milling. Laser

ablation protocols for the fabrication of nanosized metal

alloys and oxides in liquid medium employing solid target

are available in the literature. This technique is cost-

effective with no need for high vacuum pumps and

expensive chambers and is considered environmentally

friendly.

6.1 Electrochemical pulse-current

deposition technique for the fabrication

of Ni nanoparticles

Tu et al. reported an electrochemical deposition tech-

nique for the synthesis of metallic nanoparticles. They

adopted electrochemical deposition with pulse-current

to synthesize Ni nanoparticles for application as catalysts

in the development of aligned nanotubes of carbon. The

density of the nanoparticle nucleation site was monitored

through the alteration of the pulse-current period and

magnitude [109]. The plasma-enhanced hot filament

CVD generated aligned carbon nanotubes of Ni nanopar-

ticles. The goal was to produce many particles on a large

area with low density. To attain this goal, they employed

the technique of electrochemical deposition by pulse cur-

rent. A two-electrode system was adopted for the experi-

ment, and eventually, Ni nanoparticles were obtained.

Bao et al. reported the successful preparation of a highly

ordered Ni nanotube array by electrodeposition into the

holes of an alumina membrane altered with an organo-

amine as a pore-wall altering agent. The resulting mag-

netic property was analysed [110].

It is fundamental to the Ni nanotube assembly pro-

cedure that the pore wall of the alumina template is

altered with methyl-γ-diethyltriaminopropyldimethoxy-

silane. When Ni is electrochemically deposited in the

pores, the presence of the amino group preferentially

deposits the Ni on the walls of the unmodified alumina

membrane to form magnetic Ni nanotubes. At higher cur-

rent density, nickel hydroxide was produced on the alu-

mina membrane at the time of electrodeposition. These

metal nanotubes with open ends could be used for the

creation of materials with special magnetic, optical, and

electrical properties [110].

Pirota et al. synthesized novel magnetic materials

by electrochemical deposition techniques. NiNPs were

deposited inside alumina nanopores by applying a steady

current pulse in a sequence [111]. Lee et al. developed a

unique process to synthesize nanotubes of metallic ele-

ments by electrodeposition of preferential metal on the

surface of membrane walls of the nanoparticles. In this

nano synthesis process, many metals such as Fe, Au, Pl,

Ag, Pt, Ni, and Co could be incorporated into the nanotube

structure, thereby enabling the synthesis of barcode-type

nanomaterial [112]. Clusters of staked Ni nanotubes and

multisegmented nanotubes can be analysed by a quantum

interference magnetometer to compare their magnetic

properties. At lower fields of saturation, the clusters of dis-

connected nanotubes were effectively magnetized as com-

pared to the array of continuous Ni nanotubes [112] as

shown in Figure 10.

Figure 10: The images of multisegmented nickel nanotubes using
SEM Lee et al. [112].
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6.2 Synthesis of Ni nanoparticles employing

pulsed laser ablation in liquids

technique

Gondal et al. synthesized nanoparticles of NiO by apply-

ing pulsed laser ablation (PLA) in liquid. They reported a

homemade PLA setup consisting of a laser and a cell with

a pure Ni metal plate dipped in liquid. Before laser irra-

diation, a pure Ni metal target was held on a magnetic

rotator at the basement of a glass container. A colloidal

mixture of NiO was produced, and Ni nanoparticles were

isolated from water by centrifugation [113].

6.3 Fabrication of Ni nanoparticles by arc

discharge method

The fabrication of Ni nanoparticles with unique structural

and magnetic properties was reported by El-Khatib et al.

They employed an arc and discharge technique with an

ultrasonic nebulizer in an argon atmosphere to generate

NiNPs. They suggested that the technique is economical

and environmentally friendly. Similarly, the technique

leads to the production of the small size distribution of

NiNPs with high purity [114].

6.4 Production of Ni nanoparticles by

microwave combustion technique

The production of nanometal by microwave combustion

has the advantage of being highly exothermic, which

leads to the uniform distribution of temperature within

the bulk material and the surface, and hence, the fast

production of nanoparticles. Ragupathi et al. reported a

technique of microwave combustion in the fabrication of

nanoparticles of Ni aluminate. Aluminium nitrate and Ni

nitrate were used as precursors. The microwave oven was

programmed such that it led to the formation of Ni nano-

particles as the product [115]. The microwave combustion

leads to the formation of fine particles with uniform mor-

phology. The microwave combustion technique is a rapid

and economic technique for the fabrication of Ni nano-

composites within terms of time, simplicity, and energy.

