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Graphene, themost promisingmaterial of the decade, has attracted immense interest in a diversified range of ap-
plications. The weak van der Waals interaction between adjacent atomic-thick lamellae, excellent mechanical
strength, remarkable thermal conductivity, and high surface area, make graphene a potential candidate for tribo-
logical applications. However, the use of graphene as an additive to liquid lubricants has been a major challenge
because of poor dispersibility. Herein, a thorough review is presented on preparation, structuralmodels, chemical
functionalization, and dispersibility of graphene, graphene oxide, chemically-functionalized graphene, and
graphene-derived nanocomposites. The graphene-based materials as additives to water and lubricating oils im-
proved the lubrication properties by reducing the friction, protecting the contact interfaces against the wear, dis-
sipating the heat from tribo-interfaces, and mitigating the corrosion by forming the protecting thin film. The
dispersion stability, structural features, and dosage of graphene-based dispersoids, alongwith contact geometry,
play important roles and govern the tribological properties. The chemistry of lubricated surfaces is critically
reviewed by emphasizing the graphene-based thin film formation under the tribo-stress, which minimizes the
wear. The comprehensive review provides variable approaches for the development of high-performance lubri-
cant systems and accentuates the lubrication mechanisms by highlighting the role of graphene-based materials
for enhancement of tribological properties.

© 2020 Elsevier B.V. All rights reserved.
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Table 1
Mechanical and thermal properties of 2D layered materials [24–27].

2D
Materials

Young modulus,
GPa

Breaking/fracture
strength, GPa

Thermal conductivity,
W/mK

Graphene 990–1060 130 3000–5000
h-BN 792–942 65–76 751
MoS2 246–282 16–30 –
WS2 254–290 – –
1. Introduction

Graphene, the atomic-thick two-dimensional honeycomb lattice
structure of carbon material, has attracted immense interest due to re-
markable mechanical, electrical, thermal, and optical properties [1,2].
The large surface area (2630 m2g−1), excellent mechanical strength
(Young's modulus: 1 TPa; fracture strength: 130 GPa), and superior
thermal conductivity (5000 WmK−1) make graphene an ideal material
for lubricant applications [3–5]. The graphene as a solid thin film for
micro-devices, additive to various liquid lubricants, and filler to com-
posite materials have shown remarkable improvement in friction and
wear characteristics [6–10]. Graphene, as a thinnest solid lubricant
film, effectively reduced the adhesion and friction forces when coated
on various substrates [11]. Theweak van derWaals interaction between
the atomic-thick lamellae of graphene provides low-resistance to shear
and lowers the friction. Therefore, a single sheet of graphene shows
higher friction than multilayer-graphene. Lee et al. have explicitly re-
vealed that frictionmonotonically increased as the number of layers de-
creased [6]. The significantly high mechanical strength of graphene
protects the contact interfaces under the tribo-stress and subsidizes
the wear. Recently, Sumant et al. demonstrated that a single layer of
graphene on steel substrate could last for 6400 sliding cycles under
the contact stress of ~0.5 GPa and provides excellent wear-resistance
[12]. Graphene is impermeable to liquids and gases viz. water and oxy-
gen, and it reduces the corrosive and oxidative events of rubbing sur-
faces [13]. These findings revealed that graphene could be an excellent
candidate for liquid lubricants to reduce the friction and wear of
interacting surfaces [14,15]. However, the long-termdispersion stability
of graphene in lubricating oils has been a major challenge for the lubri-
cant industries. The graphene shows incompatibility with most of sol-
vents/lubricants and tends to agglomerate driven by high cohesive
interaction.

Use of environment-friendly and energy-efficient technologies is
gaining immense interest to curb environmental pollution and chan-
nelize the energy resources in proficient ways for sustainable
growth. The transport sector consumes ~20% of the global energy
and accounts for ~18% of the total anthropogenic greenhouse gas
emissions [16]. The road transportation is identified as one of the
prime sources for rising CO2 in the environment [17]. The ~33% of
fuel energy in a passenger car is consumed to overcome the friction
in the engine, transmission, tires, and breaks [18]. The implementa-
tion of advanced tribological solutions and lubricant technologies
can conserve as much as 17.5% of the energy being utilized in road
transportation [19]. The dynamic changes in engine design and ma-
terials of engine parts/tools along with stringent environmental pol-
icies and emission regulations are posing several challenges to the
lubricant industries. The use of good lubricants conserves the energy
by lowering the friction, increase the life of engine components/ma-
chinery parts by protecting the surfaces against the wear, and de-
crease the CO2 emission by the smooth operation of the engine.

Lubricants are composed of lube base oil and a diversified range of ad-
ditives. The composition of lubricants governs by their targeted applica-
tions. Primarily, they lubricate the engineering surfaces by decreasing
the friction and wear, dissipating the heat from contact interfaces,
inhibiting the corrosion, subsidizing the oxidative events, and dispersing
the foreign particles and oxidized products. Therefore, the lubricant addi-
tives include friction-modifier, antiwear, and extreme-pressure additive,
corrosion-inhibitor, viscosity-modifier, oxidation-inhibitor, and so on
are used to impart performance characteristics to the lubricants [20].
The surface-active antiwear and friction modifier additives play impor-
tant roles, particularly in the boundary and mixed lubrication regimes,
and decrease wear and friction by forming the lubricious tribo thin film.
The zinc dialkyldithiophosphates (ZnDDPs)-based compounds arewidely
used to subsidize the wear and improve the lubrication properties. Over
the recent past, the use of sulfur, phosphorus, halogen, and metal consti-
tuted conventional additives, including the ZnDDPs, are gaining signifi-
cant concerns because of their adverse effects on the environment and
poisoning effects to exhaust emission catalysts [21,22]. Thus, a lot of ef-
forts have been directed to replace the conventional additive like ZnDDPs.
Over the last few years, nanostructural layered materials (viz. graphene,
h-BN, MoS2, WS2) have shown significant progress in the fundamental
studies signifying their potential for lubricant applications [6,11,23]. In
this context, graphene has emerged as one of the most promising candi-
dates because of intriguing low-frictional and antiwear properties to re-
place the conventional ZnDDPs-based additive.

The intriguing and favourable properties of graphene, h-BN, MoS2,
and WS2 nanosheets (Table 1), viz. remarkably high mechanical
strength, excellent thermal conductivity, low shear strength, and large
surface area protect the tribo-interfaces against the wear, dissipate the
heat from contact interfaces, reduce the friction by facilitating the slid-
ing under tribo-stress, and furnish a high coverage on contact interfaces.
Fig. 1 shows the atomic structure of graphene, h-BN, MoS2, and WS2
nanosheets. The h-BN nanosheets are made of atomic-thick lamellae,
where the boron and nitrogen are alternatively placed and linked with
each other by covalent linkages in a hexagonal lattice structure. These
atomic-thick lamellae are held together byweak van derWaals interac-
tion. TheMoS2 andWS2 exhibitmolecular layered structure,where each
Mo/W atom is sandwiched between two sulfur atoms in a trigonal pris-
matic arrangement. These molecular lamellae are stacked with each
other by weak van der Waals interaction. Under the tribo-stress, the
weak interaction between atomic/molecular lamellae in graphene, h-
BN, MoS2, and WS2 nanosheets eases the shearing along the sliding di-
rection because of interplanar slip and reduces the friction. The strong
inter-atomic covalent bonding within each lamella in these 2D mate-
rials provides remarkably high mechanical strength and improves the
antiwear properties [28–31]. The graphene, h-BN, MoS2, and WS2
form a tribo-induced thin film on contact surfaces, which facilitates
the sliding and avoids the direct contact between the tribo-pair. There-
fore, the 2D layered materials are gaining significant interest in lubri-
cant applications.

Graphene oxide (GO), an oxidized form of graphene has been a
well-established precursor to prepare the reduced graphene oxide
(rGO), graphene-based composites, and chemically-functionalized
graphene. The oxygen functionalities in the GO facilitate the interac-
tion with various chemical species via covalent linkages. The other
interactive forces, such as the van der Waals linkages, π-π interac-
tions, hydrogen bonding, and ionic interactions, assist for the
non-covalent functionalization of graphene, GO, and rGO [32–34].



Fig. 1. Representative atomic structure of (a) graphene, (b) h-BN, (c) MoS2 and WS2 nanosheets along with illustration of van der Waals interaction between their atomic/molecular
lamellae.
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The GO exhibits plenty of oxygen functionalities such as hydroxyl,
epoxide, carbonyl, ether, phenolic, and carboxylic groups. Among
them, most of the epoxide, hydroxyl, and ether functionalities are lo-
cated in the basal plane, whereas the carboxylic groups are placed
along the edges of GO sheets [35–37]. The chemical reactivity of
GO enables it's potential for various applications, including lubrica-
tion. Herein, chemical and structural features of GO and rGO, their
chemical functionalization by different chemical approaches, and
their dispersion in aqueous, organic solvents, and a wide range of lu-
bricating oils are critically reviewed. The graphene-based materials
are subsequently applied as additives for liquid lubricant applica-
tions and discussed their roles in the reduction of friction and wear
by emphasizing the lubrication mechanism based on microscopic
and spectroscopic analyses of lubricated surfaces.
2. Synthesis and chemical structure of graphite oxide/graphene
oxide

2.1. Synthesis of graphite oxide/graphene oxide

Harsh oxidation of graphite powder leads to the formation of graph-
ite oxide. The extended interlamellar spacing in the graphite oxide be-
cause of basal plane oxygen functionalities and trapped water
molecules facilitates their lateral splitting by the aid of sonication and
forms the GO. The graphite oxide was discovered much earlier (in
1859) than the graphene (in 2004). A very first report by the British
chemist B. C. Brodie has described the preparation of graphite oxide
by oxidation of graphite in the presence of fuming nitric acid and potas-
sium chlorate as oxidizing agents [38]. The C:H:O ratio of synthesized
graphite oxide was reported to be 61.04:1.85:37.11. Staudenmaier has
addressed an improved oxidation method by addition of potassium
chlorate in a small amount, and further oxidation was carried out by
acidifying the mixture with concentrated sulphuric acid [39]. These
methodswere considered as hazardous and time-consuming processes.
In 1958, Hummers and Offeman developed a rapid and relatively safer
approach for preparing the graphite oxide by treating graphite with
an anhydrous mixture of sulphuric acid, sodium nitrate, and potassium
permanganate [40]. TheHummers'method avoids the use of highly cor-
rosive fuming nitric acid. The use of potassium permanganate and so-
dium nitrate mixture resulted in an oxygenated-rich form of graphite
oxide. Recently, Tour et al. have improved the Hummers' method to in-
crease the efficiency of the oxidation process. In the improved approach,
sodiumnitratewas eliminated, the amount of potassium permanganate
was raised, and oxidation reaction was carried out in a mixture of
sulphuric acid/phosphoric acid (9:1 ratio) to afford a higher amount of
oxidized graphite compared to Hummers' method [41]. Improvements
over the various synthesis methods of graphite oxide have been pur-
sued continuously to yield effective alternatives. The graphite oxide is
a non-stoichiometric material, and its chemical structure and composi-
tion are primarily governed by the synthesis approach, use of oxidizing
reagents, reaction conditions, and graphite precursor.

Fundamentally, there is no considerable chemical difference in the
graphite oxide and the GO. The graphite oxide is the platform material
for the preparation of GO by exfoliation. Structurally, the GO consists
of a limited number of lamellae (maximum 10), whereas the graphite
oxide possesses an unlimited number of layers with expanded interla-
mellar spacing, driven by ample oxygen functionalities in the basal
plane and the trapped water molecules via hydrogen bonding network.
The graphite oxide prepared by variable oxidation routes (Fig. 2) is ex-
foliated in the water or polar solvents by the aid of sonication and
afforded the GO [42,43]. The sonication (bath sonication or probe soni-
cation) is well established and widely used approach for exfoliation of
graphite oxide. However, it leads to some structural damages in the
GO lamellae. The degree of oxygen functionalities in the graphite
oxide, sonication medium and time, ultrasonic frequency, and intensity
govern the exfoliation and quality of resultant GO.
2.2. Chemical structure of graphite oxide/graphene oxide

Unlike the graphene, GO is a structurally distorted sheet of sp2 car-
bons in the honeycomb lattice structure with the infusion of numerous
sp3 carbons due to oxygen functionalities. The atomic-thick lamellae of
GO are linked with each other by the interlamellar spacing of 6 to 9 Ǻ.
The presence of oxygen functionalities in the basal plane and trapped
water molecules by hydrogen interaction expand the interlamellar
spacing. Thus the interlamellar spacing in GO (6–9 Ǻ) is noted to be sig-
nificantly higher than for the graphene (3.34 Ǻ). The chemical structure
of GO has been a subject of considerable debate and remains a challenge
because of a large-degree of structural disorder, non-stoichiometric
composition, variation in oxygen functionalities, and lack of consistency



Fig. 2. Variable chemical approaches for the synthesis of graphite oxide from graphite and then exfoliation into GO. Chemical synthesis routes govern the C to O ratio in graphite oxide.

4 A. Chouhan et al. / Advances in Colloid and Interface Science 283 (2020) 102215
in the production cycles. Several structuralmodels of graphite oxide and
GO have been proposed over the last 80 years. The Hofmann, Ruess,
Scholz-Boehm, Nakajima-Matsuo, Lerf-Klinowski, Dekany, and Ajayan
models are well-debated structural models (Fig. 3).

A very firstmodel of graphite oxide having repetitive units of 1,2-ep-
oxides was proposed by Hofmann and Holst [44]. G. Ruess has demon-
strated a modified structural model containing hydroxyl groups
located at the sp3 hybridized carbon in the basal plane [45]. Scholz
and Boehm have proposed the hydroxyl and carbonyl groups at differ-
ent positions along with C_C units within the corrugated layers,
whereas the ether-based oxygen groups were ruled out [46]. A new
structure model of graphite oxide was proposed by Nakajima and Ma-
tsuo consisting of interlinked carbon layers by sp3 bonds perpendicular
Fig. 3. Structuralmodels of graphite oxide; (a)Hofmannmodel, (b) Ruessmodel, (c) Scholz-Boe
(g) Ajayan model.
to the carbon network. They emphasized the presence of hydroxyl and
carbonyl groups below and above the carbon layers [47]. The Lerf and
Klinowski model was proposed based on 13C and 1H NMR. They have
demonstrated that graphite oxide is composed of the aromatic region
with non-oxidized benzene rings and aliphatic six-membered rings.
The presence of the hydroxyl group distorted the configuration and de-
veloped the wrinkles in the layers. Furthermore, the oxygen functional-
ities like 1,2-epoxide and hydroxyl groups are mainly present at the
basal plane, while edges carry carboxyl groups [48]. It was further sup-
ported by nanostructural studies of the GO based on high-resolution
transmission electron microscopic analyses [49]. Chemical and micro-
structural analysis results support the Lerf and Klinowski model. There-
fore, it has gainedwide acceptance [36,50]. Dekany et al. have proposed
hmmodel, (d) Nakajima-Mastsuomodel, (e) Lerf-Klinowskimodel, (f) Dekanymodel, and
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the structural model based on elemental analysis, XRD, 13C MAS-NMR,
FTIR, XPS, and ESR analyses [35]. The proposed structural model sug-
gests that graphite oxide is comprised of two distinct domains of
trans-linked cyclohexane chairs and flat hexagon ribbons with C_C
linkages (Fig. 3f). The phenolic groups were introduced to explain the
acidity of the graphite oxide. Recently, Ajayan and co-workers have
suggested the presence of five- and six-membered-ring lactols
based on 13C NMR of graphite oxide [51]. The ratio of different func-
tional groups in the graphite oxide is proposed to be 115:3:63:10:9
for hydroxyl and epoxide; lactol O–C–O; graphitic sp2 carbon; lactol,
ester, and acid carbonyl; and ketone carbonyl, respectively.

The structural models of graphite oxide based on experimental
results were further compared with density functional calculations.
It predicted that partial oxidation is thermodynamically favourable
over the complete oxidation [50]. The oxidation conditions primarily
govern the distribution and abundance of oxygen functional groups
in the graphite oxide. The graphite oxide and GO exhibits excellent
dispersibility in water and it is attributed to high polarity and forma-
tion of hydrogen bonding by oxygen functionalities with water. The
high polarity further extends the compatibility of GO with polar sol-
vents [52]. A wide range of oxygen functionalities in GO facilitates its
interaction with organic molecules, polymers, nanomaterials, etc. As
a result, GO has been an excellent precursor to prepare the rGO,
chemically-functionalized graphene, graphene-based composites,
and their derivatives.

3. Synthesis and chemical structure of graphene/rGO

3.1. Synthesis of graphene/rGO

A breakthrough invention of atomically thin carbon films by Geim
and Novoselov has exponentially propelled the potential of graphene
for fundamental studies to application perspective [55]. Over the last
15 years, a lot of efforts have been directed to synthesize the graphene
(Fig. 4). Themechanical exfoliation of highly oriented pyrolytic graphite
(HOPG) using the scotch tape yielded a high-quality graphene. How-
ever, it has very low throughput and limits its scope for large-scale pro-
duction. The epitaxial growth is an attractive alternative to prepare
good-quality graphene for electronic applications [56,57]. The high tem-
perature, vacuum, cost, and low throughput are few concerns which
Fig. 4. Overview of variable approaches to prepare graph
limit the production of graphene at mass-scale, particularly for indus-
trial applications. The chemical vapor deposition (CVD) of graphene
on a variety of polycrystalline metal substrates has been addressed
using the hydrocarbons viz. methane, ethylene, benzene, and acetylene
as carbon sources [58]. The transfer and removal of graphene from
themetal substrates, low yield, and reproducible growth at low temper-
ature are few of the drawbacks which need to be defeated for themass-
scale industrial applications. The mechanical exfoliation of graphite is
one of the promising approaches to produce large-scale graphene at
low cost. The mechanical exfoliation by sonication, ball-milling, and
recently emerged fluid dynamics approaches are gaining increasing at-
tention for graphene production [53]. The solvents and exfoliating
agents govern the quality and quantity of graphene produced by
liquid-phase exfoliation. The addition of pre-designed exfoliating re-
agents in the given solvent improves the exfoliation yield and avoids
the aggregation of graphene [59]. The solvents with the surface tension
of ~40 mJ.m−2 are considered to be a suitable medium for liquid-phase
exfoliation of graphite and then dispersion of resultant graphene. The
N-methyl-2-pyrrolidone (NMP) has been recognized as one of the
most efficient solvents for exfoliation of graphite [60]. The liquid-
phase exfoliation is a highly versatile approach to produce good-
quality graphene. Nevertheless, liquid-phase exfoliation has some
disadvantages such as the requirement of a large quantity solvents,
low yield, toxicity and irritant nature of most of the solvents, etc.

