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ARTICLE INFO ABSTRACT

Keywords: The utilization of high-strength materials that can retain their strength after successive use under
Nickel high mineral moisture (maximum weight of 1098 kg) for aerospace, automotive, and electro-
Carbon magnetic devices is challenging. Generally, coatings of nickel (Ni) and its alloys are utilized in the
Nanoallotropes . . . . .
Mechanical aforementioned applications, but the continuous use of the system degrades its mechanical sta-
Aerospace bility and structural integrity. For the automotive and aerospace uses, the material should have

high mechanical strength, wear tolerance, corrosion resistance, and magnetism. The bare Ni
coatings can be altered with enhanced mechanical, tribological and electrochemical performances
by using various reinforcements in the coatings. The abundantly used reinforcing agents are
mainly carbonaceous nanoallotropes (such as graphene, carbon nanotubes, and diamond) for the
fabrication of composite coatings. The current review unfolds the introduction of nickel and the
major cause of damage to bare nickel coatings. Moreover, the review sheds light on how to
mitigate the damage of nickel coatings with an emphasis on giving a flavor of distinct carbona-
ceous nanoallotropes. The conjugated studies on mechanical, wear, corrosion, and magnetic
behavior of electrodeposited Ni-carbonaceous composite coatings are embraced in the review.
Therefore, the present review can be endorsed by the readers for the protection of aircraft,
automotive, and electromagnetic appliances.

1. Introduction

The applications of nickel coatings are in majorly aerospace or automotive industries (~33 %), metal fabrication and electrical
equipment (~13-20 %), electromagnetic devices, supercapacitors, petroleum and chemical industries (Fig. 1, ~5-7 %) [1-3]. Ni is
low-cost, easily obtainable, affluent on earth, and environmentally amiable which has an important component of enzyme active
centers, it performs a critical function, notably in the field of organismal biochemistry.

Nickel is a key ingredient in the aerospace industry, particularly in the manufacture of aircraft components such as the nose cone,
engine cowlings, edge flaps, and stabilizers (see Fig. 2). Nonetheless, nickel is used in a variety of applications, most notably wheels,
pinion shafts, slip yokes, carburetor fuel connections, relays, motors, and pumps in the automobile industry, as well as electromagnetic
appliances [5]. Innovative aviation scientists have chosen to substitute standard stainless-steel alloys with sophisticated nickel alloys,
notably in turbines, specifically within the combustion chamber. In the modern day, a single jet engine contains around 1.8 tons of
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nickel alloys, a game-changing addition that allows for approximately 20,000 flying hours without significant maintenance. This is in
sharp contrast to the old benchmark of a 5-h flight length prior to the adoption of nickel alloys as a regular practice. Clearly, this
transition has made nickel crucial in the aircraft sector, highlighting its significant influence on the development of aviation tech-
nology. Despite nickel in its pure form is resistant to corrosion, its wear efficiency is inadequate due to its poor hardness and tensile
strength. Nickel alloying considerably improves its strength, durability to wear, and resilience to corrosion [6]. Large-scale industrial
electrodeposition of nickel and Ni-based alloy coatings is a common approach for protecting various machine components from
damaging external impacts. Enhancement of hardness, wear resistance, and corrosion resistance can be achieved by the inclusion of
metals in these coatings with superior features. The hardness of the alloy coatings can be elevated due to the variation obtained in the
microstructures and the composition of alloy [7]. As for example, microhardness and wear resistance in a pure nickel (Ni) matrix can
be modulated by the addition of Boron (B). Due to the high abrasion and protective assets achieved in the Ni-B alloys, these are utilized
in the field of aerospace, automotive, electronics, and the chemical industry [8]. Improvement in terms of corrosion resistance and
tribomechanical functioning of electrodeposited Ni-Mo alloys can be attained by treatment with CroO3 nanoparticles. The formulated
nanocomposite layers of Ni-Mo-Crp03 exhibited lower wear mass loss and coefficient of friction (COF) as compared to Ni-Mo alloy
layer, irrespective of CroO3 nanoparticles loading. Using the Ni-Mo-Cr,03 nanocomposite films coating on mild steel may increase the
lifespan and durability of mild steel used in industrial purposes [9]. Hard particles, such as oxides, carbides, or diamonds, increase the
mechanical assets of metal or alloy objects, making them ideal for a broad range of industrial usage. Additionally, the incorporation of
ceramic components to the alloy matrix enhances the material’s mechanical properties through changes in crystal and coating
morphology [10]. TiC is a widely regarded ceramic material with enormous promise due to its remarkable physical and chemical
characteristics. It possesses a significantly high melting point, outstanding hardness, superb antioxidation characteristics, and better
chemical resistivity [11]. In addition to that, it has an outstanding immunity to corrosion and wear. TiC is becoming a more preferred
reinforcing particle in composite coatings, according to recent trends, which has improved the mechanical, structural, and corrosion
characteristics for a variety of applications [12-14].

The theory of Ni deposition was established by Calhane and Gammage [15] in 1907 using the method for the study of impurities in
Ni deposition. Afterward, Ni deposition became a commercial and versatile protective coating process as approximately 100,000
metric tons of Ni is consumed worldwide in the form of metal and salts for electroplating [16]. Several fabrication techniques such as
direct current deposition, pulse reverse current deposition, electroless plating, chemical vapour deposition, etc. have been used in
order to process Ni coatings for the protection of the material’s surface. Electroless Ni plating, processed by Ambat et al. [17] at 60 °C
temperature for 250 min time, pH 7-8 and the hardness was reported to be 600-700 VHN. However, Maruyama et al. [18] fabricated
Ni film by chemical vapour deposition using nickel acetylacetonate as raw material at a reaction temperature above 250 °C. The XRD
pattern in Fig. 3 shows the cubic structure of Ni film with the composition of crystallites. Ni coating obtained at 270 °C (Fig. 3a)
reaction temperature shows the prominent peak of (111) plane while above 300 °C (Fig. 3b) reaction temperature, this peak shows
some deviation due to the thermal decomposition of nickel acetylacetonate in the vapour phase (Fig. 3).