The NiAl2O4 nanoparticles generated by the microwave

combustion technique have been used in the catalysis of

benzyl alcohol in the liquid phase. It resulted in excellent

reactivity, good recyclability, and high stability and was

environmentally favourable.

Similarly, LaGrow and coworkers fabricated highly

monodispersed NiNPs. They stated that face-cantered

cubic crystals were obtained by employing trioctylpho-

sphine surfactants under a reducing hydrogen atmo-

sphere to favour thermodynamic growth stabilization of

the nanoparticles [116]. They reported that changing the

nickel precursor concentration to trioctylphosphine ratio

was found to alter the face shape and size from spherical

at 5 nm to cubic at 12 nm.

7 Applications of Ni nanoparticles

Generally, nanostructures such as nanoparticles, nano-

tubes, nanowires, nano-springs, nanobelts, and nano-

rings are utilized in the development of flat-panel dis-

play, nonlinear optical devices, light-emitting diodes,

transistors, and logic gates. Ni-based materials were also

applied in turbines, automobile molds, and aerospace

[117]. The application of Ni nanoparticles includes medical

applications, as a catalyst, applications in sensor develop-

ment, enhancement of materials, and adsorption of dyes.

These are discussed in the following sections.

7.1 Biomedical applications of Ni

nanoparticles

The use of Ni nanoparticles in biomedical applications

and as an antibacterial agent has been reported in the

literature. These include drug and gene delivery, mag-

netic resonance imaging, cell separation, biomedical

detection, and diagnostics [118]. Guo et al. reported that

functionally charged NiNPs could increase cell mem-

brane permeability and promote cellular absorption into

cancer cells of the outer target molecules [119]. These

results show that NiNPs may have a possible mechanism

for targeting the cytotoxicity of leukaemia cancer cells

and that NiNPs may be implemented in related bio-

medical and clinical fields.

Ivanov et al. noted the synergistic effect of Ni nano-

particles with reduced graphene oxide to enable the

designing of high-performance applications in bioin-

spired microelectronics for medical therapy [120].

Angajala et al. showed that Ni nanoparticles possess high

larvicidal efficacy against Culex quinquefasciatus and

excellent anti-inflammatory activity comparable to that of

a standard essay. They suggested that the Ni nanoparticles

can also be used as a good drug carrier as well as for the

1468  Nuru-Deen Jaji et al.



control of C. quinquefasciatus, a vector in the transmission

of lymphatic filariasis, and dengue fever [68]. Figure 11

shows an illustration of biomedical applications of mag-

netic functionalized metal nanoparticles [121].

Similarly, Helan et al. suggested the potential appli-

cation of Ni nanoparticles in the suppression of microbial

pathogens such as Staphylococcus aureus and Escherichia

coli [122]. Roselina and coworkers noted the excellent

catalytic and magnetic properties of Ni nanoparticles,

given its tremendous potential in many applications

including biomedical and medical fields [108]. Gong

et al. reported that algae can accelerate the aggregation

of nanoparticles as well as reduce NiO to Ni. They

suggested that green algae may be promising for biore-

mediation of nano-pollution [89]. Sudhasree et al.

reported that green Ni nanoparticles exhibit colloidal sta-

bility with antioxidant property, thereby making them

good antimicrobial agents [76]. Table 5 presents the bio-

medical applications of Ni nanoparticles.

7.2 Applications of Ni nanoparticles as

catalyst

The application of Ni nanoparticles as a catalyst has

appeared in several reports. Simonsen et al. reported

Figure 11: Biomedical applications of magnetic functionalized metal nanoparticles [121].