Chemical reduction of GO has been a most versatile, scalable, and
economical approach to produce the rGO. Although the rGO carries
some residual oxygen functionalities yet it exhibits a reasonable extent
of graphene features. Therefore, rGO produced by chemical reduction is
gaining considerable interest for industrial applications. The density
functional calculations revealed that the complete reduction of
graphene oxide into pure graphene is a difficult process [50]. Over the
last decade, several reducing and dehydrating agents like hydrazine hy-
drate, sodium borohydride, LiAlH4, hydroquinone, thiourea, alcohols,
etc. have been addressed to produce the rGO [62–64]. The residual oxy-
gen functionalities and structural features of the rGO are collectively
governed by the reducing agents and the reduction parameters. The hy-
drazine hydrate has been a most established reducing agent and ex-
hibits excellent reduction efficiency to eliminate a significant degree of
oxygen functionalities from the GO. Hence, it has been widely accepted
for laboratory work to industrial production of the rGO at a mass-scale.
ene and rGO. Reproduced with permission [53,54].
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The hazardous, corrosiveness, and toxicity of most of chemical re-
ducing agents are gaining significant concerns. As a result, green ap-
proaches are showing immense interest. Over the recent past,
various environmentally-friendly reducing reagents viz. ascorbic
acid, amino acids and plant extracts have been demonstrated to pre-
pare the rGO [65–68]. Alternatively, the photocatalytic, electro-
chemical, and thermal reduction approaches have been developed
to produce the rGO by avoiding the heteroatom contamination
[69–71]. Ganguly et al. have monitored the deoxygenation events
at different stages of thermal reduction process and suggested
the formation of phenolic groups via a reaction between the
epoxide groups and adjacent hydroxyl groups at ~400 °C. The high-
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3.2. Chemical structure of graphene/rGO

Recently, the Carbon Journal's editorial board has recommended the
nomenclature of two-dimensional carbon materials and explicitly de-
fined the graphene (monolayer vs. multilayer) and the rGO [72]. Funda-
mentally, graphene is a single-atom-thick sheet of hexagonally
arranged, sp2-bonded carbon atoms. The lateral dimension of graphene
can vary from a few nanometers to the micron range. It is mostly pre-
pared by chemical vapor deposition on the metal substrate [58]. The
stacking of atomic-thick lamellae of graphene via van derWaals interac-
tion yielded multilayer graphene, and the number of lamellae in multi-
layer graphene varies from 2 to 10 [72]. In most studies, the term
graphene includes the multilayer graphene as well. The rGO is made
by chemical, thermal (hydrothermal/solvothermal), photochemical,
microwave, or microbial processing of GO by reducing the oxygen con-
tent. The rGO exhibits structural defects, residual oxygen functionalities,
and a little fraction of sp3 carbon; as a result, it carries structural distor-
tion in the 2D structure. The ratio of C/O in rGO varies by the oxidation
process. Yet, the rGO carries the most of the fundamental properties of
graphene, to a significant extent. Furthermore, ease of scalability and
low cost make rGO favourable for several applications [73].

Graphene exhibits strong intraplanar bonding between the sp2 hybrid
carbons placed in the honeycomb lattice structure, whereas the weak
interplanar interaction connects graphene lamellae in the (002) plane.
The two-dimensional structure, along with an extended π-electron net-
work of graphene renders remarkable electronic properties. The interac-
tions between electrons and honeycomb lattice structure yield the
quasiparticles, which are also known as massless Dirac fermions and
offer exceptional electronic phenomena such as anomalous room-
temperature quantum hall effect (QHE) and extraordinary high carrier
mobility [1]. Graphene shows weak affinity and interaction for chemical
transformation. However, the atomic hydrogen can react with graphene
and convert the highly conductivemetallic state of graphene into an insu-
lator, also known as graphane [74]. The intercalation of atoms and mole-
cules in the basal plane of graphene acted as nanoreactors and enhanced
the surface reactions. The small spacing in the graphene leads to new
chemistry viz. “catalysis” and “electrochemistry” under the cover [75].
The graphene has been established as a versatile platform for grafting of
various catalytic sites for heterogenization of homogeneous catalysts
[76,77]. The doping of heteroatoms, chemical grafting, loading of
nanomaterials, introduction of structural defects, and chemical
functionalization have expanded the potential of graphene and rGO for
Fig. 6.Digital photographs of GO dispersion prepared via bath sonication inwater and organic s
vials display dispersions after three weeks in different solvents. Reproduced with permission [
a wide range of chemical, electrocatalytic and photocatalytic reactions
[78–83]. The N-doped graphene exhibits high photocatalytic activity for
reduction of CO2 and electrocatalytic activity for the oxygen reduction re-
actions. The nitrogen-doped sites viz. pyridinicN, graphitic N, andpyrrolic
N in the graphene generate the catalytic centres for the electrocatalysis
and photocatalysis [84,85]. The graphene deposited on a solid surface re-
vealed significant differences in their properties, which includesmorpho-
logical features, surface chemistry, and surface/interface properties. The
deposition and interaction of graphene with semiconductors, ceramics,
polymers, biomaterials, and metals also influence the properties of
graphene. Therefore, the surface/interfacial properties are gaining signifi-
cant attention for several applications such as catalysis, optoelectronics,
lubrication, corrosion, coatings, composites, and, so on [86]. The covalent
functionalization in the basal plane of graphene can be obtained by break-
ing the sp2 linkages and the formation of sp3 carbons. The oxidation of
graphite into graphite oxide and then exfoliation into GO is one of the
simplest examples to generate the oxygen functionalities in the basal
plane of graphene. The unpaired electrons which are produced at the ad-
joining sites to the point of covalent bonding increase the chemical reac-
tivity, leading to a chain reaction from the point of the initial attack [87].
The surface properties of graphene controlled by their preparation routes,
have been applied to fabricate the superhydrophobic thin film to bring
new opportunities for high-performance coating and multifunctional
devices [88]. In the recent past, several efforts have been made towards
covalent and non-covalent functionalization of graphene to meet the
requirement for a wide range of applications and expand their potential
for industrial utilization.

4. Dispersion of GO, graphene, rGO and chemically-functionalized
graphene

The GO has been an ideal candidate for production of solution-
processable rGO at a large scale for various applications. The presence of
ample oxygen functionalities makes GO a highly polar and hydrophilic
material, which facilitate long-term dispersibility of GO in water. The dis-
persion of GO in organic solvents has been gaining significant importance
for expanding their potential for a diversified range of applications. The
stability of GO dispersion prepared by exfoliation of graphite oxide in dif-
ferent organic solvents via bath sonication was explored to understand
the interactive forces [89]. As shown in Fig. 6, the GO could be dispersed
in several organic solvents, except in methanol, dichloromethane
(DCM), n-hexane, o-xylene. The poor compatibility of GO with acetone,
olvents. Top-line vials show dispersions immediately after sonication,whereas bottom line
89].



Fig. 7. Dispersion of rGO prepared via reduction of GO using the green tea. Concentration
of graphene in organic solvents: 0.2 mg.mL−1. Reproduced with permission [67]. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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ethanol, 1-propanol, dimethyl sulfoxide (DMSO), and pyridine allow GO
lamellae to gradually aggregate and settle-down in the solvent. The GO
dispersion in N, N-dimethylformamide (DMF), NMP, tetrahydrofuran
(THF), and ethylene glycol exhibits long-term dispersibility. The high
electrical dipole moment of water (1.82 D), DMF (3.24 D), NMP (4.09
D), THF (1.75 D), and ethylene glycol (2.31 D) favours the dispersibility
of polar GO in these solvents. However, the poor dispersibility of GO in
the DMSO (high electrical dipole moment; 4.09D) signified that besides
the polarity of the solvents other parameters are also important for deter-
mining the dispersibility [89]. Kymakis et al. demonstrated that the dis-
persion of GO and rGO is governed by surface tension, solvent polarity,
and the Hansen solubility parameters [90]. The dispersion cohesion
(δD), hydrogen bonding cohesion (δh), and polarity cohesion (δp) collec-
tively represent the Hansen solubility parameters [91]. The dispersion of
GO and rGO in highly polar solvents like DMF, NMP, etc. via sonication
is considered as an energy-extensive approach, and it furnishes low
yield. The homogeneous dispersion of rGO in organic solvents prepared
by a chemical approach using GO dispersion in the synergistic ratio of
water and applicable organic solvents like NMP, DMF, DMSO, THF, etha-
nol, acetone, acetonitrile, etc. promises good potential for a wide range
of chemically-processable applications. The reduction of GO in these sol-
vents using hydrazine hydrate as a reducing agent furnished the homoge-
neous dispersion of rGO. The NMP, DMF, DMSO, THF, and ethanol having
the sum of δh + δp in the range of 13–29 exhibited a good dispersion of
rGO. The solvent with δh + δp lesser than 10 and higher than 30 couldn't
disperse the rGO [91]. The surface energies of GO (62mN/m) and rGO (46
mN/m) also govern their dispersibility. The polar and hydrogen bonding
components are significantly higher in the GO compared to rGO. There-
fore, GO exhibited good dispersibility in most polar solvents. The equal
values of the Hildebrand solubility parameter (δT) of solvents and solute
(GO/rGO) favours the dispersion. The higher dispersibility of rGO
(δT = 22) in dichloromethane (δT = 20.2; 1.6 μg/mL), chlorobenzene
(δT = 19.6; 3.4 μg/mL), o-dichlorobenzene (δT = 20.5; 8.94 μg/mL),
1-chloronaphthalene (δT = 20.6; 8.1 μg/mL) was explained based on
compatibility of their Hildebrand solubility parameter [90].

The production of dispersible rGO by chemical reduction routes
carries not only residual oxygen functionalities but also exhibits several
structural defects, which compromise their electronic, mechanical, and
structural properties. Alternatively, liquid-phase exfoliation of graphite
in various organic solvents via sonication or intercalation approaches
has gained attention for the production of defect-free large-size
graphene sheets [53,59]. The liquid-phase exfoliation is one of the sim-
plemethods to produce large quantities of graphene, which can be use-
ful for both electronic and biomedical applications. The energy required
to exfoliate graphene should be balanced by interaction energy between
the graphene and the solvent. Coleman et al. have revealed that solvents
with surface tension in a range of 40–50mJ/m2 favour the exfoliation of
graphite and dispersion of graphene [60]. The o-dichlorobenzene (DCB)
exhibits excellent capability to produce the graphene by exfoliation of
graphitic materials. The higher surface tension of DCB (36.6 mJ/m2)
favoured the exfoliation of graphite and furnished the high yield of
graphene. Furthermore, the π-π interaction between the aromatic
rings of DCB and graphene facilitates dispersion stability [92]. Several
studies have been carried out demonstrating the exfoliation and disper-
sion of graphene in NMP. However, the low dispersion concentration
limits their potential for several applications. Amulti-step process of ex-
foliation could yield a significantly high concentration of graphene in
the NMP. The centrifugation of exfoliated graphite in NMP, then filtra-
tion to obtain the exfoliated powder, followed by re-dispersion in the
NMP via sonication significantly improved the dispersion concentration
having an average of 3–4 layers in each sheet of graphene. Even after
some sedimentation, the 26–28 mg.mL−1 concentration of dispersed
graphene was found with indefinite stability [93].

The chemical stabilizers viz. surfactants, functionalized
polymers, aromatic-rich molecules, and ionic liquids exfoliate
the graphite via sonication by overcoming the van der Waals
interactions between the graphene lamellae. Simultaneously, the
stabilizers are adsorbed on the exfoliated graphene lamellae
through non-covalent interactive forces viz. π-π, cation-π, and hy-
drophobic interactions, which avoid the re-stacking to make their
stable dispersion [94–98]. The exfoliation of graphite in organic
solvents of low boiling points with the presence of stabilizers has
been gaining increasing interest. The hyperbranched polyethylene
(HBPE) assisted exfoliation of graphite in low boiling points sol-
vents viz. chloroform and THF yielded the stable dispersion,
whereas the HBPE provides steric stabilization against restacking
of graphene lamellae [98]. The chemical reduction of GO in the
controlled reaction media and the presence of stabilizer facilitates
the dispersion of rGO in the targeted solvents. The green tea, rich
in polyphenols, not only reduced the GO but also made them
dispersible in most organic solvents and water ( Fig. 7). The π-π
interaction between the aromatic rings of polyphenols and
rGO furnished the stable dispersibility in NMP, DMSO, DMF,
ethanol, and acetone [67]. The surfactants play a critical role to
disperse the hydrophobic graphene in water. The polyethylene
nonylphenylether (Igepal CO890) a non-ionic surfactant (200–
300 ppm) furnished the stable dispersion of graphene in water
[99].

The chemistry of surfactants governs their interaction with targeted
nanomaterials. The molecular strategy to design the surfactants by in-
troducing the ionic groups to an electron-deficient π-conjugated unit
along with flexible alkyl spacers significantly enhanced the stability of
graphene in the water. The electron-deficient aromatic units of surfac-
tants show good affinitywith graphene via π-π interaction and simulta-
neously ionic groups facilitate the dispersibility of surfactant-stabilized
graphene lamellae in the water. The resultant dispersion of graphene
was found to be stable for more than four months [101]. The presence
of zwitterionic polymeric dispersant such as succinic anhydride-
functionalized polyethylenimine (PEI-SA) facilitated the exfoliation of
graphene and simultaneously stabilized the dispersion in water. The
cation-π interaction between the protonated amines in dispersant and
π-electron-rich structure in graphite along with the steric hindrance of
PEI-SA stabilized the graphene dispersion in the water for more than
six months [102]. The presence of negatively charged carboxylic group
(COO−) in the GO and rGO facilitate their dispersion in aqueous and or-
ganic solvents based on ionic interaction with surfactants. The hydro-
philic end of surfactant-like didoceyldimethylammonium cation
showed ionic interaction with negatively charged carboxylic groups of
GO and rGO, whereas hydrophobic tail showed affinity towards organic
solvents. A shaking of suchmixture transferred the surfactant-stabilized
GO and rGO in the chloroform, as demonstrated in Fig. 8 [100]. A simple
approach to prepare the graphene by Li+-OH− assisted exfoliation
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showed stable dispersion of graphene in water without sonication or
surfactants. The positive charge introduced due to intercalation of Li+

to graphene attracted the negatively charged hydroxyl groups and
made them hydrophilic for stable dispersion in water [103].

Ionic liquids (ILs) are established as an excellent exfoliating and
dispersing medium for graphene. The interactions between the π-
electron clouds of graphene and positive charge of cationic moieties in
ionic liquids facilitate the dispersion. Importantly, most of the ILs have
surface tensions in the range of surface energy of graphite, which is the
prime requirement for any dispersing media/solvent to exfoliate the
graphite [112,113]. The graphite was efficiently exfoliated using the 1-
hexyl-3-methylimidazolium hexafluorophosphate (HMIM-PF6) ionic liq-
uid, and resultant dispersion exhibited stability more than three weeks
with maximum graphene concentration of 5.33 mg.mL−1 [112]. The mo-
lecular dynamics study and experimental kinetic analysis revealed that
collective van der Waals forces between graphene and ILs express the
long-range dispersion interaction and short-range cation-π interaction
[119]. The low-viscosity ionic liquid-like 1-ethyl-3-methylimidazolium
dicyanamide (EMIM-DCA) IL yielded stable dispersion of 1wt% graphene
via mechanical mixing and sonication, and it exhibited stability for more
than two months [114]. The poly(1-vinyl-3-butylimidazolium chloride),
a polymeric ionic liquid stabilized-graphene sheets furnished stable dis-
persion in the 1-butyl-3-methylimidazolium hexafluorophosphate
(BMI-PF6) ionic liquid drivenbyπ-π interactionbetween the imidazolium
rings of the polymeric ionic liquid and the graphene lamellae [115]. The
ionic liquid-based polyether, poly(1-glycidyl-3-methylimidazolium chlo-
ride) as stabilizers furnished the stable dispersion of graphene in the
aqueous medium [120]. Table 2 summarizes the dispersion stability of
GO, rGO, and graphene in a wide range of organic solvents and water.

Solvothermal reduction of GO in organic solvents is the most
emergent chemical reduction to produce the stable dispersion of
rGO in the processable solvents without the use of any stabilizer or
surfactant [97,121,122]. The solvothermal reduction of GO in DMF
yielded the [NH2(CH3)2]+-stabilized graphene (STG), which is dis-
persible in the DMF. The dispersion of STG (0.3 mg.mL−1) in DMF
was found to be stable for more than one year [97]. The STG could
be re-dispersed (Fig. 9) in those organic solvents (NMP, DMSO,
DMAC, and acetonitrile), which have a product of polarity and hy-
drogen bonding cohesive parameters in the range of 13–29. The
solvothermal reduction of GO in NMP functionalized the rGO
(STRG) by peroxy radicals being generated by solvothermal process-
ing of NMP in the presence of air. The steric effect of functionalized
groups on the surface of STRG sheets facilitates their dispersion in
organic solvents viz. DMF, NMP, propylene carbonate, ethanol, and
THF [121]. Karner et al. revealed that the combination of thermal
and chemical deoxygenation events by NMP under the solvothermal
processing produced the rGO (SRGO). The NMP molecules are
grafted via hydrogen linkages with residual oxygen functionalities
Fig. 8. Schematic illustration representing the transfer of graphene sheets from water to chlor
[100].
of SRGO. The resultant SRGO exhibited good dispersibility in organic
solvents like DMSO, ethyl acetate, THF, acetonitrile, DMF, and CHCl3
with minimal precipitation even after six weeks [122]. Table 3 sum-
marizes the dispersion stability of chemically functionalized rGO,
polymeric-stabilized rGO/graphene, and dispersant-assisted rGO/
graphene in a wide range of organic solvents and water.

The γ-ray irradiation to GO has been established as an environmen-
tally benign and cost-effective approach for preparing the rGO at a
large-scale. Zhang et al. demonstrated a simple method to produce a
stable dispersion of rGO by γ-ray irradiation of GO in DMF [142]. The
electrons being formed by the interaction of high-energy γ-ray irradia-
tion with DMF facilitate the reduction of GO. Furthermore, the forma-
tion of N(CH3)2+ by radiolysis of DMF deposited on the surface of rGO
sheets. As a result, rGO prepared by γ-ray irradiation could be re-
dispersed in DMF, THF, Isopropanol, Glycol, NMP, as shown in Fig. 10.
These dispersions are noted to be stable for two weeks. The γ-ray-
based radiolysis also functionalized the rGO with poly(ethylene)glycol
(PEG-200) via hydrogen bonding network between the residual oxygen
functionalities of rGO and the oxygen atom of PEG molecules. The PEG-
functionalized rGO exhibited stable dispersibility [143].

Dispersibility of graphene-based materials in lube oils is one of the
major prerequisites for furnishing intriguing low-fictional and antiwear
properties. The high cohesive interaction driven by large surface area,
structural defects, and π-π interaction between the graphene sheets
leads to the formation of agglomerates. The larger size agglomerates
of graphene adversely influenced the uninterrupted supply of graphene
to contact interfaces. The highly disorganized arrangement of graphene
sheets in such agglomerates damages the interplanar low shearing
properties of graphene. Therefore, the intriguing low-frictional and an-
tiwear properties of graphene-based materials can be achieved effi-
ciently; when they are thoroughly dispersed, and their fascinating
tribological properties are not compromised.

The use of dispersants/surfactants and the chemical function-
alization of graphene are recognized as simple and economic ap-
proaches to improve the dispersibility of graphene in lube-base
oils. The use of dispersants and grafting of surface-active molecules
over the graphene sheets are selected based on the nature of lube
oils being used for dispersion of graphene-based materials. The
grafting of long alkyl chains on GO and rGO increase the compatibil-
ity of resultant graphene-based materials with mineral and syn-
thetic lube base oils, driven by the van der Waals interaction
between the long alkyl chains of surface-active molecules grafted
on graphene-based materials and the hydrocarbon content of lube
base oil [144]. Furthermore, the chain length of grafted molecules
also governs the degree of dispersibility. The dispersion stability of
alkylated graphene in hydrocarbon solvents increased with increas-
ing the chain length of alkyl groups grafted over the graphene's sur-
face. The grafting of 3,5-di-tert-butyl-4-hydroxybenzaldehyde over
oform with the aid of surfactant based on ionic interactions. Reproduced with permission



Table 2
Dispersion stability of GO, rGO, and graphene in a wide range of organic solvents and water.