Nonetheless, the deposition of Ni using direct current and pulsed current was carried out at 65 °C temperature for 75 min using
Watts’s bath [19]. The electrochemical testing exhibited an enhanced polarization resistance for pulsed current deposited Ni (8.06 KQ)
when compared to that of direct current deposited Ni (0.8 KQ) [19]. Besides the several deposition techniques, in the present work, the
pulsed electrodeposition process was employed for the fabrication of Ni composite coatings. The bare Ni coating can deteriorate after a
short time of consumption of material in wear and corrosive conditions. A description of these depreciative factors is given below.
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Fig. 1. Ni in various fields of applications. Concept adapted and redrawn from ref. [4].
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2. Failure of materials and their protection
2.1. Failure by corrosion and wear

Environmental factors (chemical reaction, humidity and temperature), stress (compression and shear), manufacturing defects and
constant loading-unloading are the main factors that can cause corrosion, wear and fatigue failure in the materials.

Corrosion is the natural process through which a pure metal converts to a state with greater stability such as oxide, hydroxide, or
sulphide. The predominant kinds of corrosion include galvanic corrosion, localized corrosion, uniform corrosion, intergranular
corrosion and high-temperature corrosion. Galvanic corrosion occurs when two distinct metals (cathode and anode) are exposed in an
electrolyte under the influence of an electric field while localized corrosion affects only a specific area of the metal and comes in three
varieties pitting, crevice, and filiform corrosion. Pitting corrosion occurs when a tiny hole or cavity appears in the metal, causing this
region to become anodic while the remainder of the metal serves as a cathode. Nevertheless, acidic environments or a lack of oxygen in
the crevice cause corrosion in crevices. Filiform corrosion develops whenever water penetrates a painted or plated surface, beginning
with a minor fault in the coating and spreading to cause structural damage. Uniform corrosion arises through chemical or electro-
chemical processes and corrodes enormous amounts of metal to the point of utter breakdown, but it is controlled, foreseeable, and
frequently preventive. Intergranular corrosion is a chemical or electrochemical attack on metallic particle borders caused by con-
taminants at the particle border whereas in high-temperature corrosion, vanadium sulfate-containing gas turbine and diesel engine
fuels can generate low melting compounds during combustion, which are exceptionally corrosive to metallic alloys. Similar to
corrosion, wear is a phenomenon that causes material deterioration. Wear is the deterioration of a material’s outermost layer caused
mostly by mechanical engagement with another opposing layer. The main types of wear are adhesive wear, abrasive wear, fretting
wear and erosive and corrosive wear. Adhesive wear refers to the undesirable dislocation and attachment of wear debris from one
surface to another surface during friction motion while abrasive wear occurs when a particular surface travels across a different one
that is tougher. It is classified as two-body abrasive wear or three-body abrasive wear depending upon the type of surface that comes
into contact. Fretting wear is a continual cycling rubbing of ~ 100 pm amplitude between two surfaces. Erosive wear occurs by the
impact of solid or liquid particles against an object which can remove material from the surface through repeated deformation or
cutting actions. On the other hand, corrosion wear (chemical or oxidation wear) is caused by the electrochemical or chemical reactions
between metal and the environment [20]. The Prudhoe Bay oil leak of 2006 was the largest and most major accident in Prudhoe Bay’s
record. Corrosion inside the pipe caused the leak, which was caused by a quarter-inch hole that had formed at the transit pipeline’s
base. Nonetheless, the aircraft crash in Sweden in 1990 and the damage of aircraft Embraer 120, in Canada and Brazil, in 1994 are also
cases of failure due to corrosion and wear. Exfoliation corrosion and intergranular attacks both have a negative influence on the
durability of aeroplanes, cars, and numerous electromagnetic equipment. A notable example happened on July 25, 1990, while on a
geological survey, culminating in the terrible death of an airplane pilot and crew. In one case, the right wing’s outboard part split from
their Aero Commander 680, resulting in a catastrophic crash in a Swedish field. Following examinations, it was discovered that pits
from corrosion had damaged the wing’s quality, permitting stress fractures to form in the lower spar cap [21]. Besides, several other
cases of failure of different aircraft like Embraer 120, in Canada and Brazil, 1994 due to corrosion pitting and fatigue have been
recognized as substantial safety hazards. Additionally, corrosion and wear can also damage the parts of a vehicle like the engine,
engine bearings, piston assembly, etc. Improvement in wear and corrosion performance of these parts can generate several advantages
of reduced fuel and oil consumption, improved engine power components, greater dependability, longevity, prolonged engine life, and
reduced servicing needs throughout a long period [22]. Thus, the protection of these crucial components via protective coatings is
critical.

Different scientific sectors are promoting the use of high-strength carbon-based additives such as graphite, diamond, carbon
nanotubes (CNTs), carbon black, and buckminsterfullerene to meet strict safety, security, and efficiency standards [23]. Diamond, the
sp° hybridized allotrope was first time synthesized as a thin film in 1988 and went on to be the Science magazine’s molecule of the
year. The C nanostructures approach with either 2D graphene or quasi-1D CNTs has remarkable significance in the miniaturization of
electronics. Hence, the combination of Ni with carbonaceous reinforcements may achieve the potential requirements to mitigate the
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corrosion and wear of appliances. A short depiction of the mechanism of diamond, CNT, and graphene in order to protect the material
is given below. Fig. 4 shows the total damage of engineering components due to various modes of failure along with the various
protective components.

2.2. Protective materials from corrosion and wear

The carbonaceous reinforcements are the most auspicious candidates, utilized to reinforce the matrix as well as to protect materials
from stress corrosion, and wear. The following is a summary of these allotropes.

2.2.1. Graphene reinforcements

Graphite is composed of a stable, layered, planar structure in which the individual layers are called graphene. The atoms of the
carbon plane are bonded strongly via a covalent bond with only three of the four valence bonding sites. Graphene has a two-
dimensional (2D) one-atom-thick planar sp>-bonded carbon hexagonal nanosheet lattice structure which is arranged in a honey-
comb crystal lattice and recently, it has been added to the carbon family as a new class of nascent carbon nanomaterials [24]. Because
of the unconstrained mobility of its electron inside the lattice plane and weaker van der Waals associations between consecutive layers,
graphene possesses a high conductivity. Graphene is useful in a variety of applications including carbon microphones, arc lamp
electrodes, batteries, and dry lubrication [25]. Geim and Novoselov’s discovery of graphene in 2004 was a watershed moment,
winning them the Nobel Prize in Physics in 2010. This outstanding carbon nanomaterial generated a huge increase in graphene interest
[26]. Graphene’s structural stability is due to the densely packed arrangement of its carbon atoms, which are bonded by ¢ bonds.
Graphene is nearly transparent and is about 200 times stronger than the strongest steel and it can efficiently conduct electricity and
heat. As a result, graphene is emerging as a key substance in physics, chemistry, material science, and nanotechnology. Graphene acts
as a zero-gap semiconductor because its conduction and valence bands coincide at the Dirac points. Because of its considerable surface
area and excellent conductivity, graphene has received a lot of curiosity in the realm of electrochemical devices.