Table 5: Biomedical applications of Ni nanoparticles

Type of medical application Structure of Ni nanoparticles Size of Ni nanoparticles (nm) Reference

Cancer treatment Colloidal 38.2 Gorgizadeh et al. [123]
Integrated biomaterial hcp 0.5–24 Ivanov et al. [120]
Antibacterial activity hcp 12 Helan et al. [122]
Anti-inflammatory fcc 80–100 Angajala et al. [68]
Absorbent of safranin-O Amorphous 320 Ghaedi et al. [124]
Hydrodeoxygenation of microalgae Colloidal 3 Song et al. [88]
Biomedical fcc 2–600 Roselina et al. [108]
Thermo-therapeutic Crystalline 28 Hoque et al. [125]
Electrochemical sensor hcp 8.9 Neiva et al. [125]
Glucose sensor fcc 15 Liu et al. [126]
High bioimaging resolution Ni2+ ions doped NaYF4:Yb

3+/Er3+ 100 nm Jia et al. [127]
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that Ni nanoparticles can be used as catalysts in the

separation of emulsions, separation, cleaning of the oil

spills, purification of water, and the separation of impu-

rities from samples. The important utility of Ni nanopar-

ticles is due to their strong magnetic response as well as

interfacial properties which play important role in the

efficient adsorption and rapid separation [128]. Woodard

et al. reported that Ni nanoparticles are currently being

investigated as a promising non-precious metal catalyst

in magnetic nanomaterials and biomedicine and as a cat-

alyst in optoelectronics devices [129]. Nie et al. fabricated

a nonenzymatic, NiNP/straight multi-walled nanotubes-

based amperometric sensor which was investigated for

glucose oxidation [130]. NPS/straight multi-walled nano-

tubes were found to have an incredibly large active elec-

trochemical surface area and elevated electrocatalytic

activity in basic conditions for the electro-oxide of glu-

cose. Figure 12 shows catalytic activity of NiNPs [131].

Similarly, Song et al. noted that the catalytic Ni nano-

particle maintained a high level of activity even after four

cycles of reaction because of the presence of more uni-

formly spaced, sintering, resilient Ni nanoparticles [88].

Gong et al. reported that Ni nanoparticle has great poten-

tial in catalysis of hydrogen evolution reactions under

alkaline condition. it is comparable in activity to the

most active hydrogen evolution reaction catalysed in

the acid medium [132]. It was also found to be close to

that of platinum-based catalyst. Furthermore, Feng et al.

reported that Ni nanoparticles act both as protective and

as a catalyst for hydrogen evolution [133]. Ragupathi

et al. reported that Ni nanoparticles displayed a highly

efficient optoelectronic property route for the selective

oxidation of benzyl alcohol to benzaldehyde [115].

Dander and Garg reported the use of Ni nanoparticles

as catalysts to break the C–N bond in amides; this

resulted in a variety of improvements such as esterifica-

tion and transamidation as well as Suzuki-Miyaura cou-

pling and Negishi couplings. They suggested that the

breaking of the C–N bond provides a new route to obtain

C–C bonds and C-heteroatom using amide [134]. The

applications of Ni nanoparticles in catalysis are summar-

ized in Table 6.

7.3 Applications of Ni nanoparticles in the

adsorption of dyes from industrial waste

Magnetic metallic Ni nanoparticles are good candidates

for the adsorption of dyes. The removal of dyes from

wastewater is crucial because organic dyes are major

Figure 12: Typical catalytic activity of NiNPs [131]. (a) reduction of CO2

bubbles, (b) aggregation of NiNPs and (c) adsorption of polymers.

Table 6: The employment of Ni nanoparticles in catalysis

Type of application Structure of Ni nanoparticles Size of Ni nanoparticle (nm) Reference

Reductive amination fcc 15.35
Nonprecious catalyst Crystalline 3–40 Woodard et al. [129]
Adsorption of dyes Crystalline 30 Jin et al. [135]
Recoverable catalyst Crystalline 3.2 Zhao et al. [136]
Dye-sensitized solar cells fcc 12–56 Krishnapriya et al. [137]
Hydrogen storage hcp/fcc 5–10 Wegner et al. [138]
Dehydrogenation of ammonia Crystalline 12 Manna et al. [139]
Hydrogen evolution hcp 375 Gong et al. [140]
Water splitting Film 5 Feng et al. [133]
Absorbent in sewage treatment fcc 10–30 Zhang et al. [145]
Photocatalysis Amorphous 2–3 Agegnehu et al. [142]
Energy storage Graphene carbon nanotubes/Ni foams Ni vapour Li et al. [143]
Resin graphitization Crystalline 50–100 Pan et al. [144]
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pollutants in wastewater. Organic dyes reduce the quality

of water, thereby posing a significant impact on human

health. Most organic dyes are toxic, mutagenic, and car-

cinogenic. Jin et al. confirmed the use of composites of Ni

nanoparticles for the isolation of dyes from aqueous solu-

tion. They found that Ni nanocomposite with a large pore

volume and high surface area can be easily separated

from the aqueous solution by an external magnet [135].