No. Sample description Medium of dispersion Dose Dispersion
stability

Reference

1 GO prepared by Hummers' method NMP, DMF, THF, ethylene glycol 0.5 mg.mL−1 >3 Weeks [89]
2 Ultrasound-assisted GO dispersion NMP, DMF, THF, Water, ethylene

glycol
0.5 mg.mL−1 >24 Hours [90]

3 rGO prepared by hydrazine reduction of GO 1-Chloronaphthalene, NMP,
o-chlorobenzene

0.5 mg.mL−1 >24 Hours [90]

4 rGO dispersion by reduction of GO in DMF and then top-up with targeted organic
solvents

DMF, DMSO, THF, NMP, acetone,
ethanol, acetonitrile

0.03 mg.mL−1 Stable
dispersion

[91]

5 Graphene prepared by liquid-phase exfoliation of graphite NMP 0.01 mg.mL−1 5 Months [60]
6 Graphene prepared by liquid-phase exfoliation of graphite o-DCB 0.01 mg.mL−1 – [92]
7 Liquid-phase exfoliated graphene via multistep approach NMP 26–28 mg.mL−1 Indefinitely [93]
8 Liquid-phase exfoliated graphene in low boiling point solvents Chloroform, ethanol 0.5 mg.mL−1 80% content

stable
[94]

9 Pristine graphene THF – Stable
dispersion

[95]

10 rGO prepared in organic media via chemical reduction of GO NMP, DMF – 2 Months [96]
11 Graphene prepared by solvothermal reduction of GO DMF 0.3 mg.mL−1 1 Year [97]
12 Graphene prepared by liquid-phase exfoliation assisted by hyperbranched

polyethylene stabilizer
THF 0.045 mg.mL−1 – [98]
CHCl3 0.18 mg.mL−1

13 Graphene prepared via reduction of GO in green tea (polyphenols-based
stabilizers)

NMP, DMSO, DMF, ethanol,
acetone

0.2 mg.mL−1 1 Week [67]

14 Surfactants-stabilized graphene sheets Water 0.75 mg.mL−1 4 Months [101]
15 Graphene prepared by cation-π interaction induced exfoliation of graphite

using polymeric dispersant
Water 0.56 mg.mL−1 6 Months [102]

16 Graphene prepared by Li-OH driven exfoliation of graphite without sonication
and surfactant

Water 0.09 mg.mL−1 – [103]

17 Solution-processed exfoliated graphene nanoplatelets with the aid of 15%
polycarboxylate-based surfactant

Water 1% 6 Hours [104]

18 Graphene platelets prepared by fluorinated surfactant-assisted ultrasonic
exfoliation of graphite

Water – 3 Weeks [105]

19 Graphene prepared by sodium cholate surfactant-assisted exfoliation
of graphite

Water 0.41 mg.mL−1 Stable
dispersion

[106]

20 Graphene prepared by sodium deoxycholate surfactant-assisted exfoliation
of graphite

Water 2.58 mg.mL−1 Stable
dispersion

[106]

21 Graphene prepared by sodium cholate surfactant-assisted exfoliation
of graphite

Water 0.3 mg.mL−1 Stable
dispersion

[107]

22 Graphene prepared by sodium taurodeoxycholate surfactant-assisted
exfoliation of graphite

Water 7.1 mg.mL−1 – [108]

23 Graphene prepared by hexahydroxytriphenylene (as exfoliant and
dispersant)-assisted exfoliation of graphite

Water 0.28 mg.mL−1 2 Months [109]

24 Solution-processed exfoliated graphene with the aid of vinylimidazole-based
polymer as a high-performance stabilizer

Water 3.25 mg.mL−1 [110]

25 Liquid phase production of graphene by sodium dodecylbenzene sulfonate
surfactant assisted exfoliation of graphite

Water – >6 Weeks [111]

26 Liquid-phase exfoliated graphene in Ionic Liquid HMIM-PF6 ionic liquid 5.33 mg.mL−1 3 Weeks [112]
27 Liquid-phase exfoliated graphene in Ionic Liquid BMIM-Tf2N ionic liquid 0.95 mg.mL−1 Small

sedimentation
[113]

28 Graphene dispersion via mechanical mixing and sonication EMIM-DCA ionic liquid 1 wt% 2 Months [114]
29 Polymeric ionic liquid-stabilized graphene BMI-PF6 ionic liquid 0.8 mg.mL−1 2 Months [115]
30 Liquid-phase exfoliated graphene in Levulinic acid Levulinic acid 0.065 mg.mL−1 – [116]
31 Sonication-free dispersion of GO using internal pressure from released of

intercalated CO2

Ethanol, THF, DMF, NMP 1.0 mg.mL−1 Stable
dispersion

[117]

32 Sulfonated graphene Water 2.0 mg.mL−1 – [118]
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the rGO sheets facilitates its dispersion in SN-150 mineral lube
oil. The tertiary butyl groups over the surface of chemically-
functionalized rGO exhibit cohesive interaction with hydrocarbon
chains of SN-150 oil driven by van der Waals interaction, resulting
in good dispersion for enhancement of lubrication properties
[126]. The graphene shows immiscibility with synthetic polyol lube
base oil. The covalent grafting of octadecyl chains by using the
organosilanes improved the dispersion stability. Furthermore, the
grafting patterns of organosilanes over the surface of GO and rGO
govern their dispersibility [145]. The modification of GO and rGO
sheets with imidazolium ionic liquids (ILs) by simple mixing or co-
valent grafting improved their compatibility with various lube base
oil viz. multialkylated cyclopentane and PEG 200 [146,147]. The var-
iable strategies for synthesizing and functionalization of graphene,
GO, rGO are designed considering the chemical nature and physico-
chemical properties of lube base oil.
5. Tribological applications of graphene-based materials

5.1. Graphene, GO and rGO as lubricant additive

Water-based lubricants are widely used for several engineering ap-
plications such as oil extraction, cutting fluids,metalfinishing, hydraulic
fluids,metal forming processes, and so on. The low cost, abundant avail-
ability, good thermal conductivity, and environmental compatibility
make water an excellent lubricating media. The natural systems use
water as a lubricating fluid. In the biological systems, the presence of
proteins, especially glycol-proteins, modify the interactive surfaces to
make them lubricated in the presence of water-based fluids. The
waterwithout additives is a poor lubricant inmost of theman-made en-
gineering systems. The high adhesion, formation of oxides/hydroxides,
and corrosion-induced degradation limits its potential for metal sur-
faces. Therefore, water-miscible additives, which can protect the metal



Fig. 9. Dispersion of [NH2(CH3)2]+-stabilized graphene (STG) in variable organic solvents and water. The number on each sample represents the solvents; (1) hexane, (2) triethylamine,
(3) toluene, (4) dimethyl ether, (5) diethylamide, (6) DCM, (7) chloroform, (8) ethyl acetate, (9) THF, (10) pyridine, (11) acetone, (12)NMP, (13)N,N-dimethylacetamide (DMAC), (14) 2-
isopropanol, (15) acetonitrile, (16) DMF, (17) DMSO, (18) ethanol, (19) ethylene glycol, (20) water, and (21) methanol. Reproduced with permission [97].
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surfaces and dissipate the heat, are gaining significant attention for
aqueous-based lubricating systems.

The tribological system generates heat because of friction. The dissi-
pation of heat from contact interfaces is the prime requirement for a
good lubricant system [148]. The conductivity of graphene-blended lu-
bricants is governed by intrinsic thermal property of graphene along
with the interfacial thermal resistance between the graphene-based
materials and the lube oil. The 2D planar structure, along with signifi-
cantly high surface area, makes graphene-basedmaterials highly prom-
ising candidates to take away the heat from contact zones when they
are nicely dispersed in the lubricatingmedium. The higher degree of in-
terfacial contacts between the GO/chemically-functionalized rGO and
water, driven by excellent dispersibility, notably reduced the contact re-
sistance and furnished the excellent thermal conductivity to water
[149,150]. The inherently high thermal conductivity in the chemically-
functionalized rGO provided excellent heat dissipation properties to lu-
bricant system.

The aqueous dispersion of GO has been an excellent lubricating
fluid to reduce friction and wear. The stable dispersion of single-
layered GO in water (1 wt%) significantly improved the lubrication
between the steel plate and tungsten carbide (WC) ball (Fig. 11).
The average coefficient of friction was reduced to ~0.05 from 0.4
(for purified water) and showed no apparent wear even after
60,000 cyclic contacts. The elemental mapping results suggested
the adsorption of GO sheets on the contact interfaces for the en-
hanced lubrication performance [151]. The aqueous dispersion of
GO as a lubricating medium between the diamond-like carbon-
coated steel disc and stainless steel ball decreased the coefficient
of friction by 57% compared to water. The presence of GO inhibited
the oxidative corrosion of contact interfaces. The lowering of fric-
tion was attributed to the formation of GO-based tribo-layer by
the embedding of GO sheets on the contact interface and binding
of water molecules on GO-based tribo-layer, which facilities the lu-
brication [152].

The pH of GO dispersion influenced the chemical structure and na-
ture of the charge. The increasing pH from acidic to alkaline not only
breaks-down the sheets but also reduced them; consequently, signifi-
cant changes were observed in the tribo-performance. The coefficient
of friction and wear were increased at higher pH. The variable lubrica-
tionmechanisms at different pHwere attributed to the physicochemical
and morphological features of GO. The larger size of GO sheets at acidic
pH tended to cover the contact interfaces by forming a protective tribo-
film, which reduced the wear and friction, effectively. The relatively
smaller sheets of GO at alkaline pH couldn't form a good quality tribo-
thin film, whereas they entered the contact area and caused the high
density to scratch the sliding pairs. Consequently, high wear with alka-
line dispersion of GO [153]. The efficacy of lubrication by GO-based dis-
persion can be improved using the chemically-functionalized
engineering surfaces. The 3-aminopropyltriethoxysilane (APS) coated
albronze facilitates the deposition of GO sheets driven by the interaction
between the oxygen functionalities of GO and amino groups of APS thin
film, which results in the formation of durable and good quality tribo-
film on the contact interface. The tribo-results revealed the significant
reduction of friction (44%) and wear rate (80%) compared to the
deionised water, and it was attributed to the synergistic effect of the
amino-terminated surface of albronze and GO additive [154]. The fluo-
rination of GO enhances lubrication performance. The fluorination of
GO at variable reaction conditions (temperature: 40 and 180 °C; F2 con-
centration: 1 and 6%) yielded the oxygen-enriched GO (OFG) and
fluorine-enriched GO (FGO). The difference in chemical composition,
structural features, and dispersibility of GO, OFG, and FGO in water gov-
ern their tribo-performance. The aqueous dispersion of OFG (0.5 mg.
mL−1) decreased the wear rate between the steel tribo-pair by 47%
and 31% compared to that of water and GO dispersion, respectively.
However, FGO with poor-dispersibility with water couldn't improve
the tribo-performance of water. The ample oxygen functionalities
make the OFG highly dispersible in the water, whereas the presence of
fluorine in the OFG decreased the interlamellar-spacing, which facili-
tates the interplanar slips under the tribo-stress. The collective effects
of good dispersibility and self-lubricating properties of OFG offered ex-
cellent tribo-performance for aqueous-based lubricant system [155].

The GO as an additive to water showed significantly improved
friction-reducing and antiwear capability than the graphene. The supe-
rior tribological performance of GO nanofluids is attributed to highly
hydrophilic oxygen-enriched functionalized groups (hydroxide, car-
boxylic, carbonyl, and so on) over the surface of GO. The high polarity
of GO, driven by oxygen functionalities, facilitates the deposition on
metal-based tribo-surfaces. The improved adhesion between the GO
and the metal surface furnish long-term stability and load-bearing ca-
pacity to GO-based tribo thin film compared to the graphene [156]. Fur-
thermore, the excellent dispersibility GO in the water ensures its
uninterrupted supply to the contact area and form the protective layer
on the interacting surfaces. Table 4 summarizes the various approaches
for the preparation of GO dispersion in water and then their lubrication



Table 3
Dispersion stability of chemically functionalized rGO, polymeric-stabilized rGO/graphene, and dispersant-assisted rGO/graphene in a wide range of organic solvents and water.

No. Sample description Medium of dispersion Dose Dispersion
stability

Reference

1 Graphene dispersion via solvothermal reduction of graphene oxide in DMF DMF 0.3 mg.mL−1 1 Year [97]
NMP, DMSO, DMAC, acetonitrile – –

2 Solvothermally-reduced and functionalized GO by NMP NMP 1.4 mg.mL−1 1 Month [121]
DMF, ethanol, THF, propylene
carbonate,

– –

3 Solvothermally reduced graphene oxide (SRGO) by NMP DMSO, ethyl acetate, THF, acetonitrile,
DMF, ethanol, CHCl3

1 mg.mL−1 6 Weeks [122]

4 Chemically functionalized graphene by 1,3 dipolar cycloaddition of
azomethineylide

Ethanol 0.5 mg.mL−1 > 30 Days [123]

5 Hydrazinium ion-stabilized graphene Water – Few
months

[124]

6 Ethylenediamine triacetic acid-functionalized rGO by silylation and then
reduction

Water 1 mg.mL−1 3 Months [125]

7 3,5-di-tert-butyl-4-hydroxybenzaldehyde
grafted-graphene (Gr-DtBHBA)

SN-150 Mineral Lube Oil 0.8 mg.mL−1 [126]

8 Fluorinated graphene prepared by direct fluorination of graphene utilizing F2 Liquid Paraffin 0.3 mg.mL−1 Stable [127]
9 Nano-fibrillated cellulose (NFC) stabilized rGO Water 0.3 mg.mL−1 Stable [128]
10 Graphene nanosheets prepared by chemical reduction in DMF using

ethylenediamine as a reducing agent
DMF – – [129]

11 Octadecylamine-functionalized Graphene Hexadecane 0.1 mg.mL−1 2 Days [10]
12 Bio-functionalized graphene produced by ultrasound-assisted exfoliation

of graphite by self-assembling of fungal hydrophobin Vmh2 protein
Ethanol-Water (6:4 ratio) – 6 Months [130]

13 Poly(N-vinyl-2-pyrrolidone) stabilized rGO prepared by reducing GO in
the presence of poly(N-vinyl-2-pyrrolidone)

Water 4 mg.mL−1 Several
months

[131]

14 rGO prepared by ultrasound-assisted reduction of GO using hydrazine
reducing agent

Water 1 mg.mL−1 40 Days [132]

15 Graphene prepared by silk fibroin (protein) nanofibers-assisted exfoliation
of graphite in water

Water 1.92 mg.mL−1 30 Days [133]

16 Poly(acrylic acid) brushes-functionalized thermally rGO Water 0.05 wt% 4 Days [134]
17 Surfactant (TSiPD·+) stabilized graphene prepared by sonication of

graphene in TSiPD·+ solution
Water 10 mg.mL−1 1 Month [135]

18 Polymeric dispersant-stabilized rGO prepared by reduction of GO in the
presence of poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate)
dispersant

Water 1 mg.mL−1 6 Months [136]

19 Electrostatically-stabilized rGO prepared by reduction of GO using the
excess of hydrazine and NH3 solution

Water 0.5 mg.mL−1 2 Days [137]

20 Graphene-polyaniline composite prepared by in-situ polymerization of
aniline on the surface of polystyrene sulfonic acid-grafted graphene

Water 0.25 mg.mL−1 3 Weeks [138]

21 Chemically modified graphene produced by hydrazine reduction of
KOH-stabilized GO dispersion in water

Water – 4 Months [139]

22 Graphene produced by ultrasound-assisted exfoliation of graphite in the
presence of vinylimidazole-based polymeric stabilizers in water

Water 3.25 mg.mL−1 – [110]

23 Gelatin-assisted fabrication of graphene by exfoliation of graphite in water Water 0.3 mg.mL−1 4 Weeks [140]
24 Graphene prepared by chemical reduction of GO in the presence of nonionic

Pluronic copolymer (poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly-(ethylene oxide) triblock copolymer

Water 1 mg.mL−1 – [141]

25 rGO prepared by γ-ray induced reduction of GO in DMF at room temperature DMF, THF, isopropanol, glycol, NMP 1 mg.mL−1 2 Weeks [142]

12 A. Chouhan et al. / Advances in Colloid and Interface Science 283 (2020) 102215
performance under variable conditions viz. applied load, speed, contact
geometry, and frictional pair.

The incompatibility between the highly polar GO nanosheets and
the non-polar mineral lube oil leads to poor dispersion. It has been a
great challenge for their utilization in industrial lubricant applica-
tions. Recently, Wu et al. revealed that GO could be dispersed in
the aviation lubricant with the aid of sonication. However, such dis-
persion showed poor stability for a long time. Nonetheless, GO as an
additive (0.5 wt%) to aviation lubricant could improve the load-
carrying capacity, friction, and wear-resistant by 18%, 15%, and
34%, respectively, between the Si3N4 and steel tribopair. The detailed
studies of worn surfaces based on EDX and Raman spectroscopic
measurements suggested that GO can easily enter the contact inter-
faces and formed a protective thin film, which reduced the friction
and protected the contact interfaces against the wear [166]. The GO
dispersion stabilized by polyisobutylsuccinic acid-polyamine ester
dispersant in mineral oil has been investigated under the boundary
and elastohydrodynamic regimes and showed significant improve-
ment in lubrication performance between the steel tribo-pair. The
formation of protective thin film by GO was accountable for the re-
duction in friction and wear [167].
TheGO and graphene have been explored as potential additives for a
diversified range of lubricating fluids to enhance the tribo-performance
by reducing the friction and protecting the contact interfaces [159,168].
The chemically-exfoliated graphene suspended in the ethanol de-
creased the coefficient of friction andwear by factors of 6 and 4, respec-
tively, between the steel tribopair. The Raman spectroscopic analyses of
the graphene-lubricated worn track showed the suppressed signature
of iron oxide, revealing the passivation of contact interfaces by a confor-
mal protective coating of graphene layers. The tribo-induced deposition
of graphene layers not only reduced the tribo-corrosion and wear but
also facilitated the shearing; which results in a significant reduction of
friction between the steel tribo-pair [168]. The dispersion of exfoliated
graphene stabilized by Triton X-100 surfactant has been demonstrated
as aqueous-based lubricants for the steel tribopair. An aqueous disper-
sion of graphene (110 μg.mL−1) decreased the friction by 81% and
wear volume by two orders of magnitude owing to the formation of
graphene-based tribo-layer on the sliding contact interfaces. Further-
more, the stabilized dispersion of graphene outperformed the GO dis-
persion under identical experimental conditions. The lubrication
mechanism emphasized the role of surfactant, which facilitates the
graphene deposition process on the contact interfaces by adjusting the



Fig. 10.Dispersion of rGO prepared byγ-ray irradiation-based reduction of GO in theDMF.
The dispersion of rGO in (a) isopropanol, (b) glycol, (c) DMF, (d) THF, and (e) NMP
solvents are shown after two weeks to demonstrate dispersion stability. Reproduced
with permission [142].