2.2.2. Carbon nanotubes (CNT) reinforcements

Carbon nanotubes is discovered by Iijima [27], which provided a great contribution to the broad range of applications related to
biomedical, nanotechnology, environmental, robotics, domestic, etc. CNTs have an unusual hollow geometry, linked with conjugated
all-carbon atoms involved in their structure. Given that nanotubes are representatives of the fullerene structural family, carbon
nanotubes (CNTs) are made up of concentric carbon hexagons with both ends commonly enclosed by pentagons. CNTs. Like graphite,
they have a chemical structure that is entirely made up of sp? bonds. Because of their mesoporous structure, they are often utilized as
potent catalysts or catalytic aids for usage in energy-related sectors, as well as active electrodes in batteries, solar cells, fuel cells, and
supercapacitors [28].

2.2.3. Diamond reinforcements

Diamond is a metastable allotrope of carbon which appears as a clear colourless crystal, and it is less stable than graphite. Every
single carbon atom in a diamond is tetrahedrally (sp® hybridized) bonded to four other carbon atoms in a dense covalent network
lattice in a regular repeated pattern, making it highly stiff (not very reactive). Diamond, for instance, is the hardest known natural
material, with the maximum thermal conductivity (2200 W/m.k.) of any bulk solid. Based on those properties, it has major industrial
interests especially polishing and cutting tools and also the scientific uses in diamond knives and diamond anvil cells. Notably, dia-
mond has a wide band gap (5.5 eV) which falls in deep ultraviolet wavelength and also high optical dispersion. Diamonds have been
adapted for many applications including distinctive thermal, mechanical, optoelectronic, and biological properties for various
important applications. Nanodiamonds have unusual environmental stability and mechanical properties. In addition to that, Diamonds
also offer numerous they possess several fascinating properties that include high thermal stability (>250 °C), a high value of dielectric
constant (3.5 K) and a reduced dissipation factor of 0.05 %. These interesting parameters of diamond make it an appealing alternative
for a broad group of applications like field emission displays, clinical, hydrogen storage, microelectromechanical systems and elec-
trochemical analysis [29].

2.2.4. Fullerene reinforcements

Buckminster fullerene shows a ball-like structure, and the smallest molecule is represented with a C60 configuration. The C60
molecule represents 12 pentagons and 20 hexagons and was discovered by Kroto et al., in 1985 [30]. This discovery has created an
entirely hot topic and a new branch in the field of carbon chemistry, and its usefulness was admitted by Nobel Prize winner Baum in
chemistry in 1996. The fullerene molecule has an architecture comparable to graphite, which is made up of layered graphene sheets
with linked hexagonal rings. Due to the angle strain created by the bending shape of the closed sphere, fullerenes are resilient but not
completely non-reactive. This peculiar hollow, football-like structure of fullerene C60 and its derivatives has been the subject of
rigorous study, both for their technological innovations such as superconductivity, magnetic, and photonic assets, as well as
biomedical applications. Moreover, their unique chemistry, particularly in the fields of electronics, nanotechnology, and material
science, is of great interest to the scientific community [31]. Thus, the blending of these magical carbonaceous nanoallotropes with
nickel matrix can alter the mechanical, tribological, electrochemical, and magnetic performance of bare nickel significantly. The
description of recent studies related to Ni-carbon composite coatings can give a spectacular overview to the readers for the deliberation
of perfect future research based on nickel and carbonaceous nanoallotropes.



S. Awasthi et al. Heliyon 10 (2024) 26051

3. Applications of carbonaceous materials

Ni has applications for decorative or engineering purposes. Decorative bright Ni can be used for exhaust pipes, trim, rims, hand
tools, household appliances, etc. The major applications for various carbonaceous materials are described in consecutive sections.

3.1. Applications of graphene

Field emission is the release of electrons from a surface caused by the presence of a strong electric field. This method is useful for a
variety of technical purposes, including adjustable X-ray producers and coiled field emission displays. Graphene cathodes have been
designed particularly for field emission. These cathodes have an ohmic connection, requiring just a 1 V/um electric field to initiate
electron emission. These features, together with a high field enhancement factor of 7500 and a current density of 14 mA/cm?, make
them ideal for use in field emission technologies [32]. Due to the high surface area and conductivity, graphene can be used as sensors
for the purpose of electrodes for heart rate monitoring, HoO5 sensors, strain sensors, NOy gas sensors, acetone and methanol sensors
and glucose sensors [33]. Schedin et al., in 2007 [34], reported the first time the graphene-based sensors in which graphene
demonstrated as a good sensor for NHs, HO, NO5 and CO. Graphene-based field effect transistors were first reported by Novoselov
et al. [35] revealed graphene-based field effect transistors for the first time in 2004, observing an ambipolar a hallmark with an
electron and hole concentration of 1013 sq-cm and mobilities up to 10,000 sq-cm/V-s at room temperature, as well as ballistic
transport up to sub-micrometre distances. For transistor uses, graphene ought to appear in the form of graphene nanoribbons with a
quasi-1D structure, limited width, clean edges, and a band gap with excellent carrier mobility. Organic light-emitting diodes (OLED)
are utilized in gadget displays where minimal energy consumption is required. Therefore, the use of graphene as a substitute for indium
in flat panels of OLED and mobile phones saves costs while also eliminating the demand for metal, which benefits gadget reuse and
recycling [36]. Because of its unique capacity and reversible character, graphite is commonly used as an anode in Li-ion batteries.
However, as the need for Li-ion batteries grows, graphene appears as an anode material with excellent stability, capacity, tolerance,
specific area, and electrical conductivity [37]. Graphene irregularities are responsible for the attachment of Li ions to the anode with a
faster charging time than traditional lithium-ion battery cells.