Ghaedi et al. reported the use of Ni sulphide nanoparti-

cles loaded on activated carbon as a novel adsorbent for

the individual and simultaneous adsorption of methylene

blue and safranin-O [124].

Furthermore, Sudhasree et al. reported the fabrica-

tion of Ni nanoparticles free of surfactants which were

subsequently used in the removal of Congo red, an azo

dye from industrial wastewater [76]. Zhang and coworkers

confirmed the fabrication of Ni nanoparticles having excel-

lent magnetic properties and crystallite size of 10–30 nm.

These synthesized Ni nanoparticles were subsequently

used as adsorbents of Congo red from industrial waste-

water [141].

7.4 Application of Ni nanoparticles in dye-

sensitized solar cells and sensors

Krishnapriya et al. described the fabrication of dye-sen-

sitized solar cells with various nanostructured TiO2. It

was incorporated with Ni nanocomposites with morphol-

ogies like interconnected bead-like, spindle shape-like,

square platelets-like, and porous sphere-like to yield dye-

sensitized solar cells. The nanostructures were synthe-

sized in different solvents, namely ethanol, a mixture of

ethanol and water, as well as HF in conjunction with

shape- and size-tuned Ni nanocomposites of mixed trian-

gular and hexagonal morphological crystals. These had

sizes ranging from 15 to 62 nm. They reported that the

incorporation of Ni nanocomposites effectively traps inci-

dent light and successively improves the rate of electron-

hole pair formation and short circuit current. The fabri-

cated dye-sensitized solar cells were found to exhibit

excellent stability in conventional electrolytes over a

duration of a month [137].

Furthermore, Liu et al. developed a high-performance

nonenzymatic sensor on Ni nanoparticle-chitosan nano-

composite. They suggested that nonenzymatic sensors

can be used for monitoring blood glucose due to their

low cost, simple preparation, and excellent detection of

glucose [25].

7.5 Application of Ni nanoparticles in

superconductors and enhancement of

materials

Zhang et al. reported the fabrication of electrodes employ-

ing Ni nanocomposite materials. The electrodes showed

low charge-transfer resistance, outstanding cycle stabi-

lity, high specific capacitance, and good rate perfor-

mance. The high capacitation of the electrode nano-

composite was due to enhanced conductivity, regularly

scattered nanoparticles of Ni(OH)2, low interfacial resis-

tance, and synergetic effects of each portion. They sug-

gested the composite as a promising material for high

energy supercapacitor application with the improved

electrochemical performance [145].

Similarly, Li et al. developed a high-performance

electrochemical supercapacitor from amorphous Ni (OH)2
nanospheres. The developed electrode was found to

exhibit high capacitance, high energy density, and

long life. They suggested that the electrode can be used

in advanced electrochemical pseudocapacitor material

[146]. Agegnehu et al. reported the use of Ni and NiO

nanoparticles for the enhancement of photocatalytic

hydrogen evolution from aqueous methanol. They sug-

gested that the Ni/graphene oxide exhibits high activity

attributed to ease of trapping photogenerated electrons

by Ni and NiO nanoparticles [142].

7.6 Tabulation of other applications

of NiNPs

The other applications of Ni nanoparticles in various

fields are hereby reported in Table 7. It shows the field

of application of the Ni nanoparticles, the structure of

the nanoparticles, the size of the nanoparticles, and the

references. The nanoparticle crystallinity influences

nanomaterials applications [69].

8 The advantages of using Ni as

catalyst

The advantages of using Ni nanoparticles as catalysts are

hereby reported with specific reactions and conversion

techniques. The physical and chemical characteristics

of Ni nanoparticles determine their potential applications
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in research as well as in the industries. Various measure-

ment techniques [157] are employed in the characteriza-

tion of Ni nanoparticles as illustrated in Table 8.