13A. Chouhan et al. / Advances in Colloid and Interface Science 283 (2020) 102215
dispersion wettability of the mating surfaces for superior tribo-
performance [160]. The dispersion of Span-80 surfactant-stabilized
graphene in the polyalphaolefin (PAO4) lube oil exhibited significantly
improved lubrication properties for textured alloy cast iron surface.
The 0.01 wt% dose of graphene in PAO4 could reduce the wear rate of
flat and textured surfaces by 50% and 90%, respectively. The enhanced
tribo-performance was attributed to the combined effect of micro-
dimples on the textured surface and graphene nano-additive. The
sheared graphene layers under the sliding contact stress formed a pro-
tective thin film of low shear strength. Furthermore, storing of graphene
dispersion in the dimple accelerates thinfilm formation under the tribo-
stress, consequently significantly enhanced tribo-performance by
graphene dispersion for textured surfaces [169].

Graphene tends to form aggregates driven by cohesive interaction
and settle down in the lubricants, which compromised the tribo-
performance of graphene-based lubricants. The crumpled graphene
balls prepared by rapidly evaporating of aerosol droplets of GO sheets
exhibited excellent dispersibility in the PAO4 lube oil; whereas the ag-
glomerations were seen in the dispersion of rGO, carbon black, and
graphite particles in the PAO4 lube oil. The dispersion of crumpled
graphene balls reduced the friction (20%) and wear coefficient (85%)
of lube oil and outperformed the dispersions of rGO, carbon black,
Fig. 11. Variation in the coefficient of friction between the WC ball and stainless steel plate in
measurements are carried out using purified water, water-based emulsified liquid, PAO, and
load: 1.88 N. Reproduced with permission [151].
graphite particles, and fully formulated 5W30 lubricant (Fig. 12). The
self-dispersion, high mechanical strength, and nanoscale ball bearing-
function collectively enhanced the lubrication performance of crumpled
graphene balls-based lubricant [170]. The highmechanical strength and
inertness of fluorinated graphene promise its potential for tribological
applications. The fluorinated graphene prepared by liquid-phase exfoli-
ation of fluorinated graphite as lubricant additive to PAO40 significantly
improved the anti-wear property and exhibited better friction stability
along with durability of lube oil [171]. The graphene quantum dots
(GQDs) as an additive to PAO lube oil showed notably enhanced tribo-
performance between the steel tribopair under the boundary lubrica-
tion by reducing the friction (60%) andwear (91%). The improved lubri-
cation performance was attributed to the synergistic effect of a densely
packed protective tribo thin film formed on the contact interfaces and
presence of friction-induced graphene-like debris in the contact area
[172]. Table 5 summarizes the various approaches for the preparation
of GO, graphene, and rGO along with their application as additives to
various lubricating media for enhancement of tribological properties.

The rGO prepared by chemical, thermal, radiation-induced reduc-
tion of GO showed excellent potential as a lubricant additive to improve
the tribological properties between the engineering surfaces. The syn-
thesis approaches influence the chemical and structural features of
rGO. Ramaprabhu et al. have synthesized graphene by solar light-
induced exfoliation of graphite oxide. The prepared graphene nano-
sheets showed good hydrophobicity and excellent dispersibility in the
engine oil. The graphene-based engine oil (0.025 mg.mL−1) decreased
the friction and wear scar diameter by 80% and 33%, respectively,
whereas extreme pressure properties increased by 40% compared to
the engine oil. The enhancement of tribo-performance was attributed
to topological structure, high mechanical strength of graphene, excel-
lent dispersibility, and the formation of nano-bearing between the
steel balls [175]. The direct thermal reduction of GO yielded a lot of
wrinkles, folds, holes, and structural defects, which alter the intrinsic
features of graphene, including shearing properties under the tribo-
stress. The thermal reduction of GO in sulphuric acid produced the
rGO (SA-trGO) lamellar structure without folds and wrinkles. The SA-
trGO as an additive to PAO6 exhibited outstanding tribo-performance
and decreased the coefficient of friction and wear rate by 30% and
75%, respectively [176]. The thermal reduction of graphite oxide in the
presence of KOH yielded the highly exfoliated rGO (herGO), and the
the presence of water-based lubricating fluids, including dispersion of GO. The friction
three different samples of GO dispersion (a) (b) and (c) as lubricating medium. Applied



Table 4
Preparation of GO dispersion by various approaches and their lubrication performance under variable working conditions viz. applied load, speed, contact geometry, and frictional pair.

No. Preparation method/brief description Lube
medium

Frictional pair Load Contact geometry Friction
reduction

Wear
reduction

Reference

1 GO Prepared by modified Hummers' method and microwave
irradiation

Water Steel/WC Ball 1.88 N Ball-on-disk 87.5% – [157]

2 GO Prepared by modified Hummers' method Water DLC/Steel 10 N Ball-on-disk 57% – [158]
3 Commercially procured GO; accessed the effect of pH (3.1–9.7) Water Steel/Steel 20 N Ball-on-three-plates 44.4% 17.1% (wear

scar radius)
[153]

4 Commercially procured GO; used for amino-terminated
self-assembled thin-film on albronze

Water Steel/Albronze 2 N Ball-on-disk 43.6% 79.7% (wear
rate)

[154]

5 Selective fluorination of GO; having a variable degree of oxygen
functionalities and fluorine

Water Steel/Steel 20 N Ball-on-plate ~22% 47% (wear
rate)

[155]

6 GO Prepared by Hummers' method Water Steel/Steel 10 N Ball-on-plate ~74% 64% (wear
scar
diameter)

[159]

7 Exfoliation of graphite in water with aid of Triton X-100
(non-ionic surfactant)

Water Steel/Steel 2–15 N Ball-on-plate 81.3% 61.8% (wear
scar
diameter)

[160]

8 Graphene-oxide nanosheets with an ionic liquid Water Si3N4/Sapphire 2–4 N Ball-on-disk Superlubricity – [161]
9 Graphene-oxide nanoflakes and ethanediol in aqueous medium Water Si3N4/SiO2 2–4 N Ball-on-disk Superlubricity – [162]
10 Pristine graphene, fluorinated graphene and graphene oxide

nanoflakes were deposited on SiO2 substrates to form graphene
coatings

Water &
glycerol

Si3N4/SiO2 1.5–4 N Ball-on-disk Superlubricity – [163]

11 Graphene oxide and onion-like carbon nano additive Water Steel/Steel 2–10 N Ball-on-disk ~29% – [164]
12 Tribological performances of SiO2/graphene combinations as

water-based lubricant additives
Water Steel/Mg alloy 3 N Ball-on-disk 48.5% 79% Wear

volume
[165]
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microstructure of herGO is controlled by the ratio of graphite oxide and
KOH. The herGO as an additive to PAO6 (0.5 wt%) decreased the wear
scar depth and coefficient of friction by 90% and 44%. The enhanced
tribo-performance was attributed to shearing by the book-like layered
microstructure of herGO [177].

Besides the chemical structure, themicrostructure of rGO sheets also
monitors the lubrication properties. The rGO with regular edges as an
additive to the hydraulic oil favoured the lubrication by reducing the
coefficient of friction (28%) and wear-scar depth (14%), whereas the
rGO with irregular edges and wrinkles showed no significant changes
in tribo-performance of hydraulic oil. The graphene sheets with regular
edges formed the thick and consistent tribo-film under the sliding
stress, which avoided the asperities contacts and enhanced the
Fig. 12. Comparison of lubrication between fully formulated 5W30 lubricant and crumpled grap
oil outperformed the fully formulated 5W30 lubricant. (A) Coefficient of friction, (B) wear coe
crumpled graphene balls in PAO4 base oil. Reproduced with permission [170].
lubrication properties (Fig. 13). The graphene with irregular edges and
wrinkles formed the thin film of discrete patches, leading to direct con-
tact between the asperities of mating surfaces and provides high resis-
tance to shear under the sliding stress; consequently, relatively higher
friction and wear [178]. The rGO has been demonstrated as an additive
to lubricants for improving the tribological properties by (a) reducing
the frictional energy losses, (b) enhancing the lubricant drain time,
(c) increasing the wear-resistivity of machinery parts, (d) improving
the conductivity to take away the heat from contact interfaces, and
(e) decreasing the carbon footprints by fuel conservation. Furthermore,
the rGO exhibited no signatures of acute toxicity during in-vitro studies
usingprokaryotic and eukaryotic cells. These results suggest the safe use
of rGO as a lubricant additive not only enhances the tribo-performance
hene balls in PAO4 base oil. The 0.1 wt% dose of crumpled graphene balls in the PAO4 base
fficient, and (C and D) 3D profile images of the wear tracks using the 5W30 lubricant and



Table 5
Lubrication enhancement by dispersion of GO, graphene, and rGO as additives to lubricating media. The contact geometry, dosage of graphene-basedmaterials, and lubricating media are
presented to understand their roles for enhancement of tribological properties.

No. Preparation method/brief description Additive Lube medium Additive dosage Contact
geometry

Friction
reduction

Wear
reduction

Reference

1 Commercially procured GO
nanoplates

GO 4010 Aviation
lubricant

0.25–1.0 wt% Four-ball 14.7% 34% (wear scar
diameter)

[166]

2 Modified Hummers' method;
polyisobutylsuccinic acid-polyamine
ester was used to prepare the GO
dispersion in the oil

GO SN-150 0.01 wt% Ball-on-disk 14–18% 12–30% (wear
scar diameter)

[167]

3 Chemical exfoliation of highly
oriented pyrolytic graphite

Graphene Ethanol 1.0 mg.L−1 Ball-on-disk 84% 83% (wear
volume)

[168]

4 Commercially procured graphene;
dispersed in the PAO 4 lubricant with
the assistance of Span-80 dispersing
agent

Graphene PAO4 + 1 wt%
Span-80

0.01 wt% Ball-plate
(flat and
textured)

~51% 52% (wear rate) [169]

5 Crumpled graphene balls prepared
by capillary compression in rapidly
evaporating aerosol droplets of GO
sheets

Crumpled graphene
balls

PAO4 0.01–0.1 wt% Ball-on-disk 20% 85% (wear rate) [170]

6 Fluorinated-graphene prepared by
ultrasound-assisted exfoliation of
fluorinated graphite in NMP using
EDA as an intercalation agent

Fluorinated-graphene PAO40 0.1–0.4 mg.
mL−1

Ball-on-disk – ~79% (wear rate) [171]

7 Graphene quantum dots were
prepared by acid treatment and
chemical exfoliation of conventional
pitch-based carbon fibers

GQDs Multialkylatedcyclopentanes 2.0 wt% Ball-on-disk 60% 91% (wear
volume)

[172]

8 Graphene sheets were wrapped to
form horn-shaped cones with a
half-fullerene cap (30–50 nm length
and 2–5 nm diameter)

Graphene-based
nano-horns

Poly-alkylene
glycol

0.04–1.0 wt% Ball-on-disk 18% 70% (wear
volume)

[173]

9 Commercially procured graphene Graphene Esterified bio-oil 0.5 wt% Four-ball ~35% ~27% (wear scar
diameter)

[174]

10 Graphene was prepared by
exfoliation of graphite oxide using
focused solar light radiation

Graphene Engine oil 0.012–0.062 mg.
mL−1

Four-ball 80% 33% (wear scar
diameter)

[175]

11 Thermal reduction of GO at 160 °C in
sulphuric acid to prepare a lamellar
structure of rGO without folds and
wrinkles

SA-tRGO PAO6 0.0–1.0 wt% Ball-on-disk 30% 75% (wear rate) [176]

12 Thermal reduction of graphite oxide
with a variable mole ratio of KOH at
700 °C

hrGO PAO6 0.5 wt% Ball-on-disk 44% 90% (wear scar
depth)

[177]

13 Reduced graphene oxide of different
micro-morphologies having regular
edges (RG), irregular edges (ir-RG),
and both irregular edges and
wrinkles (ir-RWG) prepared by
ball-milling of commercially
procured rGO

RG, ir-RG, ir-RWG Hydraulic oil 0.1–5.0 wt% Ball-on-disk 27.9% 14.1% (wear
depth)

[178]

14 Commercially procured rGO rGO Base oil – Ball-on-disk 40% – [179]
15 Reduced graphene oxide with

variable interlamellar spacing
prepared by chemical (FLG-Ls) and
thermal (FLG-Ms) reduction of GO;
Commercially procured highly
oriented multilayer graphene
(MLG-Ss)

FLG-Ls, FLG-Ms,
MLG-Ss

PAO6 0.1–2.0 wt% Ball-on-disk ~50% ~93% (wear
depth)

[180]

16 Mild thermal reduction of GO at
700 °C

MrGO PAO6 0.25–2.0 wt% Ball-on-disk 30% 73.5% (wear
depth)

[181]
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but also reduces the environmental impact of transportation for sustain-
able growth of automotive sector [179].

The state near to vanish the friction is known as superlubricity. It is
the most efficient way to reduce the losses of frictional energy and has
attracted significant attention over the recent past. The origin of ultra-
low friction lies in the incommensurability between the rotating graph-
ite layers. The presence of graphite flake between the substrate and the
tip elucidated the contact orientation-dependence friction. The two
contact orientations governed by rotational angle furnished the high
friction, where the graphite flake and the substrate lattices might have
perfectly aligned and achieved the commensurate contact, whereas
the rest of contact orientations in the intermediate rotational angle
established the incommensurate contact and furnished superlubricity
[182]. The superlubricity can be achieved when the graphene is syner-
gistically used with nanodiamond particles and diamond-like carbon.
The graphene sheets at a sliding interface wrapped the nanodiamonds
under the sliding tribo-stress and yielded the nanoscrolls of the reduced
contact area. The slid of such nanoscrolls against the diamond-like car-
bon surface, achieved the incommensurate contact, and remarkably re-
duced the coefficient of friction to ~0.004, signifying the macroscopic
superlubricity [183]. The graphene nanoflakes over the graphite surface
showed translational and rotational motions between commensurate
initial and final states, as deduced from a scanning tunneling micro-
scope. A tip-induced transition of graphene nanoflakes with underlying



Fig. 13. Lubricating mechanism emphasizing the role of micromorphological features of graphene sheets (having regular or irregular edges) in the formation of a protective thin film on
contact interfaces. RG: regular edges graphene; ir-RG: irregular edges graphene; ir-RWG: irregular edges and wrinkles graphene. Reproduced with permission [178].
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graphite surface formed a commensurate to an incommensurate (the
superlubric state) contact orientation, followed by rapid sliding until
another commensurate position is reached [184]. The superlative state
of graphene for remarkably low friction is further explored bymolecular
dynamics and new force field techniques. The unusual sliding mecha-
nisms and temperature dependence of graphene in different contact
orientations furnished the superlative state [185].

Recently, Luo group presented a novel method to achieve the liquid-
superlubricity under extreme contact pressure by the synergistic effect
of 2D materials and liquid molecules [161]. A robust macroscale
liquid-superlubricity (μ ≈ 0.005) under extreme pressure of 600 MPa
was recorded by a combination of GO sheets with ionic liquid ([Li
(EGO]PF6) for Si3N4/sapphire tribo-pair. Ionic liquid helps to form a
boundary layer at the tribo-interfaces, while the GO sheets showed ex-
tremely low shear properties, and the combined effect led to liquid-
superlubricity under extreme pressure. The macroscale superlubricity
(μ ≈ 0.0037) is also achieved by a combination of GO nanoflakes with
ethylene glycol at the Si3N4/SiO2 interface [162]. Most recently, the
graphene coating on SiO2 substrates was made by using pristine
graphene (PG), fluorinated graphene (FG), and GO materials for deter-
mination of superlubricity characteristics in the presence of an aqueous
solution of glycerol [163]. It was noted that PG coating exhibited better
tribological properties as compare to FG andGO coatings. Superlubricity
(μ=0.004) was achieved by a combination of glycerol with PG coating
was attributed to the formation of graphene nanoflakes tribofilm at the
contact zone.

5.2. Chemically functionalized graphene, GO and rGO as lubricant additive

Graphene and rGO as additives to lubricants performwell when they
are thoroughly dispersed in the lube oil and exhibited long-termdisper-
sion stability. In the recent past, several approaches have been made to
functionalize the GO and rGO to make them dispersible in lubricating
oils. The GO, a non-stoichiometric material with ample oxygen func-
tionalities, offers a platform for rich chemistry to occur within the
interplanar gallery (basal plane) and along the edges of sheets
[33,156,157]. The selective chemical functionalization targeting the spe-
cific type of oxygen functionality or reactions with multiple oxygen
functionalities make the GO a potential material for several applications
[186,187]. In the recent past, numerous types of functionalization based
on covalent and non-covalent interactions driven by oxygen functional-
ities, π-electron-rich structure, and structural defects of GO have been
demonstrated. The primary purpose of chemical functionalization of
GO and rGO is to furnish their long-term dispersibility in liquid media
or solvents for expanding their potential for various applications,
particularly for those domains, where the solution-processed graphene
is needed [32,188–190]. Herein, functionalization of GO, rGO, and
graphene is critically reviewed emphasizing their dispersion in the
lubricating fluids and enhancement of tribological properties by
graphene-based additives.

The carboxylic groups in GOwere selectively targeted for grafting of
alkylamines via amide linkage using the thionyl chloride as a coupling
reagent. The long alkyl chains of octadecylamine-functionalized GO
(GO-ODA) furnished cohesive interaction with hexadecane; conse-
quently, the GO-ODA is nicely dispersed in hexadecane. The minute
dose of GO-ODA (0.06 mg.mL−1) decreased the coefficient of friction
and wear scar diameter of hexadecane by 26% and 9%, respectively.
The enhanced tribo-performance was attributed to uninterrupted sup-
ply of GO-ODA to contact interfaces of steel tribopair [10]. The presence
of oxygen functionalities viz. hydroxyl, ether, epoxy, etc., particularly in
the basal plane of alkylated GO decreased the modulus and mechanical
strength [32,161]. Thus, the GO-ODA as an additive couldn't show sig-
nificant improvement in the wear (9% only).

The rGO prepared by chemical reduction exhibits the residual oxy-
gen functionalities. The structural defects distributed across the sheet
of rGO and the edges are prone to be oxidized into the carboxylic acid
using mild nitric acid. The carboxylic groups in partially oxidized rGO
were targeted for covalent coupling with ODA via an amide linkage to
yield the alkylated-rGO (Fig. 14). The stable dispersion of rGO-ODA in
the 10W40 engine oil significantly reduced the coefficient of friction
(36%) and wear scar diameter (35%) between the steel balls. Further-
more, the tribo-performance of rGO-ODA was found to be better than
the corresponding GO-ODA. The presence of oxygen functionalities in
the GO-ODA diminished the shearing under the tribo-stress; conse-
quently, poor performance compared to rGO-ODA [144]. The atomic
force microscopic studies further revealed that the presence of oxygen
functionalities in graphene oxide compromised themechanical proper-
ties and the effective Young’s modulus is estimated to be lower than the
graphene [191]. Sahoo et al. have demonstrated simultaneous reduction
of GO and grafting of ODA without using any reducing and coupling
agent [192]. The surface functionalization of GO with ODA was facili-
tated by nucleophilic addition reaction between the amino group of
ODA and epoxy group of GO [193]. The long alkyl chain of ODA grafted
on the GO generates hydrophobicity and showed excellent compatibil-
ity with heavy paraffin oil. The 1wt% dose of highly dispersible GO-ODA
significantly decreased the coefficient of friction (~81%) compared to
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that of graphene in the heavy paraffin oil under themean Hertzian con-
tact pressure of 0.9 MPa [192].