3.2. Applications of carbon nanotubes

EPD CNT coatings are ideal choices for field emission gadgets due to their chemical and thermal resistance, large aspect ratio, and
tiny size, which contribute to high emission current densities while maintaining a low emission threshold. CNTs exhibited an emission
current of 35 pA at an anode voltage of 1000 V and gate voltage of 60 V [50]. The superior motion imagery efficiency and energy
economy of CNTs field emission displays allow them to be ideal candidates for a variety of applications, including cathode ray tubes,
flat panel displays, and backlights for liquid crystal displays. The electrophoretic deposition (EPD) of CNTs offers an enormous benefit
in the field of fuel cell usage (see Table 2). This benefit comes from the ability to control the catalyst and level of carbon by changing
the current and deposition time. Thus, EPD CNTs are suitable for membrane electrode assemblies for fuel cells [51]. The sequential
form of CNTs offered a much more advanced fuel cell than a disordered form of CNTs due to the higher electronic conductivity of CNT
at its axis and high gas permeability with ordered CNTs with superhydrophobicity. A combination of CNTs with transition metal oxide
or conducting polymer is a suitable candidate for supercapacitors. The usage of CNTs increases energy storage capacities by granting
mechanical stability, large surface area and low resistance [52]. CNTs with high mechanical strength, small size, flexibility and
conductivity, can be exploited as nanoprobes and sensors for applications in drug delivery, field emission etc. [53]. CNT-based sensors
have faster response time than polymer or solid-state sensors. The strong capillary forces of CNT make it a capable candidate to hold
fluids and gases inside them and thus can be employed as templates [54]. Marine current turbines should have sufficient strength to
overcome challenges like dynamic effects, high flow velocity fluctuations in the ocean, cavitations, high bending forces etc. CNTs with
high mechanical strength can be used as the filler for marine current turbines [55]. The mechanical properties and different resonance
frequencies of CNTs can attributed to the tuned resonance mechanical frequency which has applications in several CNT-based tunable

Table 1
Mechanical properties: Hardness (H), elastic modulus (E) and fracture toughness (K;c) of Ni-graphene, Ni-CNT and Ni-diamond with coatings tem-
perature (T), pH and current density (I).

Coatings EPD parameters H E (GPa) Kjc (MPa) References

Ni-graphene T =45°C, pH 3-4 and I = 0.1 A/cm? 610 HV - - [38]

Ni-graphene T =50°C, 479 HV 240 - [39]
I=0.15-4 A/dm>

Ni + graphite T =40 °C, pH 4, Tensile strength 345 MPa - - [40]
I=8-10 A/dm?

Ni-CNT T =60 °C, pH 3, 645 HV - - [41]
1= 10 A/dm?

Ni+ 14.6 vol % CNT T=40°C, - - 780 [42]
I=0.04 A/em?

Ni + nano diamond T =60 °C, pH 3-4.5 701 HV — — [43]

Ni + micro diamond T =60 °C, pH 3-4.5 550 HV - - [43]
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Table 2
Tribological properties: wear rate and COF of Ni-graphene, Ni-CNT and Ni-diamond coatings.
Coatings EPD parameters Testing Wear rate COF References
Ni + 500 mg graphene T=45°C,pH 4, Sliding wear 8.5 x 10~* mm®/Nm 0.15 [44]
I=5A/dm?
Ni + 500 mg graphene T = 45 °C, pH 4, Sliding wear 10.1 x 10~* mm®/Nm 0.50 [44]
I=5A/dm?
Ni-CNT T =55 °C, pH 3.8-4.2, Pin-on-disk 5.0 x 1073 mg/m 0.15 [45]
I=3A/dm?
Ni-CNT T = 55 °C, pH 3.8, Ball-on-plate 27 x 1075 m®*/m - [46]
1=5A/dm?
Ni-CNT T=55°C Ball-on-plate - 0.13 [471]
Ni + diamond T = 55 °C, pH 3.8, Sliding wear 16 x 10~° mm*/Nm - [48]
1=2A/dm?
Ni + nano-diamond T =60 °C, pH 3-4.5 Ball-on-disk 10 x 10~° mm®/Nm - [43]
Ni + micro-diamond T = 60 °C, pH 3-4.5 Ball-on-disk 2 x 10~°> mm3/Nm - [43]
Ni + nano-diamond T =60 °C, pH 3-4.5 Ball-on-disk - - [49]

radio frequency components like tunable filters and nano transceivers [56]. Ni-doped CNT is widely used in the adsorption process of
hydrogen storage. Mei-Yan et al. [57] and Seenithurai et al. [58] have also demonstrated the hydrogen storage behavior of Ni-doped
SWCNT systems, which is a viable contender for fuel cell applications. By using the oil-gas analysis approach, a Ni-doped CNT gas
sensor could efficiently identify gases in a transformer that were dissolved in oil. The energy of adsorption and charge transfer
increased dramatically in the Ni/CNT system in comparison to the CNT structure alone. Based on this report, the electronic structures
and sensitivities of Ni-doped CNT were effectively improved. and the electronic structures and the sensitivities of Ni-doped CNT had
been efficiently improved. The sensitivity of adsorption for all three gases (CoHg, C2Hy, and CoHg) with the Ni/CNT system is in the
same order as observed in the case of the CNT system alone. The adsorption energies (in eV) and the charges (in e) were detected as
CoHj (—1.7412, 0.091) > CoHy (—0.9246, 0.069) > CaHg (—0.1994, 0.043). Ni-doped CNTs boosted the conductivity, catalytic ac-
tivity, and surface-active sites of the CNTs, which was due to the unsaturation in coordination of the Ni ion surface atoms. The unique
properties and characteristics of CNTs enable them to have a promising future in medicine. CNTs, being non-toxic, can move through
membranes and carry therapeutic drugs to the target substrate. In some cases, CNTs enhance the solubility of drugs, resulting in great
safety and efficiency [56].