8.1 The advantages of Ni nanoparticles as a

cheap catalyst

Nickel in comparison to commonly used metal catalysts

such as some transition metals and noble metals is rela-

tively cheap. Dander and Garg reported the potential ben-

efits of Ni catalysis due to the abundance of Ni, resulting

in low cost, acceptable levels of toxicological require-

ment for orally administered medication, opportunity in

green chemistry, and the ability to draw on alternative

reactivity profiles to create novel chemical transitions

[134]. According to Tobias and Chatani, arene prepara-

tion can be improved by the application of Ni catalyst in

cross-coupling reactions. The aryl halogens can be

coupled with organic nucleophiles and organometallic.

Ni-catalysed reductive cleavage of aryl ethers in the

absence of an external reducing agent provides strong

support for this oxidative addition process [158]. Martin-

dale et al. documented the complex nickel bis-dipho-

sphine as a catalyst to produce solar hydrogen [159].

That is because nickel has the advantages of being an

active non-noble metal catalyst to produce hydrogen in

acidic, organic, and aqueous solutions. Nickel catalyst

Table 7: Other applications of Ni nanoparticles

Application of Ni nanoparticles Structures Sizes in (nm) Reference

Ultra-high compressive strength Crystalline 100–1,000 Sharma et al. [147]
Catalyst for p-nitrophenol reduction Crystalline 34.8–143.2 Jiang et al. [148]
Magnetic separation Crystalline 5–20 Simonsen et al. [128]
Voltammetric determination of Rifampicin fcc 3 Oliveira et al. [149]
Added to polyester fabric Crystalline 40 Afshari et al. [50]
Microwave absorption fcc 200–800 Guo et al. [105]
Catalyst for hydrodecylchlorination hcp 6 Duraisamy et al. [151]
Catalyst for the oxidation of benzyl alcohol fcc 19.8 Ragupathi et al. [115]
Free radical scavenging activity fcc 2,453–2,695 Sudhasree et al. [76]
Catalyst for hydrodesulfurization Crystalline 5–20 Layan Savithra et al. [152]
Electrochemical pseudocapacitor material Amorphous 100 Li et al. [146]
Catalyst for hydrogen evolution Crystalline 10–20 Karami et al. [153]
Electroless Ni plating Amorphous 10–60 Wu et al. [154]
Optoelectronic applications fcc 80–400 Libor et al. [103]
Magnetic data storage application fcc 30–50 Yu et al. [81]
Conducting material fcc/hcp 12.9 Chen et al. [155]
Photocatalyst Crystalline 22 Asaithambi et al. [156]

Table 8: Characterization techniques for NiNPs

Technique Acronym Utility

UV-Visible spectroscopy UV-Vis Chemical analysis
Electron probe microanalysis EPMA Particle size/chemical analysis
Transmission electron microscopy TEM Imaging particle/size/shape
Scanning electron microscopy SEM Imaging/topology/size
Energy dispersive spectroscopy EDS Elemental composition
High resolution transmission electron microscopy HRTEM Imaging structure/chemical analysis
X-ray diffraction XRD Crystallinity/size/shape
Brunauer–Emmett–Teller analysis BET Porosity/surface area
Fourier transform infrared spectroscopy FT-IR Organic functional groups
Atomic force microscopy AFM Topology/imaging/surface structure
Thermal gravimetric analysis TGA Mass loss vs temperature
Differential scanning calorimetry DSC Reaction heat/phase changes
Auger electron spectroscopy AES Chemical structure analysis
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has a low overpotential for the reduction of protons

in water. Furthermore, with solar light irradiation, Ni

catalyses ruthenium dye inhomogeneous schemes as

well as hybrid systems with nanoparticulate light

absorbers [159].

8.2 Advantages of Ni nanoparticles as a

catalyst in the conversion of biomass to

fuels; Ni catalyst is being employed in

various reactions involving the

conversion of biomass to fuels

Lignin is a polymer of monomeric aromatic compounds

and has the potential to be a source for liquid fuels and

valuable chemicals. Luo et al. found Ni to be an efficient

catalyst for catalytic depolymerization of lignin, leading

to its conversion into four phenolic products. The conver-

sion of carbon dioxide to methane is a famous reaction

called the Sabatier reaction [160]. Fukuhara et al. found

that the conversion of carbon dioxide to methane using

Ni catalyst showed steady catalytic performance. It main-

tained a high activity and high selectivity during a dur-

ability test. It was found that Ni catalyst has the potential

for producing energy from carbon dioxide [161]. Sweeney

et al. described the use of Ni catalyst for the allylation

reactions using readily available, inexpensive, and

air-insensitive catalysts and reagents [162]. The use of

allyl alcohols as substrates and an inexpensive Ni

salt as a precursor of the catalyst offers significant

advantages.