Recently, Khatri et al. revealed the participation of phenolic, carbox-
ylic, epoxy, and other oxygen functionalities for interactions with
alkylamines. The refluxing of aqueous dispersion of GO with ethanolic
solution of alkylamine proficiently grafts the alkylamines via nucleo-
philic addition interaction with basal plane epoxy groups, hydrogen
linkages with the oxygen functionalities, and columbic interactions
with weak acidic sites like carboxylic and phenolic groups as demon-
strated in Fig. 15 [194]. The facile approach for grafting of ODA in the
basal plane and simultaneous reduction of oxygen functionalities in
GO not only restore the graphitic characteristics but also make the
GO-ODA nicely dispersible in the 10W40 lube oil (Fig. 16). The minute
dosage (0.02 mg.mL−1) of GO-ODA notably decreased the friction and
wear of fully formulated 10W40 engine oil. The analysis of worn sur-
faces, particularly the Raman spectroscopic results suggested the depo-
sition of sheared graphene lamellae on the contact interfaces under the
sliding stress. The deposited graphene-based thin-filmnot only protects
the tribo-pairs against the undesirable events of wear but also facilitates
the shearing to reduce the friction [195]. The carboxylic groups in GO
show immense potential for the covalent functionalization with vari-
able organic moieties to convert water-miscible GO to oil-compatible
graphene-based materials for liquid lubricant applications. The oleic
diethanolamide borate (ODAB) has been selectively grafted on GO via
an amide linkage. The resultant GO-ODAB exhibited excellent
dispersibility in the SN 500 lube base oil. The coefficient of friction and
wear scar diameter were decreased by 38.4% and 42%, respectively,
using the 0.02 wt% dosage of GO-ODAB between the steel tribo-pair
[196]. The dodecyl chains were introduced on the surface of GO via
click chemistry-based multi-step covalent functionalization, which in-
cludes the preparation of alkyne-functionalized GO via amide linkage
with carboxylic groups of GO and then click coupling between alkyne-
grafted GO and azidodecane. The resultant material (GO-CuAAC) as an
additive to petroleum lube oil enhanced the tribological properties by
reducing the friction (16%) and wear (30%) [197].

The non-covalent functionalization of rGO with poly(ethylene gly-
col) via γ-radiolysis enhanced the dispersion of resultant material
(rGO-PEG) in the PEG. The high energy γ-radiation exposure formed
the PEG radicals, which are reacted with rGO through hydrogen bond-
ing between the oxygen atoms of PEG molecules and residual hydroxyl
groups of rGO [142]. The γ-radiolysis-based functionalization of rGO ex-
panded the interlamellar spacing by intercalation of PEGmolecules. The
stable dispersion of rGO-PEG reduced the coefficient of friction and
wear rate by 38% and 55%, respectively compared to the un-irradiated
rGO sample in the PEG lubricating media. The rGO-PEG with expanded
interlamellar spacing easily sheared under the sliding tribo-stress be-
tween the contact interfaces and reduced the friction [Fig. 17]. Further-
more, rGO nanosheets are adsorbed on the contact interfaces driven by
mechano-chemical energy and formed the graphene-based tribo-film,
which not only protected the contact interfaces but also acted as a
solid lamellar lubricant to ease the sliding of contact interfaces under
the tribo-stress [143]. The PEGylated graphene (Gr-PEG) having
amino-terminal group has been explored as nano-additive for enhance-
ment of tribological properties of aqueous-based lubricants. The amino-
containing PEG molecules were grafted on carboxylic groups-enriched
graphene via amidation process. The Gr-PEG exhibited good
dispersibility in water and notably decreased the friction (39%) and
wear rate (81%) compared to the pure water. The enhanced lubrication
performance of Gr-PEG-based aqueous lubricant was attributed to the
formation of fluid adhesive film and graphene-based protective tribo-
Fig. 14. Schematic models of (a) GO and (b) rGO, illustrating the distribution of various
oxygen functionalities in their basal plane and along the edges. (c) The mild oxidation of
rGO selectively introduced carboxylic groups at the edges and defects sites of rGO
sheets. (d) ODA-functionalized rGO, prepared through amide linkage between the
carboxylic sites of rGO and ODA. Reproduced with permission [144].
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Fig. 16. Digital images of (a) 10W40 lube oil and (b–k) dispersion of GO-ODA in 10W40 lube oil (0.04 mg.mL−1) as a function of time. Time for each image is noted on the respective
dispersion sample bottle. Reproduced with permission [195].
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film, which prevented direct contact between the friction pairs [198].
The scope of graphene as an additive to water-based lubricant was
further expanded by covalent functionalization of GO with amino-
terminated block copolymer using the 3-(trihydroxysilyl)-1-propane
sulfonic acid linker. The resultant liquid-like graphene showedexcellent
dispersibility in the water and as an additive it decreased the friction
and wear rate by 53% and 91%, respectively compared to the water.
The remarkable lubrication properties of functionalized graphene
dispersion in the water were attributed to the formation of graphene-
based tribo-film on the contact interfaces drivenby electrostatic adsorp-
tion under the tribo-stress and molecular rearrangement of liquid-like
graphene [199].

The increasing importance of environment-friendly green lubricants
has attracted great attention towards novel additives based on green
chemistry. In this context, ionic liquids have been identified as promising
candidates as lubricants and additives to reduce the friction and wear
efficiently, while keeping the environment clean and green [200–203].
The wide range of cations and anions makes ionic liquids highly
designable molecules for targeted engineering surfaces and lubricants.
In the recent past, the hybrids of graphene and ionic liquids have shown
great potential as lubricant additives for enhancement of tribological
properties [175–177]. The commercially procured graphene was soni-
cated and then stirred with 1-butyl-3-methylimidazolium iodide
(BMIM-I) ionic liquid to obtain the graphene-ionic liquid (Gr-IL) hybrid.
The resultant Gr-IL hybrid served as an effective lubricant for
aluminum-steel tribo pair and substantially reduced the friction and the
wear [204]. The simultaneous reduction by KOH and functionalized of
GO with imidazolium-based ionic liquids yielded the MGO-ILs via reac-
tion of epoxy group of GO with imidazolium ionic liquids and the non–
covalent linkages viz. π–π stacking, cation–π, and van der Waals interac-
tions [146]. The MGO-ILs exhibited good dispersibility in alkylated
cyclopentane lube base oil and significantly enhanced the tribo-
performance by reducing the friction (27%) and wear volume (74%).
The worn surface analysis revealed the formation of ionic liquids-
containing graphene-rich tribo-film, which prevented the direct contact
between the sliding surfaces and improved the friction and wear proper-
ties [146].

Graphene-ionic liquids hybrid nanomaterials prepared by chemical
grafting of imidazolium ring on the graphene nanosheets using
organosilane as a bifunctional chemical linker has been a promising ap-
proach to prepare stable dispersion of graphene in PEG-200 synthetic
lube base oil. Furthermore, this approach has a merit to replace the as-
sociated anion via metathesis reaction using bis(salicylato)borate
(BScB), oleate (OL), and hexafluorophosphate (PF6) anions. The Gr-
BScB, Gr-OL, and Gr-PF6 hybrid nanomaterials (Fig. 18) as additives to
synthetic lube base oil remarkably improved the lubrication properties



Fig. 17. Lubricationmechanism using (a) un-irradiated rGOwith PEG, and (b) γ-irradiated rGO-PEG samples. Intercalated PEGmolecules in rGO driven by hydrogen linkages facilitate the
sliding between steel tribopair under tribo-stress. Reproduced with permission [143].
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by reducing the friction and wear between steel tribo-pair. Besides the
graphene, the anionic structure of ionic liquids also played a significant
role and governed the lubrication properties. A tribo-induced thin film
composed of Gr-ionic liquids and its tribo-chemical products with con-
tact interfaces lubricated the sliding interfaces. The BScB anion-based
Gr-ionic liquid hybrid exhibited the lowest friction, whereas oleate
analogous showed the smallest wear [147]. Table 6 summarizes the
preparation of chemically functionalized GO, rGO, and graphene along
with their application as additives to various lubricating media for en-
hancement of tribological properties.

The intriguing properties of graphene-based materials, particularly
high surface area, good thermal conductivity, low shear, and excellent
mechanical strength, which are governed by their chemical and struc-
tural features, make them lubricious additives to liquid lubricants. The
ultralow thickness of graphene-based materials, along with their good
dispersibility, facilitates their uninterrupted supply to tribo-interfaces
and forms the graphene-based thin film, which reduced the friction
and wear. The high surface area of graphene covers the larger contact
area of tribo-interfaces by stress-induced thin film formation. The
graphene thin film prevents the direct contact of the sliding surfaces
and eases the sliding because of interplanar low shear strength [211].
The graphene lamellae are surface-active, particularly under the tribo-
stress, anddeposited on the contact interfaces of tribopair [212]. The de-
posited graphene sheets not only facilitate the sliding along the basal
plane of the graphene but also the deposited sheets furnish the slip
with graphene lamellae in the liquid dispersion; as a result, it reduced
the friction and protected the tribopair against the wear. The structural
defects, wrinkles, surface functionalization, number of lamellae in
graphene, roughness, and mechanical properties of tribo-interfaces,
and interlamellar spacing in graphene-based materials influence the
frictional properties [144,213–215]. Graphene effectively offers excel-
lent anti-friction and antiwear properties. However, graphene is prone
to agglomerate in lube oils because of cohesive interaction between
their sheets, which adversely influences the frictional properties. The
use of dispersant or chemical functionalization of graphene makes
them nicely dispersed in variable lube base oil and effectively offers
the inherent low frictional properties between the tribopair. The unin-
terrupted supply of chemically functionalized graphene to contact in-
terfaces and formation of tribo-induced thin film facilitates the sliding
because of low shear strength and avoiding direct contact between
the tribo-interfaces, which result in significant improvement in lubrica-
tion properties.

The formation of graphene-based tribo thin-film governs by several
factors viz. affinity of graphene with tribo-interfaces, applied load, the
dosage of graphene in the lubricating fluid, dispersion stability, effect
of other surface-active additives in the lube, structure and chemical
composition of graphene, and so on. The wearing of materials under
the tribo-stress forms the pristine surface of themetal, which is consid-
ered to attract the graphene nanosheets. The delaminated graphene
sheets under the sheared contact are gradually deposited on the sliding
interfaces. As the tribo-sliding goes on, the graphene nanosheets in the
lubricants enter the contact interfaces and easily sheared with depos-
ited graphene-based tribo thin-film and reduced the friction [195].
Biswas et al. have revealed that deposition and removal of molecular la-
mellae of such nanostructural layeredmaterials-based tribo thin film on
the sliding interfaces are continuous processes [216].

The microscopic mapping of contact interfaces by Raman spectros-
copy suggested the heterogeneous nature of graphene-based tribo
thinfilmon the contact interfaces. Fig. 19 explicitly revealed thediscrete
patches of the graphene-based thin film on the contact interfaces and
also suggested the heterogeneity of graphene thin film within the indi-
vidual patches, and it was attributed to the roughness of the tribo-
interfaces and load distribution [126].

5.3. Graphene-based nanocomposites and hybrid materials as lubricant
additive

Graphene-based nanocomposites and hybrid materials show
rapid progress for their applications as a lubricant additive for en-
hancement of tribological properties. The synergistic effect
among two or more components in the nanocomposites and hybrid
materials along with their compatibility with lubricating media
make them promising materials for lubricant applications. Chen
et al. synthesized the supercritical CO2-assisted metal nanoparti-
cles (Au, Ni, Cu)-decorated-GO nanocomposites (Sc-M/GO) with
regular size distribution (Au and Cu: 5–10 nm; Ni: <5 nm) of
metal nanoparticles [217–219]. The Sc-Au/GO nanocomposite
(0.1 wt%) as an additive to PAO lube base oil reduced the coefficient



Fig. 18. Representative chemical structures of (a) Gr-BScB, (b) Gr-OL, and (c) Gr-PF6
hybrid nanomaterials. (d) Wear track width and (e) average coefficient of friction of
steel disc lubricated with PEG 200 and Gr-ILs hybrid nanomaterials (Gr-BScB, Gr-OL and
Gr-PF6) blend in the PEG 200 (Dose: 0.02 mg.mL−1). Reproduced with permission [147].
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of friction (33.6%) and wear rate (73%) between steel tribopair. The
Sc-Au/GO nanocomposite in lubricating oil is believed to enter the
contact interfaces and could eventually accumulate in pits/grooves;
consequently, the contact surfaces became smooth and flat. The depos-
ited Sc-Au/GO nanocomposite gradually covered the mating surfaces
(Fig. 20) and avoided the direct contact between the friction pair,
which is attributed for a significant reduction in friction and enhanced
anti-wear ability. The GO nanosheets are exfoliated by Au nanoparticles
under the tribo-stress and ease the interlamellar sliding, which can ef-
fectively reduce the friction in the boundary lubrication regime [217].

Recently, graphene-based composites with metal and metal oxide
nanomaterials have attracted considerable attention because of their
improved tribological properties, particularly under the boundary lubri-
cation regime. The Cu and CuO as spherical nanoparticles and nanorods
of variable aspect ratio, respectively, act as nano-bearings between the
mating surfaces and furnish rolling-based mechanism to enhance the
tribological properties [220,221]. The rGO-Cu nanocomposite with
well-distributed Cu nanoparticles of 20 nm size as an additive to paraf-
fin oil showed low friction and improved the load-bearing and antiwear
properties compared to oil mixed with a blend of individuals Cu nano-
particles and rGO nanosheets [222]. The microscopic results based on
worn surface analysis revealed the formation of a composite thin film
which could prevent not only the direct contact between the mating
surfaces but also bear the load. Moreover, the formation of nano-
bearings between the contact interfaces contributes a significant role
in the reduction of friction and wear. The oleic acid capped Cu/rGO
nanocomposites as an additive (0.5 wt%) to PAO oil decreased
the friction (45%) and wear (53%) between steel tribo-pair. The EDX
results of lubricated surfaces revealed the formation of Cu/rGO
nanocomposites-based tribo film, which improved the tribological
properties [223]. The α-Fe2O3/GO nanocomposite could easily enter
the contact zone between the mating surfaces and yielded a physical
tribo thin film, which could bear the load and improve the antiwear
property [224]. Therefore, α-Fe2O3/GO nanocomposite having α-Fe2O3

nanorods of 3–5 nm diameter and 15–30 nm length as an additive to
paraffin oil exhibited a remarkable reduction in friction (64%) and im-
proved the antiwear properties (76%). The enhanced tribological fea-
tures were attributed to the combination of rolling effects and the
formation of tribo thin films on the mating surfaces by α-Fe2O3/GO
nanocomposite. The graphene decorated with ceria nanoparticles
(CeO2/Gr) as an additive to paraffin oil offers considerably improved an-
tiwear properties under a high load condition [225]. The improved tri-
bological properties by CeO2/Gr nanocomposite were attributed to
synergistic antiwear effect and friction reduction by CeO2 nanoparticles
and graphene sheets. The CeO2 nanoparticles not only prevented the
tribo-interfaces against the wear but also inhibited the restacking of
graphene. Simultaneously graphene provides an ideal carrier to load
the CeO2 nanoparticleswithout aggregation. The LaF3-GOhybrid as a lu-
bricant additive to water enhanced the tribological properties by
forming the protective tribochemical thin film over the contact inter-
faces of steel tribopair [226]. Table 7 summaries various types of
graphene-based nanocomposites and hybrid materials as additives to
lubricating media for enhancement of tribological properties. The
contact geometry, the dosage of graphene-based nanocomposites, and
lubricating media are outlined to understand their roles for improve-
ment of tribological properties.

The MX2 (M= Mo, W; X = S, Se), the dichalcogenides exhibit mo-
lecular lamellar structure, where the weak van der Waals interaction
connects the MX2 lamellae and furnish the intracrystalline slip under
the sliding stress. As a result, MX2 nanostructured layered materials
are gaining increasing attention as lubricating materials for tribological
applications [31,244,245]. The synergistic effects between MoS2/MoSe2
and graphene in their nanocomposites significantly improved the lubri-
cation properties under boundary lubrication [231–233]. The nano-
sizedMoS2 deposited on graphene could enter the contact zone of mat-
ing surfaces and formed the stable and durable boundary thin film,
which reduced the friction andwear. The XPS of worn surfaces revealed
the formation of tribo-induced thin film based onMoS2/G nanocompos-
ites [233]. The FeS2(pyrite)/rGOnanocomposite prepared byhydrother-
mal method increased the load-bearing capacity of tribopair. The FeS2/
rGO as an additive to paraffin oil decreased the friction by ~67%. The im-
proved tribological properties were attributed to the synergistic effects
of rGO and FeS2 layers (Fig. 21). The FeS2/rGO composites not only filled
themicro-gaps of mating surfaces but also formed a homogenous lubri-
catingfilmunder the high sliding contact pressure,which bears the high
load, reduces the friction, and prevents the direct contacts between
tribo-interfaces. Moreover, the delaminated FeS2 sheets under the
tribo-stress facilitate the sliding because of the planner structure of
rGO sheets between the mating surfaces [234]. The grafting of poly-
acrylamide, polyacrylates, and polyaniline on GO not only improved
the dispersibility in lubricatingmedia but also enhanced the tribological
properties [237–239]. Polyacrylamide-functionalized GO (FGO-PAM)
preparedbymicrowave-assisted surface-initiated redox polymerization



Table 6
Lubrication enhancement by dispersion of chemically functionalized GO, rGO, and graphene as additives to various lubricating media. Contact geometry, dosage of graphene-based ma-
terials, and lubricating media are presented to understand their roles for enhancement of tribological properties.