3.3. Applications of diamond

Diamond particles have accelerated electro-catalytic activity, improved active sites, and amended electron transfer rate. Hence, it
can be used in electroanalysis to enhance the reproducibility, selectivity, and sensitivity, of electrochemical and bio-electrochemical
sensor probes [59]. Nowadays, Ni-diamond coated cutting tools have wide applications over typical cemented carbide cutting tools, for
machining non-ferrous materials like fibre-reinforced polymers, copper alloys, aluminium-silicon alloys, ceramics and graphite due to
their high hardness. Twist drills, inserts, square end mills and ball nose end mills are used as substrates for diamond-coated cutting
tools. Comparison of the diamond coated cutting tool with the uncoated tool shows the high performance of diamond coated tool for
the cutting of various work pieces like WC-Co, aluminium alloys, etc. For the better life of the tool, the diamond coating should be more
than 10 pm. However, the increase in film thickness also causes problems related to the cutting performance due to the increased
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roundness of the cutting edge, roughness of coating and decreased strength [60]. Quantum activities in the solid state at the single spin
level have gained much attention in the past few years. Diamond composites, having the ability to drive spin devices at room tem-
perature, can be a potential material that offers opportunities to produce efficient quantum appliances for deployment from nanoscale
to quantum computing [61]. Negatively charged nitrogen-vacancy (NV~) colour centre in diamond has applications in quantum key
distribution (which is the measure of strong attention for military and other commercial applications) and detection of magnetic fields
[62]. The enhanced surface area, high stability as well as wide electrochemical potential of diamond particles can have potential uses
in the disciplines of electrochemical capacitors or supercapacitors, dry sensitive solar cells, and lithium batteries [59]. Diamond
honeycomb nanostructured-based electric double-layer capacitor has shown an electrochemical potential of 2.5 V and capacitance of
3910 pF cm 2 in aqueous electrolytes [63]. The diamond, when doped with boron, can act as a p-type semiconductor while the
phosphorus doping results in n-type semiconductors with the bandgap 0.37 eV from the valence band maximum and 0.6 eV from the
conduction band minimum [64,65]. However, a diamond can be used for photodetector with a bandgap of 5.5 eV and a sensitivity
range of 185-250 nm, without doping, which has applications for the investigation of explosion and inflammation dynamics. Diamond
particles, due to their large surface area and structural stability, can be used extensively as electrocatalysts in electrochemical re-
actions. Other applications of diamond incorporation include as a metal-free catalyst for steam-free dehydrogenation and oxidant [66].
The mechanical, thermal and optical properties of diamond are used in high-power IR lasers, optical windows and air-borne IR sensors.
Therefore, it can be inference that the carbonaceous reinforcements have several applications in different fields. Fig. 5 presents a brief
illustration of the diversity of applications of carbon allotropes.

4. Properties of Ni-carbonaceous coatings
4.1. Mechanical properties

The investigations of the mechanical properties (hardness, modulus, strength, fracture toughness, ductility) of material are the
subject of high attention which involves a reaction to the applied load. Both theoretical and experimental observations indicated Ni
with graphene, CNT and diamond as extraordinary metal matrix composites with high mechanical stiffness and strength [67,68]. The
electrodeposition technique was used by Jiang et al. [38] to produce Ni-graphene coatings in their work. In order to complete this
procedure, a temperature of 45 °C, a pH range of 3-4, and a current density of 0.1 A/cm? were all required. Graphene was present in
the plating bath at different concentrations (0.1 and 0.2 g/1). An even surface was visible after scanning electron microscope exam-
ination. Surprisingly, the surface of the Ni-graphene coating showed a characteristic bulge-like pattern. The increased electrical
conductivity of graphene was thought to be the cause of this phenomenon. Ni ions were reduced on the reinforced surface because of
the incorporated reinforced particles’ facilitation of electron transfer to the Ni matrix throughout the deposition process. As a result,
certain bulging sections develop on the surface of the finished coating due to the deposition of Ni ions. Scherrer’s equation was
implemented to compute the average grain size, and it was discovered that pure Ni (35 nm) and 0.2 g/1 Ni-graphene coatings both had
lesser average grain sizes (16 nm and 18 nm, respectively). This was because pure Ni prevented the formation of grains for reduced Ni
ions by improving the nucleation sites. The preferred nucleation occurred at (200) for all coatings but the addition of graphene
platelets reduced the texture coefficient at the favoured orientation and enhanced at orientations of (111) and (220) due to the
re-nucleation around the graphene platelets. Ni(OH), is predicted to develop and be absorbed into the cathode surface as a result of
reactions (1)—(4) taking place in the electroplating bath. This is expected to result in a drop in the textural coefficient at the desired
orientation (200). However, Ni* and Ni[B(OH),4]* cations can be engrossed on graphene platelets, protecting the Ni growth centers
from the electrolyte’s cations and preventing grains from growing any further. Renucleation is therefore rather likely, with (111) and
(220) being the optimum nucleation orientations. Not all of the grains in the composite coatings will be impacted by the graphene
platelets, and renucleation is more likely to occur around graphene platelets. This might account for the fact that all of the coatings’
(200) orientations have the greatest texture coefficients, and the addition of graphene platelets has raised the coefficients of (111) and
(220) orientations.

Ni + H,0—Ni(H,0) )
Ni(H,0) = Ni(OH)" + H" + 2¢~ (2)
Ni(OH)" + OH™ —Ni(OH), 3)
B(OH), + H,0 < [B(OH),]” + H* )

The Vickers microhardness of the coatings was examined using a 100 g load for 20 s and observed an enhanced value of hardness
(H) for 0.2 g/1 Ni-graphene coatings (610 HV) compared to that of 0.1 g/1 Ni-graphene coatings (580 HV) and pure Ni (270 HV) due to
the small size and more effective strengthening effect. Ren et al. [39] created Ni-graphene coatings under specified parameters in their
study, including a temperature of 50 °C, a period of 1-3 h, and a variable current density that varied from 0.15 to 4 A/dm2. The
resultant coatings ranged in thickness from 5 to 10 pm. They performed nanoindentation experiments with an ideal force of 5 mN to
measure the hardness and elastic modulus. Compared to pure Ni (with values of 3.9 GPa and 180 GPa, respectively), the Ni-graphene
coating displayed significant improvements in hardness (4.7 GPa) and elastic modulus (240 GPa). This improvement is due to the
powerful chemisorption enabled by the hybridization of graphene’s p-orbitals with Ni’s d-orbitals. This interaction between Ni and
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graphene boosts carbon solubility within the Ni structure much more. Ni coatings mixed with graphite were also generated using the
electrodeposition process to analyze the influence of different variables on the coating’s topology. The parameters were optimized as
time (10 min), current density (8-10 A/dmz), and temperature (40 °C) [40]. The tensile strength was found to be higher for the coated
samples than that of the bare steel substrate.