8.3 Advantages of using Ni catalyst in

Suzuki-Miyaura reactions

Guard et al. described the advantages of using Ni catalyst

in Suzuki-Miyaura reactions. Suzuki-Miyaura reactions

are generally employed in the formation of new carbon-

carbon bonds [163]. Currently, the best catalyst in use is

based on precious metals such as Palladium. The use of

cheap Ni-based catalyst results in affordable systems.

Nickel has a smaller size compared to palladium, leading

to weaker binding and increased nucleophilicity in het-

erocyclic coordinating atoms. The chemical advantages

of using Ni over palladium are that the former can be

used in Suzuki-Miyaura coupling in acyliminium, carbo-

nate, carbamate, sulfamate, and sp3-generated substrates.

The catalytic application of NiNPs in the Suzuki-Miyaura

cross-coupling reaction [164] is illustrated in Figure 13.

8.4 Advantages of using Ni nanoparticle due

to its various oxidation states

Tasker and Jamison reported that, among the many

advantages of using Ni-catalyst, one is the availability

of multiple oxidation states, including Ni0, Ni1+, Ni2+,

and Ni3+, and recently reported a well-defined Ni4+ spe-

cies. Nickel-catalysed reactions either proceed via a Ni0/

Ni2+ pathway or via a Ni+/Ni3+ pathway. The formation of

products is likely enabled by a mechanistically distinct

direct oxidation of Ni intermediates [165]. The features

described above help in the wide use of Ni as a catalyst

and in its commercialization in the fields of organic

Figure 13: Illustration of the application of NiNPs in Suzuki-Miyaura cross-coupling reaction [164].
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synthesis, inorganic synthesis, environmental cleaning,

and medicinal drug administration. The electrochemical

oxidation of urea based on Ni(II/III) sites [166] is shown in

Figure 14.

Mirzaei et al. suggested that the Voltammograms

obtained with nickel-rich compounds indicate the pre-

sence of a new peak at a lower positive potential (−50mV)

and a comparable strength than the urea oxidation peak

normally found with nickel [166]. Further studies are

required to explain its nature.

9 Conclusion

In this review, several NiNPs synthetic techniques have

been reported, ranging from the use of plant extracts,

plant secretions, fungi, algae, and microorganisms, as

well as some physical and chemical methods of synthesis.

Plant extracts are economically viable, and it can be

upgraded and environmentally harmless. Biogeni-

cally synthesized nickel nanomaterials are free of toxic

chemicals and are especially suitable for applications in

biomedicine. Various physical and chemical methods for

the fabrication of nickel nanomaterials, such as mechanical

milling, microwave, sonochemical, and electrochemical

techniques, have been described. These methods yield

NiNPs with high quality magnetic properties, controlled

size, and monodispersed population. Proposed reaction

mechanisms of NiNPs synthesis based on plant extracts

and physical methods as reported in literature have been

outlined with the specific functional groups involved in

the reduction of nickel to NiNPs. The applications of

nickel nanosized materials in various fields such as cata-

lysis, biomedical applications, adsorption of dyes from

industrial waste, fabrication of dye-sensitized solar cells

and sensors, and in the development of supercapacitors

have also been discussed. The specific advantages of

using Ni nanoparticles as a cheap catalyst in the conver-

sion of biomass to fuels, in Suzuki-Miyaura reactions, as

well as the advantages of Ni nanoparticles due to its mul-

tiple oxidation states have been reported.

Extensive research has been published on the synth-

esis, characterization, and applications of Ni nanoparti-

cles. However, there are no universal conclusions [167]

made on the biomedical effects of Ni nanoparticles on

human, animal, and plant lives. The reported reaction

mechanisms in literature are inconclusive; hence, the

need to ascertain the mechanisms leading to the forma-

tion of Ni nanoparticles more especially in plant-

mediated synthesis. While the advantages of using Ni

nanoparticles as catalyst have been stressed, the disad-

vantages have not been enumerated.
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