No. Preparation method/brief description Additive Lube
medium

Additive
dosage

Contact geometry Friction
reduction

Wear
reduction

Reference

1 Selective grafting of alkylamines (Cn = 8, 12, 18)
targeting carboxylic groups of GO via amide linkage
using thionyl chloride as a coupling agent

Gr-ODA Hexadecane 0.04–0.08 mg.
mL−1

Four-ball 26% 9% (wear scar
diameter)

[10]

2 Functionalization of carboxylic groups-enriched rGO
with octadecylamine via amide linkage using thionyl
chloride as a coupling agent

rGO-ODA 10W40 oil 0.01–0.05 mg.
mL−1

Four-ball 36% 35% (wear scar
diameter)

[144]

3 Simultaneous chemical reduction and surface
functionalization of GO with octadecylamine targeting
basal plane epoxide functionalities

GO-ODA Paraffin oil 1 wt% Pin/Ball-on-disk ~81% – [192]

4 Functionalization of basal plane functionalities (epoxide,
hydroxyl) of GO surface with ODA

GO-ODA 10W40 oil 0.01–0.06 mg.
mL−1

Ball-on-disk 25% 25% (wear track
width)

[195]

5 Selective grafting of oleic diethanolamide borate on
carboxylic groups of GO surface using thionyl chloride as
a coupling agent

GO-ODAB SN-500 oil 0.01–0.04 wt% Four-ball 38.4% 42.0% (wear scar
diameter)

[196]

6 Surface functionalization of carboxylic groups with
azidodecane via click chemistry using thionyl chloride as
a coupling agent

GO-CuAAC 500 N oil 0.005–0.015 wt
%

Four-ball 16% 30% (wear scar
diameter)

[197]

7 γ-Radiolysis-based functionalization of rGO with poly
(ethylene glycol)

rGO-PEG PEG-200 0.02–2.0 mg.
mL−1

Ball-on-disk 38% 55% (wear scar) [143]

8 Covalent grafting of amino-containing PEG onto the
surface of carboxylated graphene using a
toluene-2,4-diisocyanate bridging agent

Gr-PEG Water 0.005–0.1 wt% Ball-on-disk 58.2% 81.2% (wear rate) [198]

9 The sulfonation of GO surface using
3-(trihydroxysilyl)-1-propane sulfonic acid followed by
grafting of amino-terminated block copolymer

GO-F Water 10–100 mg.
mL−1

Ball-on-disk 53% 91% (wear rate) [199]

10 Graphene-ionic liquid-based hybrid prepared by
sonication and stirring of graphene with ionic liquid

Gr-ILs Ionic liquid – Ball-on-disk ~67% – [204]

11 Modified GO obtained by simultaneous reduction and
functionalization of GO with imidazolium ionic liquids in
presence of KOH

MGO-ILs Multiple
alkylated
cyclopentane

0.1 wt% Ball-on-disk 27% 74% (wear volume) [146]

12 Commercially procured graphene was thoroughly
blended with ionic liquid (octyl-3-methylimidazolium
tetrafluoroborate)

Gr-IL 10W40 oil 0.005 wt% Ball-on-disk 73% – [205]

13 Carboxylated rGO prepared by mild oxidation of rGO was
used for selective grafting of ionic liquids based on
covalent interaction

Gr-ILs PEG-200 0.01–0.05 mg.
mL−1

Ball-on-disk 23% 38.5% (wear track
width)

[147]

14 GO simultaneously reduced and functionalized with
3,5-di-tert-butyl-4-hydroxybenzaldehyde using
(3-aminopropyl)trimethoxysilane as a chemical linker

Gr-DtBHBA SN-150 0.2–0.8 mg.
mL−1

Four-ball 40% 17% (wear scar
diameter)

[126]

15 Chemically rGO functionalized with oleic acid via heating
the blend of rGO and oleic acid

rGO-OA PAO 9 0.01–0.1.0 wt% Four-ball 17% 14% (wear scar
diameter)

[206]

16 Graphene refluxed with a mixture of stearic and oleic
acids (mass ratio 3:5)

Gr-OA/SA SN-350 oil 0.015–0.105 wt
%

Four-ball ~35% ~64% [207]

17 Surface functionalization of rGO with PEG 200 rGO-PEG PEG-200 0.02–1.0 mg.
mL−1

Ball-on-disk 78% 50% [208]

18 Commercially procured graphene modified with
Nitrogen and ammonia plasma

Gr-N2,
Gr-NH3

Polyolester
oil

0.05 wt% Cylinder-on-plate – 94% counter body;
62% specimen

[209]

19 Superhigh-exfoliation reduced graphene oxide prepared
by thermal reduction of GO with the activation of KOH

SRGO Base oil 0.1–1.5 wt% Ball-on-disk 70% 60% wear volume [210]
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of acrylamide with functionalized of GO showed excellent dispersibility
in water, and substantially improved the antiwear properties (37%) and
decreased the friction (55%) [237].

The composite of GO with carboxylic-functionalized carbon nano-
tube (GO/MWCNTs–COOH), as an aqueous-based additive improved
the lubrication performance between the steel tribopair [246]. As dem-
onstrated in Fig. 22, the GO lamellas could easily delaminate because of
shear force between the mating surfaces and transferred to contact in-
terfaces. The deposited GO nanosheets prevent the direct contact be-
tween the steel balls and bear the load to reduce the friction. Besides,
the MWCNTs–COOH in composite material functions as micro-bearing
to convert sliding friction into rolling friction between the mating bod-
ies. The synergistic effects extended by GO/MWCNTs–COOH composite
under the tribo-stress promises its potential not only for aqueous-based
lubrication but also open new directions for designing of novel hybrid
materials and composites for tribological applications. The ZnO-
decorated rGO/MoS2 (Gr-MS-Zn) hybrid as an additive to engine oil
improved the tribological performance by significant reduction of
wear volume (87%) and the friction (37%). The enhanced lubrication
performancewas attributed to low shear strength, arising fromweak in-
terfacial interaction between the incommensurately stacked graphene
and MoS2 and their uninterrupted supply to tribo-interfaces because
of stable dispersion [247].

6. Summary and outlook

Remarkablemechanical, electronic, optical, and structural properties
of graphenehas propelled enormous interest for fundamental studies to
a diversified range of applications. The weak van der Waals interaction
between atomic-thick lamellae of graphene, excellent mechanical
strength, remarkable thermal conductivity, and high surface area
make graphene a potential candidate for tribological applications to re-
duce the friction andwear of engineering surfaces. Over the recent past,
the use of graphene, chemically-functionalized graphene, and



Fig. 19. (a) Ramanmapping of the worn scar on the steel ball after the lubrication test using chemically-functionalized graphene blended in the SN-150 mineral lube base oil. The Raman
spectra corresponding to different colour pixels in the Raman map revealed the heterogeneity of graphene-based thin film deposition on the worn scar. (b) Raman spectrum shows no
signature of D and G bands. (c–d) The red and blue patches exhibit D and G bands, signifying the deposition of graphene. Reproduced with permission [126]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 20. Schematic demonstration of (a) sliding contact geometry and plausible lubrication model using (b) PAO6 oil and (c) Sc-Au/GO nanocomposite in PAO6 lubricating oil. (d) The
interplanar sliding by Sc-Au/GO nanocomposite under the tribo-stress improved tribological properties between the mating surfaces. (e) Some of the GO sheets may ruptured by
friction force and the Au nanoparticles are exposed and released. Reproduced with permission [217].

22 A. Chouhan et al. / Advances in Colloid and Interface Science 283 (2020) 102215
graphene-based composites as additives to variable lubricatingmedium
has increased exponentially. Although graphene-based materials
furnish significantly improved tribological properties of variable lubri-
cants, however, their long-term dispersibility has been an important
challenge for applications in the mainstream of industrial lubricants.
Herein, a thorough and critical review on preparation, structural
models, and dispersibility of graphene, GO, rGO, chemically-
functionalized graphene, and graphene-based composites are pre-
sented. The functionalization and stabilization of GO, rGO, and graphene
by variable chemical and physical approaches are discussed for en-
hancement of their dispersion in water, organic solvents, and variable
lube oils. The dispersion of graphene-based materials in aqueous,
organic solvents and lubricating oils are found to be governed by vari-
able interactive forces viz. the van der Waals interaction, π-π interac-
tion, charge induced interaction, Coulombic interaction, and so on.

The graphene, GO, rGO, chemically-functionalized graphene,
and graphene-based composites as additive to lubricating media
including water and industrial lube oils furnish significantly im-
proved tribological properties by reducing the friction, protecting
the contact interfaces against the undesirable events of wear, dissi-
pating the heat from tribo-interfaces, and mitigating the corrosion
by forming the protecting thin film. The weak van der Waals inter-
action between graphene lamellae provide low-resistance to shear
and facilitate the sliding events, consequently lowering of the



Table 7
Lubrication enhancement by graphene-based nanocomposites as additives to various lubricatingmedia. The contact geometry, dosage, and lubricatingmedia are presented to understand
their roles for enhancement of tribological properties.

No. Preparation method/brief description Additive Lube
medium

Additive
dosage

Contact
geometry

Friction
reduction

Wear
reduction

Reference

1 Supercritical CO2-assisted deposition of Au nanoparticles on GO
nanosheets

Sc-Au/GO PAO6 0.1 wt% Ball-on-disk 33.6% 72.8%
wear rate

[217]

2 Supercritical CO2-assisted deposition of Ni nanoparticles on GO
nanosheets

Sc-Ni/GO Paraffin
oil

0.08 wt% Four-ball 32% 42% wear
scar
diameter

[218]

3 Supercritical CO2-assisted deposition of Cu nanoparticles on GO
nanosheets

Sc-Cu/GO Paraffin
oil

0.05 wt% Four-ball 27% 52.7%
wear scar
diameter

[219]

4 rGO-Cu nanocomposite prepared by chemical reduction of CuSO4 and GO
dispersion

rGO-Cu Liquid
paraffin

0.5 wt% Ball-plate ~56% 78% wear
scar
diameter

[222]

5 Oleic acid capped Cu/rGO composite prepared by single-step chemical
reduction of CuSO4 and GO using hydrazine hydrate

Cu/rGO PAO 0.5 wt% Four-ball 45% 53% wear
scar
diameter

[223]

6 Decoration of α-Fe2O3 nanorods on GO nanosheets by a facile hydrolysis
route

α-Fe2O3/GO
composites

Paraffin
oil

0.5 wt% Ball-plate ~64% ~76%
wear scar
diameter

[224]

7 Cubic fluorite ceria decorated graphene prepared by hydrothermal
reduction of GO and Ce(NO3)3

CeO2/Gr Paraffin
oil

0.06 wt% Ball-disc 47.6% 98.5%
wear rate

[225]

8 LaF3 nanoparticles-decorated GO prepared by a solution-processed
chemical approach using ammonium fluoride and lanthanum nitrate in
GO dispersion

LaF3-GO Water 1.5 wt% Four-ball 24% 19% wear
scar
diameter

[226]

9 rGO/ZrO2 nanocomposite prepared by hydrothermal reduction of ZrOCl2
and GO using hydrazine hydrate reducing agent

rGO/ZrO2 Paraffin
oil

0.06 wt% Ball-disc 56% 88% wear
rate

[227]

10 Boehmite/GO nano-hybrid prepared by covalent coupling between GO
and 3-glycidoxypropyl-trimethoxysilane functionalized boehmite

GO-GPTS-AlOOH VHVI8
Lube oil

0.03 mg.
mL−1

Ball-disk
Four-ball

14%
(Ball-disk)

28% wear
scar
diameter

[228]

11 Cu impregnated multi-layer graphene prepared by ultrasound-assisted
processing of ammonicaldispersion of GO with [Cu(NH3)4]SO4; followed
by calcination of resultant product at 400 °C

MLG-Cu Engine
oil

0.5–2.0 wt% Block-ring 43% 63%, wear
scar
volume

[229]

12 Calcium borate/GO composites synthesized by hydrothermal processing
of borax, calcium nitrate, and graphene oxide

CB/GO PAO 0.5–2.0 wt% Four-ball 48% 52% wear
scar
diameter

[230]

13 Nanocomposite of chemically functionalized GO with MoS2 FrGO-MoS2 Group II
500 N
oil

0.8 wt% Four-ball 15.8% 29% wear
scar
diameter

[231]

14 Hydrothermal synthesis of MoSe2 nanoflowers on rGO MoSe2/rGO Paraffin
oil

0.2–5.0 wt% Ball-plate ~40% 75% wear
width

[232]

15 Nanosized MoS2 deposited graphene prepared by chemical processing of
(NH4)2MoS4 and graphene dispersion followed by annealing at 800 °C

MoS2/Gr PAG 0.1–0.5 wt% Ball-disk 30% 94% wear
volume

[233]

16 FeS2(pyrite)/rGO prepared by hydrothermal method using the
solution-processed product of FeCl2, NaOH, polyvinylpyrrolidone, and
sulfur powder in GO dispersion

FeS2/rGO Paraffin
oil

7.0 wt% Ball-disk ~67% – [234]

17 Phosphorus–graphene hybrid prepared by ball-milling of graphene and
red phosphorus

P-Gr PAG 1.0 wt% Ball-disc 12% 98% wear
volume

[235]

18 TiO2-reinforced boron and nitrogen co-doped microwave-induced
reduced graphene oxide

TiO2-B-N-MRG Paraffin
oil

0.15%w/v Four-ball 25.4% 50.9%
wear scar
diameter

[236]

19 Polyacrylamide-grafted-functionalized GO prepared by
microwave-assisted surface-initiated redox polymerization of acrylamide
with functionalized GO

FGO-PAM Water 0.8 wt% Four-ball 55% 37% wear
scar
diameter

[237]

20 GO-poly(Cn-acrylate) nanocomposites prepared by surface-initiated
atom transfer radical polymerization

GOPA18 Polyol 0.04 mg.
mL−1

Four-ball 42% 34% wear
scar
diameter

[238]

21 PANI–GO hybrid prepared by pressure-assisted processing of chemical
processing of aniline and GO

PANI-GO Paraffin
oil

0.012 wt% Four-ball 44% 18% wear
scar
diameter

[239]

22 ZnO@graphene core-shell prepared by coating of graphene on ZnO
nanoparticle via amine linker

ZnO@graphene SparkM
40 Base
oil

0.25–2 wt% Four-ball 35% 40% wear
scar
diameter

[240]

23 Ag/graphene nanocomposite prepared by one-step laser irradiation
strategy

L-Ag/rGO Liquid
paraffin

0.1 wt% Four-ball 40% 36% wear
spot
diameter

[241]

24 Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate modified
graphene gel prepared by a simple mechanical grinding method

[P66614]
[DEHP]-G

150 N
Base oil

0.25–0.75 wt
%

Ball-plate – 85% wear
volume

[242]

25 Ultrasound-assisted blending of 2D h-BN particles and the 3D graphene
nanoflakes

2D h-BN/3D
graphene

PAO4
oil

0.01–3 wt% Ball-Sheet 32% 63% wear
rate

[243]

23A. Chouhan et al. / Advances in Colloid and Interface Science 283 (2020) 102215
friction. The microscopic and spectroscopic analyses of lubricated
surfaces and worn scars revealed the formation of a graphene-
based protective thin film on the contact interfaces under the
tribo-stress, which minimizes the wear. The formation of
graphene-based tribo thin-film governs by several factors viz. af-
finity of graphene with tribo-interfaces, applied load, the dosage
of graphene in the lubricating fluid, dispersion stability, effect of



Fig. 21. Lubrication mechanism demonstrating the role of FeS2/rGO heterojunction under the tribo-stress for a reduction in friction and wear. Reproduced with permission [234].

Fig. 22. Lubrication mechanism of GO/MWCNTs–COOH hybrid as an additive to water under the sliding contact between the steel tribopair. Reproduced with permission [246].
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other surface-active additives in the lube, structure and chemical
composition of graphene, and so on.

The fundamental and laboratory-scale experiments promise the po-
tential of graphene-based materials as new generation additive for en-
hancement of tribological properties of industrial lubricants such as
engine oils, cuttingfluids,metal-finishing, andhydraulic oils. Nonetheless,
it carries several challenges before graphene-based additives can be used
for mainstream industrial lubricants. Over the last decade, several efforts
have been directed for functionalization and stabilization of graphene-
based materials to achieve long-term stable dispersion in the lubricating
media. However, the poor dispersibility of graphene-basedmaterials, par-
ticularly, under the high temperature and pressure (unavoidable under
tribo-experiments) promotes the agglomeration and compromises the
tribo-performance. The role of graphene in the formation of the tribo-
thin film under variable tribo-stress and the lubrication mechanism in-
cluding the interaction of graphene with variable tribo-interfaces are yet
to be understood precisely, which is very important to design the contact
interfaces and dosage of graphene in industrial lubes. The findings to
these major challenges through scientific interventions can make
graphene-based materials as novel additives for industrial lubricants.
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ABSTRACT

The application of thermoluminescence technique in radiation dosimetry spans

field of health physics, biological and geological sciences and personnel moni-

toring; this led to the search for new compositions with desirable dosimetric

properties. In the present work, CaSrAl2SiO7:Tb
3? and CaSrAl2SiO7:Ce

3?,Tb3?

phosphors were prepared by solid-state reaction method and their TL properties

were studied in detail. The comparison of their TL results showed that co-

doping of Ce3? ions enhanced TL response of CaSrAl2SiO7:Tb
3? phosphors; this

was also verified from measurement of TL emission spectra of the samples.

Optimized glow curves were analysed and TL parameters were extracted from

Chen’s method. Co-doped CaSrAl2SiO7:Ce
3?,Tb3? phosphor is found to be

useful in dosimetric application.

1 Introduction

When an insulating or a superconducting material is

exposed to any kind of ionizing radiation, deposited

energy is stored in the defect sites and colour centres

of the crystal lattice. Due to action of heat energy, a

fraction of this stored energy released and emitted as

visible light which is called thermoluminescence

[1, 2]. Nowadays application of various radiations

such as ultraviolet, X-rays, b-rays, c-rays in the dif-

ferent fields like medical, industrial, agriculture, etc.,

is increasing [3]. Thermoluminescence (TL) is one of

the techniques used in radiation dosimetry [4].

Thermoluminescent materials are more investigated

in on-going researches, because they found to have

increasing application in thermoluminescence

dosimeters. Thermoluminescent dosimeters neces-

sarily have linearity of TL response with exposed

radiation dose.

CaSrAl2SiO7 is one of the members of melilite

group; these melilites that are basically silicate-based

materials showed their use in TL dosimetry. In this

work, thermoluminescence properties of CaSrAl2
SiO7:Tb

3? phosphor are investigated and also
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observed that co-doping of Ce3? ions enhanced TL of

CaSrAl2SiO7:Tb
3? phosphor. The effect of different

Tb3? concentration in both single and co-doped

samples on the TL glow curves has been recorded

and glow curve is analysed by computerized glow

curve deconvolution method. To the best of our

knowledge, there is no earlier report on thermolu-

minescence investigation on CaSrAl2SiO7:Tb
3? and

CaSrAl2SiO7: Ce
3?,Tb3? phosphors.

2 Synthesis and experimental

Phosphors for the study were prepared by solid-state

reaction method at high temperature using analytical

reagent (AR) grade raw chemicals with more than

99% accuracy. Calcium carbonate, strontium carbon-

ate, aluminium oxide, silicon di-oxide, ceric oxide

and terbium oxide were the starting materials. The

amounts of the raw chemicals were calculated

according to stoichiometric ratio in CaSrAl2SiO7:Ce
3?

(0.5 mol%),Tb3? (y mol%), where y = 1.0, 3.0, 5.0, 7.0,

10.0 mol%. Required quantities of raw materials were

mixed homogeneously using agate mortar and pestle

for 3 h. The resultant mixtures were fired at high

temperature 1300 �C for 5 h. It was then slowly

cooled to room temperature inside the closed fur-

nace. The powders so formed were collected by

crushing the prepared samples. Now the samples

were ready for all other characterization studies.

Phase of synthesized phosphor was confirmed by

X-ray diffraction (XRD) technique using Cu-Ka
radiation with the help of D2 phaser Bruker diffrac-

tometer. Thermoluminescence investigation of phos-

phor was performed by TLD reader, Nucleonix TL

1009I with constant heating rate of 5 �C/s. As sample

must be exposed to any kind of radiation before

measurement of TL, UV cabinet is used, where the

samples were exposed to UV radiation of 254 nm.

Band pass filters of different wavelengths have been

used to record TL emission spectrum. To record TL

emission spectrum, the processes used in recording

TL glow curves were repeated; here the sample that

is placed in canthal strip was covered with band pass

filter. The band pass filter allows the signals of

selected range of wavelengths; hence in TL emission

spectrum, characteristic emission peaks were

observed.

3 Results and discussion

3.1 XRD investigation

To verify the preparation of phosphors, they were

analysed by XRD tool that reveals the phase com-

position. Figure 1 shows the XRD patterns of Tb3?

singly doped and Ce3?,Tb3? co-doped CaSrAl2SiO7

phosphors along with JCPDS file. It is clear that

phosphors have good crystallization with no any

impurity phase, as experimental diffraction patterns

well matched with JCPDS file 26-0327 of CaSrAl2SiO7.

Hence, the as-prepared phosphors have tetragonal

crystallographic structure whose space group is

P421 m [5].