Researchers further continued their investigation of the mechanical characteristics of Ni-CNT coatings, which is also an important
step toward providing structurally stable materials for airplanes, cars, and magnetic gadgets. Dai et al. [41] created a Ni-CNT coating
with a bath temperature of 60 °C, a pH of 3, and a current density of 10 A/dm?. Transmission electron microscopy (TEM) of the
microstructure of the Ni-CNT coating is presented in Fig. 6. The CNTs distribution was homogenous in Ni-CNT composite coating
(Fig. 6a) while Fig. 6b reveals the dispersion of single stick-shaped CNTs in the Ni matrix or dangling in the foil hole.

Further observations of mechanical properties of Ni-CNT coatings exhibited enhanced hardness and strength (6) of Ni-CNT
(hardness 645 HV, tensile strength 1475 MPa) coating than that of Ni coating (hardness 572 HV, tensile strength 1162 MPa) which
was due to the fully dense coating prepared by electrodeposition without porosity and agglomeration of CNT in Ni matrix. Jeon et al.
[42] electrodeposited Ni-CNT coatings using a Watts-type plating bath at 40 °C and 40 mA/cm? current density. The CNT content was
varied from O to 10 g/1 in the plating bath, and they observed a better vol. % of CNT (22.5 vol %) until 5 g/1 of CNT concentration. The
investigation of fracture toughness (KIC) revealed that with 14.6 vol % (2 g/1 CNT), the toughness increases from 607 MPa to 780 MPa.
However, at vol. % 22.5, the fracture toughness declines by up to 534 MPa due to the accumulation of CNTs in the Ni matrix. Moreover,
Carpenter et al. [69] also performed co-deposition of Ni-CNT coatings under specific conditions: 55 °C, pH level of 3.8, and current
density of 4 A/dm?. They added varied quantities of CNT content (from 2 to 20 g/1) to the plating bath and saw a significant increase in
the volume percentage of CNTs (to 3.9 vol %) within the Ni-CNT coating. This increased CNT proportion was accomplished by
introducing up to 20 g/l of CNTs into the bath. The increased hardness (measured at 550 kgf/mm?) was attributable to the
improvement of grain size (dropping from 72 to 45 nm) in the Ni-CNT coating, which demonstrated a clear association with the rising
amounts of CNT material within the bath (varying from 2 to 20 g/1).

Additionally, Gou et al. [70] explored the effect of surfactants on electrodeposited Ni-CNT coatings, especially sodium dodecyl
sulfate (SDS) and hexadecyltrimethylammonium bromide (CTAB). This experiment was conducted at a temperature of 54 °C, a pH of 4,
and a current density of 4 A/dm?. The addition of SDS resulted in a decrease in CNT content inside the Ni matrix, but CTAB increased
CNT insertion. The anionic character of the functional unit in SDS became absorbed onto the CNT surface, causing the CNTs to be
opposed by the cathode. CTAB, on the other hand, positively charged the CNT surface with cations, enhancing its binding to the
cathode. The degree of hardness demonstrated a diverging response in comparison to the CNT content. When the CNT content was
elevated to 0.3 g/l with the addition of SDS surfactant, the hardness increased to 280 HV. However, the addition of CTAB had a
negative impact, lowering the hardness of the Ni-CNT coating to as low as 40 HV. The basic root of this discrepancy is due to the
opposing mechanisms at work. The anionic character of CNT surfaces (due to SDS) makes them susceptible to attraction by Ni2* ions,
enhancing the Ni-CNT composite’s strengthening process. The cationic character of CNT surfaces (due to CTAB) on the other hand,
hampers the composite’s stiffening process.

Wang et al. [43] compared electrodeposited microcrystalline (m-Ni/diamond) and nanocrystalline diamond (n-Ni/diamond)
particle systems inside a Ni matrix. The experiments were executed at 45 °C and a pH range of 3-4.5. The analysis found that the
nano-Ni-diamond coating scheme excelled over the micro-Ni-diamond coating scheme in terms of microhardness (measuring 701
kg/mm?). The dispersion of the reinforcing process was responsible for the increase in microhardness. Table 1 summarizes the me-
chanical parameters of nickel-carbonaceous composite coatings for simple inspection, allowing readers to make quick assessments.

4.2. Tribological properties
The study of friction, lubrication and wear is of enormous practical importance for the applications of the material in aircraft,
vehicles, electromagnetic, sensors, capacitors etc [44]. So, for this purpose, Hamid et al. [71] electrodeposited Ni coating at a tem-

perature 45 °C and pH 3.6 followed by the heat treatment to 520 °C for 10 h in an argon atmosphere. Pin-on-disk tribometer was used
with a normal load of 2 N to observe the friction coefficient of the coating. However, the microswitch testing was performed to check