3.2 Thermoluminescence investigation

Thermoluminescence (TL) is light emission due to

moderate heating of a solid, previously exposed to

ionizing radiation. The absorption of the ionizing

radiation (UV, X-, b- or c-rays, high-energy particles)

creates traps, and fills them (or those already exist)

with electrons and/or holes even at low tempera-

tures. The subsequent heating migrates the electrons

10 20 30 40 50 60 70
2θ (degree)
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ytisnetnI

JCPDS 26-0327
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2
SiO

7
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Fig. 1 Diffraction patterns of CaSrAl2SiO7:Tb
3? and

CaSrAl2SiO7:Ce
3?,Tb3? phosphors
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and/or holes in the lattice, until they fall into other

traps (or recombine) with a consequent photon

emission [6]. Thermoluminescent emission from TL

materials is very sensitive to the amount and nature

of dopant element and radiation effect. So in the

present research work, we used Ce3? and Tb3? as

single and co-dopant ions with their various con-

centrations; after that TL measurement was per-

formed for each sample with optimized dopant and

co-dopant concentration with various ultraviolet

(UV) exposure time and then TL kinetic parameters

were extracted from the Chen’s peak shape method.

3.2.1 Thermoluminescence of CaSrAl2SiO7:Ce
3?

Let us first focus on the investigated thermolumi-

nescence properties of CaSrAl2SiO7:Ce
3? phosphor;

this was already discussed in our previous work in

which Ce3? concentration was varied as 0.1, 0.3, 0.5,

1.0, 2.0, 3.0 and 4.0 mol% [7]. The optimized glow

curve was obtained for 0.5 mol% Ce3?-doped

CaSrAl2SiO7 phosphor. This optimized phosphor

showed an increment in TL intensity up to 35 min of

UV irradiation time. As we further increased UV

exposure time, saturation in TL intensity was found.

3.2.2 Thermoluminescence of CaSrAl2SiO7:Tb
3?

At the second attempt, TL properties of CaSrAl2
SiO7:Tb

3? phosphor was seen and this report is

dealing here for the first time. Figure 2 represents a

series of Tb3? concentration (1.0, 3.0, 5.0, 7.0,

10.0 mol%)-dependent TL glow curves of CaSrAl2
SiO7:Tb

3? samples. TL peak position is independent

of the concentration of Tb3? element and exhibits no

shift with change in doping concentration. The only

variation obtained in the TL peak intensity while

increasing Tb3? concentration. It can be understood

from the inset of Fig. 2 that TL intensity of sample

first increased with rise in Tb3? concentration,

attained a highest value at 5.0 mol% of Tb3? ions and

then decreased with further increase in Tb3? con-

centration; this behaviour arises from concentration

quenching process after a particular Tb3? concentra-

tion. As we increase impurity concentration, there is

an increase in the number of defects/traps which in

turn implies a growth in the density of charge carriers

being trapped upon irradiation. Therefore the initial

rise in the TL peak intensity or area of the glow

curves. Furthermore, on being thermally stimulated,

these charge carriers release from traps which in turn

recombine with their counterparts at the recombina-

tion centre and yield diverse TL glow peaks with

elevated height [8].

As thermoluminescence properties are greatly

affected by exposure time, TL property of CaSrAl2-
SiO7:Tb

3? (5.0 mol%) phosphor was measured with

different UV exposure time. For variable UV expo-

sure time, some of the selected TL glow curves of

CaSrAl2SiO7:Tb
3? (5.0 mol%) are represented in

Fig. 3. Spectral behaviour was same with increase in

length of UV exposure time but peak TL intensity or

glow curve area altered with increase in exposure

time. The growth in TL response was observed as

exposure time was boosted and after 60 min of UV

exposure TL response diminished with more added

exposure time. With increasing irradiation dose more

and more trapping centres or luminescent centres

responsible for the TL glow peaks are getting filled.

Upon thermal stimulation, these traps liberate their

charge carriers and they get recombine with their

counterparts, giving rise to different glow peaks.

When all the trapping centres that are subjected to

desired TL emission get filled, the saturation or

decrease in the TL intensity starts appearing [8–10].

3.2.3 Thermoluminescence of CaSrAl2SiO7:Ce
3?,Tb3?

Thermoluminescence experiments were performed

on the series of CaSrAl2SiO7:xCe
3? and CaSrAl2

SiO7:yTb
3? phosphors that the results point out

optimal concentration of Ce3? as x = 0.5 mol% and of

Tb3? as y = 5.0 mol%. In the present work, co-doping
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of Ce3? and Tb3? was also performed in CaSrAl2SiO7

host and TL properties of this co-doped sample were

also investigated and compared with TL of singly

doped samples. Co-doping was performed with fixed

concentration of Ce3? (x = 0.5 mol%) and variable

concentration of Tb3? (y = 1.0, 3.0, 5.0, 7.0,

10.0 mol%).

Figure 4 shows TL glow curves of CaSrAl2SiO7:

Ce3? (x = 0.5 mol%), Tb3? (y = 1.0, 3.0, 5.0, 7.0,

10.0 mol%) phosphors with fixed UV irradiation

time. Glow curves for all samples had similar shape

but with change in glow curve area. Concentration

quenching occurred at 5.0 mol% of Tb3? ions (see

inset of Fig. 4). Like Ce3? and Tb3? singly doped

samples, impact of various UV irradiation time on the

TL glow curve of optimized co-doped CaSrAl2SiO7:

Ce3? (0.5 mol%),Tb3? (5.0 mol%) sample was seen

and this result is depicted in Fig. 5. It can be clearly

seen from Fig. 5 that TL intensity of optimized co-

doped phosphor increased up to 100 min of UV

exposure and then decreased.

3.2.4 Evaluation of TL parameters

To determine TL parameters, broad glow curves of

60-min UV exposed CaSrAl2SiO7:Tb
3? (5.0 mol%)

and 100-min UV exposed CaSrAl2SiO7:Ce
3?

(0.5 mol%),Tb3? (5.0 mol%) samples were first

applied to computerized glow curve deconvolution

(CGCD) method. Both samples were found to have

four overlapping peaks in their parent glow curves.

The position of constituent peaks is shown in Fig. 6.

TL parameters like geometrical shape factor (lg),

order of kinetics (b), frequency factor (S) and activa-

tion energy (E) were extracted using Chen’s peak

shape method. The calculated TL parameters of Tb3?-

doped and Ce3?,Tb3? co-doped CaSrAl2SiO7 phos-

phors are listed in Table 1.

3.2.5 TL emission spectra

Figure 7 represents comparison of TL emission

spectra of CaSrAl2SiO7:Ce
3?, CaSrAl2SiO7:Tb

3? and

CaSrAl2SiO7:Ce
3?,Tb3? phosphors. Emission spectra

were recorded using interference band pass filters of

various wavelengths from 400 to 700 nm. Emission

spectra of Ce3?-doped sample was already discussed

in our previous article [7], here it is shown for com-

parison only. The three samples have characteristic
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emission peaks of respective dopant and co-dopant

ions. CaSrAl2SiO7:Tb
3? sample has emission peaks at

around 480, 545 and 590 nm these are due to char-

acteristic transition 5D4 ?
7F6,

5D4 ?
7F5 and

5D4 ?
7F4 of Tb3? ions [11]. CaSrAl2SiO7:Ce

3?,Tb3?

sample has characteristic peak of Ce3? ions at around

420 nm, due to 5d (5D3/2) ? 4f (2F5/2) [12, 13]and

characteristic peaks of Tb3? ions situated at around

480, 545 and 600 nm; these are due to above-men-

tioned transitions of Tb3? ions.

Figure 8 shows the comparative TL glow curves of

the three optimized phosphors. Ce3?,Tb3? co-doped

phosphor has most intense TL properties among all

three. Also from Fig. 7 it is clearly visible that TL

emission of cerium ions is decreased, while TL

emission of terbium ions is increased in co-doped

sample; hence co-doping of small amount of Ce3?

ions, i.e., 0.5 mol%, may enhance TL emission of Tb3?

ions in CaSrAl2SiO7 host.

Present study concludes that among the three,

Ce3?,Tb3? co-doped CaSrAl2SiO7 phosphor has

almost linear increment in total TL intensity with

respect to UV exposure time up to 100 min, which is

very large range as compared to other UV irradiated

silicate, aluminate and aluminosilicate-based phos-

phors such as Ca2Al2SiO7:Ce
3?,Tb3? [14]; Ca2Al2

SiO7:Ce
3?[15]; BaMgAl10O17:Ce

3? [16]. Hence

(a)
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Fig. 6 Representation of peak deconvolution on parent glow

curve of a CaSrAl2SiO7:Tb
3? and b CaSrAl2SiO7: Ce

3?,Tb3?

phosphors

Table 1 Calculated TL

parameters Phosphor Tm (�C) lg b E (eV) S (s-1)

CaSrAl2SiO7:Tb
3? (5.0 mol%) 122.28 0.48 1 0.46 8.07 9 106

175.21 0.48 1 0.57 2.45 9 107

244.31 0.49 1 0.75 1.82 9 108

310.63 0.70 2 1.41 2.12 9 1013

CaSrAl2SiO7:Ce
3? (0.5 mol%),Tb3? (5.0 mol%) 98.59 0.49 1 0.54 2.35 9 108

155.96 0.5 2 0.53 1.4 9 107

228.91 0.49 1 0.78 7.45 9 108

302.09 0.49 1 0.82 1.37 9 108
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Fig. 7 TL Emission spectra of CaSrAl2SiO7:Ce
3?,

CaSrAl2SiO7:Tb
3? and CaSrAl2SiO7:Ce

3?,Tb3? phosphors

J Mater Sci: Mater Electron



CaSrAl2SiO7:Ce
3?,Tb3? phosphor may be most

appropriately useful for UV dosimeter application.

4 Conclusions

CaSrAl2SiO7:yTb
3? and CaSrAl2SiO7:Ce

3?,yTb3?

phosphors were prepared by solid-state reaction

method. Detail comparative TL study of singly doped

and co-doped samples was investigated. Concentra-

tion-dependent TL glow curves of CaSrAl2SiO7:yTb
3?

phosphor and CaSrAl2SiO7:Ce
3?,yTb3? phosphors

were measured and found that 5.0 mol % is opti-

mized concentration of Tb3? ions in both samples.

Tb3? singly doped sample showed linear increment

in TL intensity up to 60 min, while Ce3?,Tb3? co-

doped sample showed this linearity up to 100 min,

also TL properties of co-doped sample got enhanced

with inclusion of 0.5 mol% of Ce3? ions, this was also

verified from TL emission spectra. Hence the opti-

mized CaSrAl2SiO7:Ce
3?(0.5 mol%),Tb3?(5.0 mol%)

phosphor may be a potential candidate for UV

dosimeter application.
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Generation of cold white light by using energy transfer process in single 
phase Ce3+/Tb3+ co-doped CaSrAl2SiO7 phosphor 
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A B S T R A C T   

Single phased CaSrAl2SiO7 phosphor singly doped with different concentrations of trivalent cerium and terbium; 
and co-doped with varying Tb3+ concentration were prepared by standard solid state reaction (SSR) method. The 
crystallinity and particle morphology of the product samples were analysed by using XRD and TEM character-
izations. Photoluminescence characterizations of singly doped and co-doped samples were studied in detail. 
CaSrAl2SiO7:Ce3+,Tb3+ phosphor exhibit a broad blue emission band at 410 nm and some sharp emission bands 
in blue green and yellow regions, which originate from Ce3+ and Tb3+ ions, respectively. By increasing the 
concentration of Tb3+ ions while fixing Ce3+ concentration in the host lattice energy transfer takes place from 
Ce3+ to Tb3+ ions which create luminescence emission in white region. CaSrAl2SiO7:Ce3+,Tb3+ phosphors are 
proved to be promising candidates for white lighting for outdoor illumination.   

1. Introduction 

Phosphors that are the luminescent materials are widely utilized in 
our daily life; some of the best applications of phosphors are color 
television screen, fluorescent lamps, scintillators, dosimeters, X-ray 
storage, screen intensifying phosphors, sensors, LEDs, watch dials, laser 
materials etc. [1]. The white light sources based on light emitting diode 
have so many valuable advantages as compare to conventional incan-
descent lamps. White LEDs have longer lifetime, better reliability, 
environmentally characteristics and higher efficiency which provide 
significant contractions in power consumption and pollution from fossil 
fuel power plants [2]. In recent years, researchers have been concen-
trating on investigation of single composition white-light-emitting 
phosphors that are excited by UV-LED to prevent some difficulties like 
the cross-color, instability of color temperature, and expensive cost 
problems [3]. The process of co-doping of sensitizer and activator into 
one host matrix is one of the best ways to fabricate a single–phased 
white-light-emitting material by utilising the principle of energy transfer 
from sensitizer to activator. Now a days the white light can be obtained 
from co-doping of divalent and trivalent rare earth elements in a single 
phase host, white light emission was investigated in Eu2+, Mn2+ co- 
doped Ca8MgY(PO4)7 [4], Ce3+, Tb3+ co-doped Ba2Ln(BO3)2Cl (Ln =

Gd and Y) [5], Ce3+, Dy3+ co-doped Ca3(P1-xBxO4)2 [6] and Dy3+, Sm3+

co-doped Lu3Ga5O12 [7]systems [8]. Due to predominant 5D4 → 7F5 
transition (545 nm) of Tb3+ ion it is the best candidate for green lumi-
nescence among all rare earth ions. However, within the 4f configura-
tions of the Tb3+ ion, the electric dipole transitions is both spin and 
parity forbidden, which results in the weak absorption intensity in the 
near UV region and the narrow width. Therefore a suitable sensitizer is 
must for the Tb3+ activated phosphors. From the very beginning to 
recent years, Ce3+ ion is proven to be an excellent sensitizer for Tb3+ ion. 
Ce3+ ion transfer a fraction of its energy to Tb3+ ion depending up on its 
lowest 5d electronic state and broad absorption and emission bands 
associated with 4f → 5d transitions [9,10,11]. 

In the present work we synthesized a novel single phase CaSrAl2SiO7: 
Ce3+,Tb3+ phosphor by solid state reaction (SSR) method for generation 
of cool white-light emission. Photoluminescence (PL) behaviour shows 
that the present co-doped phosphor covers the entire range of visible 
region which can create cool white emission which was resulted from 
the energy transfer from Ce3+ to Tb3+ ions. To the best of our knowl-
edge, luminescence properties and energy transfer between Ce3+ and 
Tb3+ in CaSrAl2SiO7 host lattice have not been reported so far. PL 
spectrum of Ce3+,Tb3+ co-doped sample was compared with PL spectra 
Ce3+ and Tb3+ single doped sample. Preparation of powder samples was 
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confirmed by X-ray diffraction (XRD) analysis and average particle size 
was estimated from transmission electron microscopy (TEM). 

2. Synthesis and experimental 

In the present investigation powder samples CaSrAl2SiO7:Ce3+, 
CaSrAl2SiO7:Tb3+ and CaSrAl2SiO7:Ce3+,Tb3+ were synthesized by SSR 
method at 1300 ◦C. The preferred raw materials were calcium carbonate 
(CaCO3, analytical pure 99.90%), strontium carbonate (SrCO3, analyt-
ical pure 99.90%), aluminium oxide (Al2O3, analytical pure = 98%), 
silicon di-oxide (SiO2, analytical pure 99.99%), ceric oxide (CeO2, 
analytical pure 99.99%) and terbium oxide (Tb2O3, analytical pure 
99.99%). The synthesis route can be understood from the flow chart as 
shown in Fig. 1. 

The luminescent properties of prepared phosphors were analysed by 
using a RF-5301PC Shimadzu spectrofluorophotometer equipped with a 
xenon lamp (150 W) as an excitation source. XRD data was obtained 
with Cu-Kα radiation using a D2 phaser Bruker diffractometer. Average 
particle size was determined by a JEOL/JEM 2100 transmission electron 
microscope using LaB6 as electron source which is available at SAIF 
Kochi, India. 

3. Results and discussion 

3.1. XRD analysis 

The phase composition and purity of the synthesized samples were 
measured by XRD method. The XRD patterns of Ce3+/Tb3+ single- or co- 
doped CaSrAl2SiO7 samples are depicted in Fig. 2. All the reflections of 
as-prepared samples are in good agreement with the CaSrAl2SiO7 host 
and can be indexed to the JCPDS card (No. 26–0327). XRD result of 
CaSrAl2SiO7:Ce3+ (1.0 mol%), CaSrAl2SiO7:Tb3+ (5.0 mol%) and CaS-
rAl2SiO7:Ce3+ (1.0 mol%),Tb3+ (5.0 mol%) phosphors indicates for-
mation of single phase as no additional peaks from other phases were 
observed, which shows that the doping of small amount of Ce3+/Tb3+

ions does not cause any significant influence on the crystal structure of 
CaSrAl2SiO7 host. CaSrAl2SiO7 has a tetragonal crystal structure with a 
space group of P421m. 

3.2. TEM analysis 

A TEM utilizes energetic electrons to provide topographical, 
morphological, compositional and crystallographic information on 
samples. The TEM images allow observers to view samples on a mo-
lecular level, making possibility to analyse structure and texture. The 
TEM images of CaSrAl2SiO7:Ce3+(1.0 mol%), CaSrAl2SiO7:Tb3+(5.0 mol 
%) and CaSrAl2SiO7:Ce3+(1.0 mol%),Tb3+(5.0 mol%) phosphors at the 
magnifications 100 nm are shown in Fig. 3 (a), 3 (b) and 3 (c), respec-
tively along with their Selected Area Electron Diffraction (SAED) pat-
terns. The agglomeration of powder particles was observed in TEM 
images this was because of high temperature treatment. The average 
particle size of entire phosphors is found in nanometre range between 40 
and 100 nm. The main diffraction rings in SAED patterns are associated 
with the diffraction planes in XRD pattern. 

3.3. Photoluminescence (PL) spectroscopy 

3.3.1. PL of CaSrAl2SiO7:Ce3+ phosphor 
Trivalent Cerium (Ce3+) and terbium (Tb3+) doped phosphors are 

attractive materials for a broad range of applications. Cerium ions can 
act as sensitizer in most of luminescent materials. Influence of cerium 
and terbium concentration on photoluminescence of singly doped CaS-
rAl2SiO7 phosphor was first seen. Figs. 4a and 4b exhibit PL excitation 
(PLE) and PL emission spectra of CaSrAl2SiO7:xCe3+ phosphor for 
various concentrations of Ce3+ ions, i.e., x = 0.1, 0.3, 0.5, 1.0, 2.0, 3.0 
and 4.0 mol%, respectively. Optimum luminescence was observed for 
1.0 mol% of Ce3+ ions and then quenching of emission arises. Three 
excitation peaks were observed with 415 nm emission for entire series; 
the excitation peaks were due to 4f → 5d transitions and situated at 250, 
290 and 345 nm as shown in inset of Fig. 4a. The strongest excitation at 
345 nm was particularly selected to record emission spectra of CaS-
rAl2SiO7:Ce3+ phosphors. Concentration dependent PL emission spectra 
of CaSrAl2SiO7:Ce3+ sample is displayed in Fig. 4b. There was no change 
in position of PL emission peaks for various concentrations of Ce3+ ions. Fig. 1. Synthesis route of CaSrAl2SiO7:Ce3+/Tb3+ phosphors by SSR method.  

Fig. 2. XRD patterns of CaSrAl2SiO7:Ce3+/Tb3+ phosphors.  
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As-prepared CaSrAl2SiO7:xCe3+ phosphors show a broad emission peak 
in the blue wavelength region located at around 415 nm which is 
ascribed to 5d (5D3/2) → 4f (2F5/2) transition of Ce3+. A graph between 
Ce3+-concentration and luminescence intensity is shown in the inset of 
Fig. 4b, which shows PL emission intensity increases with rise in Ce3+- 
concentration and maximum intensity is observed at 1.0 mol% of Ce3+

after that quenching in luminescence emission occurs. 