-

==Y

100nm

Fig. 6. TEM images of Ni-CNT composite: (a) CNTs distribution in Ni matrix and (b) CNT dangled in the foil hole. Reproduced with permission from
ref. [41].
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the adhesion and fracture characteristics of the coating using a Rockwell indenter of 100 pm tip radius. The progressive load was used
from 0.1 N to 30 N with a loading rate of 60 N/mm. The friction-of-coefficient (COF) was observed to be 0.70 while there was no sign of
de-cohesion or cracking of Ni coating after microscratch testing with penetration depth of 6.6 pm. Further, for Ni-carbonaceous
coatings, Algul et al. [44] assessed the tribological behavior of Ni-graphene coating using sliding wear with 3 different sliding
speeds of 50 mms !, 100 mms ' and 150 mms ™}, keeping constant normal load 1.0 N. The wear rate (from 9.2 x 10~*mm?/Nmto 8.6
x 10~* mm®/Nm) and COF (from 0.35 to 0.10) were decreased linearly with increase in the sliding speed due to the decrease in
running time with increase in the sliding speed, resulting in an increase of hardness of coating surface with the formation of oxide
which reduces the wear rate and friction coefficient. Nonetheless, the wear rate and COF were also evaluated with the increasing
content of graphene in the plating bath from 100 mg/1 to 500 mg/1 and it was reported that as the concentration of graphene increases,
the wear rate (from 10.1 x 10~* mm3/Nm to 8.5 x 10~* mmS/Nm) and COF (from 0.50 to 0.15) decrease due to the lubrication effect
of graphene which reduces the plastic deformation by smearing. However, Dai et al. [41] studied sliding wear of Ni-CNT coatings with
aload of 30 N for 5 min and observed 1.8 mg of wear loss for Ni-CNT coating without the cracks and plastic deformation of the surface
after the wear test while pure Ni coating shows 3.1 mg of wear loss with significant microcracks, plastic deformation and fragmen-
tation. CNT in Ni matrix reduces the direct contact between the coating and counter body as well as the lubrication phenomenon can
improve the wear resistance of Ni-CNT coating. Tu et al. [45] fabricated Ni-CNT coatings at 55 °C temperature, pH 3.8-4.2 and 3
A/dm? current density and observed friction and wear performance of coating applying pin-on-disk tribometer with load 12 N-150 N
and observed an enhanced coefficient-of-friction (from 0.15 to 0.20) and wear rate (increased from 5 x 10> mg/m to 20 x 1073
mg/m) was monitored with increasing the load because increased load causes spalling and cracking of the coatings. Moreover, Borkar
et al. [72] fabricated Ni-CNT coatings at 25 °C temperature, pH 4 and 5 A/dm? current density. The wear test was performed using a
ball-on-disk arrangement with a load of 7 N and an average speed of 150 rev/min at 4-min intervals. The pure Ni coating revealed
nearly linear wear loss with time. Improved wear resistance was observed by Ni-CNT coating with less weight loss (0.5 mg) and plastic
deformation compared to that of Ni coating (1.7 mg). Carpenter et al. [46] engineered Ni-CNT coatings at 55 °C, pH 3.8, 20 % duty
cycle, and 5 A/dm? current density. The wear testing was performed with a ball-on-plate wear tester using a varying normal load from
0.5 N to 10 N, an amplitude of motion of 10 mm, a sliding speed of 40 mm, and a frequency of 2 Hz. Initially, wear rate enhancements
were observed with increasing normal load, in which Ni-CNT coating showed a lesser wear rate (27 x 10" m®/m) than Ni coating
(127 x 107! m3/m) due to the lubrication of bearing effect of CNTs between the coating and counter body. Arai et al. [47] also
electrodeposited Ni-CNT coatings using a Watts bath at 25 °C. Tribological characteristics were examined using a ball-on-plate wear
tester at a normal load of 1 N, 10 mm friction stroke, 40 mm/s sliding speed, and 2600 cycles. The COF was measured during the wear
test, and it was monitored that Ni-CNT coating exhibited less COF (0.13) and fluctuations with increasing the number of cycles than
that of pure Ni coating (0.33), which showed a high magnitude of fluctuations. In Ni-CNT coatings, CNTs show intrinsic self-lubrication
at the tribological surface, which prevents wear loss during testing and increases the wear resistance of Ni-CNT coatings.

Further, Huang et al. [48] also created Ni-diamond coatings using EPD technology to examine the tribological properties of
Ni-diamond coatings. The temperature was set to 55 °C, the pH was set to 3.8, and the current density was set to 2 A/dm?. Following
that, an anti-wear experiment was carried out with a weight of 2 N and a sliding speed of 0.1 m/s. Fig. 7 depicts the results, indicating
that pure Ni (shown in Fig. 7a) has a smoother surface with no identifiable characteristics. Fig. 7b, on the other hand, shows diamond
particles that are equally dispersed throughout the surface. Notably, the diamond coating’s wear rate (measured at 16 x 107>
mm3/Nm) was found to be lower than that of pure Ni (measured at 39 x 107 mm3/Nm). This enhancement was due to the
dispersion-strengthening result induced by the introduction of diamond particles.

Additionally, Wang et al. [43] examined electrodeposited microcrystalline (m-Ni/diamond) and nanocrystalline diamond
(n-Ni/diamond) particles in Ni matrix and discovered that nano Ni-diamond coating system had higher resistance to wear than
micro-Ni-diamond coating system. The wear rate in n-Ni/diamond coating is greater (10 x 10~> mm>/Nm) than in pure m-Ni coating
(2 x 107> mm®/Nm), which is related to the dragging out of agglomerated diamond particles from the Ni matrix. The reduction of
crack propagation along with the improvement in the toughness by the addition of nanodiamonds in nickel matrix was reported by
Yazdani et al. [49]. The reduction in sp® disordered atoms and diamond ration was attributed to the crack propagation blocking. The
summarized research is given in Table 2.

Fig. 7. SEM images of (a) pure Ni coating and (b) Ni-diamond coating. Reproduced with permission from ref [48].
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4.3. Electrochemical properties

The gradual destruction of material by chemical reactions with the environment can impact the material’s properties like me-
chanical strength and appearance. For the protection of materials from corrosion, a coating of adherent material is fabricated on the
exposed surface of the material. There are several types of corrosion that occur on the metallic surface, including pitting, crevice
corrosion, intergranular corrosion, galvanic corrosion, etc. To preserve the metal’s surface, Jiang et al. [38] investigated the elec-
trochemical characteristics of Ni and Ni-graphene coatings with variable graphene content (0.1 g/1 and 0.2 g/1) in a 3.5 % NaCl so-
lution using a potential sweep rate of 1.0 mV/s. However, resistance was measured at frequencies ranging from 0.01 Hz to 10 kHz.
Enhanced corrosion resistance was observed for 0.2 g/l Ni-graphene coating (Icorr 0.398 pA/cm?) in comparison to 0.1 g/l
Ni-graphene (Icorr 3.02 pA/cm?) as well as pure Ni coating (Icorr 19.1 pA/cm?).

Additionally, Benigna et al. [73] carried out the deposition of Ni-graphene coatings at 45 °C, pH 4, and 4 A/dm? of current density.
Using a voltammetric technique in a 0.5 M NaCl solution, the Ni-graphene coating’s anti-corrosion property was measured. Three
different graphene quantities (0.3, 0.5, and 1 g/dm>) were added to the bath. According to the findings, corrosion resistance and
graphene concentration are directly correlated. Notably, the corrosion resistance improved correspondingly with the increase in
graphene content. This behavior was demonstrated by the linear decrease in corrosion rate, which was measured at 1.48 10-3 mm/year
for a 1 g/dm® concentration of graphene. The ability of graphene to diminish the exposure of the metallic surface to corrosive con-
ditions was linked to the improvement in resisting corrosion. The variation of graphene with nickel coatings was reported and studied
for electrochemical effects by Akbarpour et al. [74]. They observed a reduced corrosion rate with the addition of graphene up to an
optimum concentration; after that content, the corrosion resistance started decreasing.

Guo et al. [75] investigated the influence of current density on the corrosion of a Ni-CNT coating in a 3.5 % NacCl solution. The
frequency range for the electrochemical impedance measurements was set at 100 kHz to 0.01 Hz from the open circuit potential. The
carbon content increases at 8 A/dm? current density, while the resistance to corrosion upgrades (polarization resistance 5.5 x 104 Q
cm?) at the same current density and starts declining as current density increases above 8 A/dm2 (polarization resistance 4.2 x 104 Q
cm?). Additionally, the effect of surfactants (SDS and CTAB) on the corrosion resistance of Ni-CNT coatings was also demonstrated by
Guo et al. [70] The use of SDS surfactant improves corrosion inhibition with an increased CNT concentration. On the other hand, the
presence of CTAB reduces the coating’s ability to prevent corrosion. This can be related to the antagonistic nature of the cationic
surface of CNTs (due to CTAB), which weakens the strengthening mechanism of the Ni-CNT composite, and the anionic surface of CNTs
(arrives from SDS), which increases adhesion by Ni** ions. Moreover, enhancing the Ni-B alloy structure by reinforcing it with TiC
particles and electrodepositing it onto AISI 304 stainless steel was studied by Ersin et al. [76]. AISI 304, which is widely used
throughout the globe, was chosen for its low cost, mechanical strength, corrosion resistance, and weldability. The research effort
investigates how TiC particle and trimethylamine borane (TMAB) bath concentration, as well as current density during electrode-
position, influence Ni-B/TiC nanocomposite coating [76]. Additionally, it was observed that nanocrystalline Ni-tungsten (W) coatings,
with their better hardness, corrosion resistance, and thermal stability, may be able to substitute hexavalent hard chrome [77]. Notably,
the tungsten (W) concentration and dispersion influence the corrosion behavior of the coating [78]. Argaaraz et al. found that Ni-W
had better corrosion resistance than bare carbon steel in a phosphate-borate buffer system [79].

4.4. Magnetic properties

Numerous magnetic devices (actuators, sensors, memorizers, magnetic recording heads, spintronics) that are widely used in the
form of micro or nanofilms rely heavily on the magnetism of Ni and Ni-based carbonaceous coatings. Nasirpouri et al. [80] used a
temperature of 55 °C, a pH of 4.6, and various current densities between 2 and 8 A/dm? to electrodeposit Ni-CNT coatings. The
coating’s CNT content increased until a current density of 4 A/dm?, when it peaked at 5.1 vol %, and then began to fall to 3.8 vol %.
Magnetic hysteresis loops were captured in various combinations to look at the magnetic properties of the coatings.

The change in microstructure and domain wall movement at the Ni-CNT junction, which was attributed to the orientation de-
pendency of the magnetization reversal process, led to distinct values of coercivity and squareness being recorded from various
perspectives. The coercivity was observed for 5.1 vol % CNT to be 107 Oe for in-plane and 132 Oe for out-of-plane orientations due to
the decrease in grain size (25.9 nm). However, different CNT concentrations lead to a change in the crystallographic texture of the
coatings, which accounts for different squareness values (0.29 for in-plane and 0.09 for out-of-plane). As coating technologies continue
to evolve, different engineering criteria must be met. In this regard, nanostructured Ni alloy coatings have become more and more
popular in a wide range of engineering applications. Particularly when juxtaposed with conventional coatings with a rough grain
structure, nanostructured coatings featuring crystal grains smaller than 100 nm present entirely distinct features [81]. For example, a
nickel-iron titanium carbide (Ni-Fe-TiC) nanocomposite onto St14 low-carbon steel using pulse electrodeposition, decreased corro-
sion current density compared to a Ni-Fe coating [82]. On the other hand, the Ni-Fe alloy coating is utilized to reduce manufacturing
expenses while simultaneously providing soft magnetic characteristics, strong conductivity of electricity, durability against corrosion,
and specific photonic qualities [83].

5. Conclusions and future prospects
The review of current research emphasizes the importance of electrodeposited Ni-carbonaceous coatings for a variety of purposes.
The incorporation of various kinds of carbonaceous reinforcements, on the other hand, offers the potential to improve surface qualities

such as hardness and various corrosion resistance. The mechanical stability, wear resistance, and corrosion resistance of the exposed
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surface can be significantly increased by introducing carbonaceous reinforcements into the Ni matrix. This enhancement is attributed
to techniques such as dispersion strengthening, lubricating effects, and grain improvement, which are enabled by the incorporation of
elements such as diamond, carbon nanotubes (CNTs), and graphene into the Ni matrix. However, the literature gap can be sealed by the
evolution of missing characterizations for the aforementioned coatings. Further work is required in the fields of multi-length tribo-
logical characterizations, corrosion studies, and magnetism studies to develop high-strength Ni-carbonaceous composites for aero-
space, automotive, and magnetic appliances. The protection of vehicles and aircraft from corrosion and wear without major
maintenance to encounter stringent environmental, safety, and performance requirements is the fundamental factor for the stimulation
of present research in the field of Ni-carbonaceous composite coatings. Although significant progress has been made in understanding
the deposition parameters, the effect of parameters on the properties of the coatings, and the microstructure and phase character-
izations of Ni-diamond, Ni-CNT, and Ni-graphene coatings, electrochemical observation for Ni-graphene and Ni-CNT coatings is
present to a minor extent (missing for Ni-diamond), while magnetism and multi-length tribological studies for Ni-graphene and Ni-
diamond coatings are completely missing in the literature. Fullerene is an important allotrope of carbon and can be utilized for
various applications including biomedical, conductors, water purification and catalytic activities. The studies related to Ni-fullerene
composite coatings have not been explored by the researchers yet and can be a remarkable work in future. Therefore, this review report
is envisioned to be a comprehensive, accessible, and critical review for the benefit of chemical, material, and physicist societies that are
working on coatings related to nickel, carbonaceous materials, and composites for a broad area of applications, including aerospace,
automotive, and other industries. The intended demand for automotive and aerospace materials makes carbon nanoallotropes and
metallic coatings one of the preferred choices for research and development. It is firmly believed that this report will attract a broad
scientific community of chemical, material, and physical researchers.
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