3.3.2. PL of CaSrAl2SiO7:Tb3+ phosphor 
Fig. 5a displays PLE spectra of CaSrAl2SiO7:Tb3+ phosphor doped 

with various Tb3+-concentrations such as 1.0, 3.0, 5.0, 7.0 and 10.0 mol 
%. Optimum excitation spectrum was monitored for CaSrAl2SiO7:Tb3+

(5.0 mol%) phosphor that is represented in the inset of Fig. 5a. PLE 

spectra for entire series (monitored with 545 nm emission wavelength) 
have similar fashion consisting a broad absorption band in 220–280 nm 
region, centred at around 240 nm and with three small excitation peaks 
at around 351 nm, 375 nm and 483 nm that are due to 7F6 → 5D2, 7F6 → 
5L10 and 7F6 → 5D4 transitions, respectively [12]. The absorption band at 
240 nm is assigned to 4f8 (7F5) → 4f75d1 transition of Tb3+ ions in the 
CaSrAl2SiO7 host composition, which is a spin-allowed transition in 
accordance with Laporte’s rule. Tb3+-doped materials necessarily have 
strong absorption band in the 200–300 nm range due to 4f – 5d transi-
tion. Emission spectra of CaSrAl2SiO7 doped with × mol% of Tb3+

(where × equals to 1.0 – 10.0 mol%) are shown in Fig. 5b. A series of 
characteristics luminescence signals of Tb3+ was appeared in the emis-
sion spectra within the range 350–600 nm when samples were excited at 

Fig. 3. TEM images of (a) CaSrAl2SiO7:Ce3+, (b) CaSrAl2SiO7:Tb3+ and (c) CaSrAl2SiO7:Ce3+,Tb3+ phosphors.  
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Fig. 4a. PL excitation spectra of CaSrAl2SiO7:Ce3+ phosphor at different mol% concentration of Ce3+ ions. Inset shows PL excitation spectrum of CaSrAl2SiO7:Ce3+

(1.0 mol%) phosphor. 
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240 nm. The emission spectra showed few sharp emission bands that 
correspond to the 5D4 → 7FJ intraconfigurational transitions of Tb3+ ions 
(Tb green luminescence) [13]. The emission spectrum of the Tb3+

activator normally presents two typical sets of intense line systems from 
the 5D4 → 7FJ (J = 3 – 6, 620 – 465 nm) and 5D3 → 7FJ (J = 3 – 6; 465 – 

375 nm) transitions, which result in green and blue emissions, respec-
tively. The dominant set usually corresponds to 5D4 → 7FJ transitions 
(green set), whereas the 5D3 → 7FJ transitions (blue set) are difficult to 
obtain as a primary emission because of the depopulation of the 5D3 
state [14] The emission of 5D3 → 7FJ transitions are obtained in the 

Fig. 5a. PL excitation spectra of CaSrAl2SiO7:Tb3+ phosphor at different mol% concentration of Tb3+ ions. Inset shows PL excitation spectrum of CaSrAl2SiO7:Tb3+

(5.0 mol%) phosphor. 

Fig. 5b. PL emission spectra of CaSrAl2SiO7:Tb3+ phosphor at different mol% concentration of Tb3+ ions. Inset shows emission intensity (545 nm) as a function of 
Tb3+-concentration x. 
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present case, although their intensity was weak but that could be 
identified. An examination of luminescence spectra of CaSrAl2SiO7:Tb3+

phosphor notifies that it comprises of two UV emission bands (at 355 
and 380 nm), three blue emission bands (at 415, 440 and 493 nm) and 
one green emission band (at 545 nm) and one yellow band (at 586 nm). 
The sharp emission peaks originated from 4f to 4f transition of Tb3+

ions. The emission at 355 nm is due to host emission. The emission band 
at 380 nm and blue set of emitting peaks monitored at 415/440 nm are 
because of 5D3 → 7F6,5,4 transitions; emission band at 493 nm (blue), 
545 nm (green) and 586 nm (yellow) represents the transitions 5D4 → 
7F6,5,4, respectively [15]. The transition 5D4 → 7F6 (493 nm) is an 
allowed electric dipole transition since ΔJ = 2 while 5D4 → 7F5 (545 nm) 
is allowed magnetic dipole transition as ΔJ = 1. Most intense peak was 
situated 545 nm which is responsible for green luminescence under UV 
(240 nm) excitation. Inset in Fig. 5b indicates that PL emission intensity 
enhanced with increase in Tb3+-concentration and reached an optimum 
value at a Tb3+-concentration of 5.0 mol%. For inclusion exceeds 5.0 
mol%, the luminescence was diminished, this behaviour comes from 
concentration quenching phenomenon. Concentration quenching origi-
nates from non-radiative energy transfer between dopant ions. This 
behaviour implies that the Tb3+ aggregates may be formed at high 
concentration of Tb3+, these aggregates act as the trapping centers and 
dissipate absorbed energy non-radiatively and reduces PL emission [16]. 
The increase in concentration of Tb3+ ion enhances the interaction be-
tween them. The cross relaxation processes are likely to occur in 5D3 → 
5D4 and 7F6 → 7F0 or 7F6 → 5D4 and 5D3 → 7F0, and then the luminescent 
emission is quenched [17]. 

3.3.3. PL of CaSrAl2SiO7:Ce3+,Tb3+ phosphor 
A series of CaSrAl2SiO7:Ce3+,Tb3+ phosphor was prepared by con-

ventional SSR method by fixing Ce3+-concentration × at 1.0 mol% and 
changing Tb3+-concentration y (y = 1.0, 3.0, 5.0, 7.0 and 10.0 mol%). 
Fig. 6a shows comparative PLE spectra of CaSrAl2SiO7:Ce3+(1.0 mol%), 
Tb3+(y mol%) with varying Tb3+-concentration. Excitation spectra were 
measured with constant 545 nm emission of Tb3+ ions. Inset in the same 
figure shows excitation spectrum of the optimized Ce3+,Tb3+ co-doped 
phosphor, i.e., CaSrAl2SiO7:Ce3+(1.0 mol%),Tb3+(5.0 mol%). This co- 

doped phosphor has first excitation peak at 235 nm, second and the 
most intense peak at around 345 nm and third very weak peak at 482 
nm; the third peak could not be observed for low Tb3+-concentration 
that means for y = 1.0 and 3.0 mol%. The presence of weak blue peak at 
482 nm signifies that CaSrAl2SiO7:Ce3+(1.0 mol%),Tb3+(y mol%) 
phosphors with y ≥ 5.0 mol% can weakly excited by blue light. Exci-
tation bands at around 345 nm is the characteristic of 4f → 5d transition 
of Ce3+ and a peak around 235 nm and 482 nm were seen for Tb3+ singly 
doped sample (see Fig. 5a). The absorption band at 235 and 482 nm are 
due to 4f8 (7F5) – 4f75d1 [9,18] and 7F6 → 5D4 [19] transition of Tb3+

ions. It is to be noted that spectral distribution of excitation spectra of 
Ce3+,Tb3+ co-doped CaSrAl2SiO7 phosphors was unchanged while 
changing Tb3+-concentration y. 

Illustration of PL emission spectra of CaSrAl2SiO7:Ce3+(1.0 mol%), 
yTb3+(y = 1.0, 3.0, 5.0, 7.0 and 10.0 mol%) phosphors is shown in 
Fig. 6b. Upon excitation of Ce3+ band at 345 nm, the PL spectra of 
CaSrAl2SiO7:Ce3+(1.0 mol%),yTb3+ consist of the 5d (5D3/2) → 4f (2F5/2) 
blue emission broad band centred at 410 nm assigned to Ce3+ ions while 
the blue emissions at 484 and 494 nm (5D4 → 7F6); and green and yellow 
emissions situated at 545 and 589 nm (5D4 → 7F5,4) corresponding to 
Tb3+ ions. Inset in Fig. 6b shows the variation of the emission intensities 
of Ce3+ and Tb3+ ions in co-doped sample, versus Tb3+ concentration. 
Although the amount of the Ce3+ ions is fixed, their emission intensity 
gradually decreases along with the increase of the concentration of the 
Tb3+ ions. The cerium emission intensity decreases with increasing Tb3+

concentration while the terbium emission intensities increases firstly 
and then reaches a maximum at the Tb3+ concentration of 5.0 mol% and 
decreased gradually with a further increase of Tb3+ concentration. It is 
clear that the addition of Tb3+ ions in the 1.0 mol% Ce3+ activated 
CaSrAl2SiO7 sample results a decrease of the overall Ce3+ emission [9]. 
The result indicates that a lot of Tb3+ ions as acceptors accelerate energy 
diffusion of donors (Ce3+) before they can fluoresce, which speeds up 
the average transfer rate of Ce3+ → Tb3+ [10,20]. According to Dexter’s 
energy transfer theory, the calculation of efficiency principally based on 
the spectral overlap between the emission spectra of the sensitizers and 
the absorption spectra of the activators [21]. Co-doped phosphor pos-
sesses two types of energy transfer pathways: nonradiative and 

Fig. 6a. PL excitation spectra of CaSrAl2SiO7:Ce3+(1.0 mol%),Tb3+ phosphor at different mol% concentration of Tb3+ ions. Inset shows PL excitation spectrum of 
CaSrAl2SiO7:Ce3+(1.0 mol%),Tb3+(5.0 mol%) phosphor. 
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radiative. The nonradiative transfer mechanism is complex because of 
the unknown multipolar interaction and exchange interaction [22]. 
Furthermore, in the radiative energy transfer process, the broad 

emission (5d → 4f) of the sensitizers, which is allowed by the Laporte 
parity selection rules, is affected greatly by the crystal field and the 
covalency of many inorganic hosts [23]. Therefore the sensitized 

Fig. 6b. PL emission spectra of CaSrAl2SiO7:Ce3+(1.0 mol%),Tb3+ phosphor at different mol% concentration of Tb3+ ions. Inset shows emission intensity (410 nm 
and 545 nm) as a function of Tb3+-concentration y. 

Fig. 7. Overlapping between luminescence spectrum of Ce3+ and absorption spectrum of Tb3+ in CaSrAl2SiO7 phosphor.  
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luminescence of the Tb3+ ions by the Ce3+ ions can be verified from the 
Fig. 7, where it was noted that emission spectrum of Ce3+ ion overlaps 
with absorption spectra of Tb3+ ion. 

The origin of energy transfer process from Ce3+ to Tb3+ was deter-
mined, by using the method based on Dexter’s energy transfer formula 
of multipolar interaction and Reisfeld’s approximation: 

I0

I
= (C)

n
3  

where I0 and I are the emission intensities of the Ce3+ ions without and 
with the presence of Tb3+, respectively and C is the total dopant con-
centration of Ce3+ and Tb3+ ions. The plots of I0/I versus Cn/3 for Ce3+: 
Tb3+ (1.0 : 1.0, 3.0, 5.0, 7.0, 10.0 mol%) co-doped CaSrAl2SiO7 samples, 
excited at 345 nm with the luminescence monitored at 410 nm, are 
shown in Fig. 8. The best linear fitting was seen for n = 6 (R2 = 0.9800), 
indicating that the energy transfer from Ce3+ to Tb3+ ions occurs via 
electric dipole–dipole interaction [24]. Fig. 9 represents the schematic 
of the energy level system describing energy transfer in the case of 
CaSrAl2SiO7:Ce3+,Tb3+ phosphor. 

A comparison beween PL emission of Ce3+/Tb3+ singly doped and 
co-doped samples is shown in Fig. 10, from which it can be seen that in 
the co-doped sample cerium emission intensity is decreased while 
terbium emission intensity is enhanced. This result suggested that co- 
doping of small amount (1.0 mol%) of Ce3+ ions in CaSrAl2SiO7:Tb3+

enhanced luminescence emission of Tb3+ ions. Thus the energy transfer 
took place from Ce3+ → Tb3+ in CaSrAl2SiO7:Ce3+,Tb3+ phosphor. 
Hence Ce3+ acted as sensitizer and Tb3+ acted as activator. 

The color of luminescence emitted from CaSrAl2SiO7:Ce3+ (1.0 mol 
%), CaSrAl2SiO7:Tb3+ (5.0 mol%) and CaSrAl2SiO7:Ce3+ (1.0 mol%), 
Tb3+ (5.0 mol%) phosphors was determined by Commission Interna-
tional de I’Eclairage (CIE) chromaticity diagram as shown in Fig. 11. CIE 
chromaticity co-ordinates, calculated correlated color temperature 
(CCT) value and color purity for three phosphors are examined and 
represented in table 1. CIE co-ordinates of Tb3+ doped and Ce3+,Tb3+

co-doped samples are very close to equal energy point (0.3333, 0.3333) 
and highlight emission in near white region, calculated CCT value of 
these phosphors suggested that these phosphors is considered as cool in 
appearance. The low value of the color purity indicates the purity for 
white-light emission [25]. As Ce3+,Tb3+ co-doped phosphor has low 
value of color purity as compare to Tb3+ doped phosphor, hence co- 

doping of Ce3+ ion sensitises the terbium emission and lowers the 
value of color purity of Tb3+ doped CaSrAl2SiO7 sample. Thus co-doped 
sample may be more appropriately useful for white light generation. 

4. Conclusions 

Tetragonal phase CaSrAl2SiO7:Ce3+/Tb3+ white-light emitting 
phosphors were successfully prepared by using the solid-state reaction 
method. The crystallinity and purity of the phase of as-prepared phos-
phors were measured by XRD technique. CaSrAl2SiO7:Ce3+,Tb3+ phos-
phor showed characteristic luminescence bands of Ce3+ (410 nm) and 
Tb3+ (most intense band is at 545 nm) ions. The combination of these 
emission bands give rise to white-light emission and the chromaticity 
coordinates for Ce3+,Tb3+ co-doped phosphor are (x = 0.3007, y =
0.3500) with color purity 9.19 × 10− 2 and a CCT value of 6954 K, which 
are close to the standard cool white region. Although CaSrAl2SiO7:Tb3+

phosphor also emitted near white ligh whose CIE chromaticity co- 

Fig. 8. Plots of I0/I versus CCe3++Tb3+
n (n = 6, 8 and 10) for Ce3+, Tb3+ co-doped CaSrAl2SiO7 samples excited at 345 nm and with the luminescence monitored at 

410 nm. 

Fig. 9. Scheme of energy-level and energy-transfer pathways in CaSrAl2SiO7: 
Ce3+,Tb3+ phosphor. 
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ordinates are (0.3194, 0.3830), color purity is 13.05 × 10− 2. As the low 
value of the color purity indicates the purity for white-light emission, 
hence we can say that inclusion of small amount (1.0 mol%) of Ce3+ ions 
enhanced the purity for white luminescence of Tb3+ doped CaSrAl2SiO7 
phosphor. Therefore CaSrAl2SiO7:Ce3+,Tb3+ phosphor can be consid-
ered as a potential candidate for fabrication of white LEDs for outdoor 
illuminations. 

Fig. 10. Comparison beween PL emission spectra of Ce3+/Tb3+ singly doped and co-doped CaSrAl2SiO7 phosphors.  

Fig. 11. CIE chromaticity of Ce3+/Tb3+ singly doped and co-doped CaSrAl2SiO7 phosphors.  

Table 1 
CIE, CCT and color purity values of opimized phosphors.  

Phosphor CIE co-ordinates CCT Color purity 

CaSrAl2SiO7:Ce3+ (0.2869, 0.2521) 11959 K 25.47 × 10− 2 

CaSrAl2SiO7:Tb3+ (0.3194, 0.3830) 5972 K 13.05 × 10− 2 

CaSrAl2SiO7:Ce3+,Tb3+ (0.3007, 0.3500) 6954 K 9.19 × 10− 2  
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Abstract
Present study deals with the effect of  Sm3+ doping on crystal and optical behaviour of 
 Sr3MgSi2O8. For these studies prepared phosphor was characterized by using X-ray pow-
der diffraction and luminescence spectra by recording excitation and emissions spectra. 
Emission spectra have emission wave lengths centered at 490 nm and 545 nm. Effect of 
 Sm3+ ion concentration shows dipole–dipole interaction was responsible for the quenching 
shown by phosphor. The thermoluminescence curves were used to define the ability of the 
trap to trapping the carriers for  Sm3+ doped  Sr3MgSi2O8 phosphor.

Keywords Sr3MgSi2O8:Sm3+ · Solid state reaction method · Luminescence

1 Introduction

Rare earth doped  Sr3MgSi2O8 phosphors have been broadly contemplated by scientists 
inferable from their interesting physical and optical properties. These nanomaterials have 
been used in device fabrication, enthusiasm for examination of their conceivable ease of 
use in various fields of gadget applications. They may take jobs in part of gadgets, for 
example, opto-electronics, sensors, identifiers, im-petuses, luminescent and bio-medical 
gadgets. A few kinds of silicate-based phosphor have been found and examined (Talwar 
et al. 2009; Klasens et al. 1957; Barry 1968; Blasse et al. 1968; Liu et al. 2014; Pan et al. 
2011).
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In this type of material synthesis temperature play a major role to produce pure phases 
materials, its luminescent brightness, brilliance and luminescence characteristics. Recently, 
silicate based materials have been extensively studied as host lattices for rare earth doping, 
which show un-usual, interesting luminescence properties (Pan et  al. 2011; Zhang et  al. 
2016; Wang et al. 2018; Jung and Seo 2006).

Previously, optical and thermal response was investigations were achieved and reported 
for  Sr3MgSi2O8:Sm3+ phosphor (Pan et al. 2011). In present study, synthesis, crystal struc-
ture, photoluminescence and thermoluminescence properties of  Sm3+ doped  Sr3MgSi2O8 
phosphor. The phase purity and structure was characterized by XRD, morphology and 
particle size determination was performed by SEM and TEM respectively. The excitation 
and emission spectra of title phosphor were measured and the mechanism of CQ was dis-
cussed. The thermoluminescence properties were also studied in detail for  Sm3+ doped 
 Sr3MgSi2O8 phosphor. The trapping parameters of glow curves were also calculated by 
CGCD curve fitting method (Dewangan et al. 2018, 2019a, b).

2  Experimental

The pure and  Sm3+ doped  Sr3MgSi2O8 phosphor was prepared by solid state reaction 
method. The raw materials for pure phosphor were  [SrCO3 (99.90%)], [MgO (99.90%)] 
and  [SiO2 (99.99%)] and the raw materials for  Sm3+ doped phosphor were same except 
the addition of small amount of  Sm2O3 (99.99%)]. All the raw materials are of analytical 
grade. These raw chemicals were weighted and grinded into a fine powder by agate mortar 
and pestle for 2 h, then transferred in to a crucible, and calcined at 1250 °C for 5 h. All 
samples were observed when furnace-cooled to room temperature. Amount of raw ingredi-
ents extracted from the following chemical reactions:

3  Results and discussion

3.1  X‑ray diffraction (XRD)

Phase compositions of un-doped and  Sm3+ doped  Sr3MgSi2O8 phosphors were examined 
by XRD and their diffraction patterns obtained (Fig. 1). JCPDS cards of  Sr3MgSi2O8 (no. 
10-0075) is also illustrated in Fig.  1 as a comparison. The diffraction peaks well match 
with the standard pattern, suggesting that obtained samples have pure monoclinic phase 
 Sr3MgSi2O8. By small amounts of  Sm3+ ions did not made any structural change which 
confirms proper incorporation of  Sm3+ ion in crystal lattice, it maintained monoclinic 
phase (Dewangan et al. 2018, 2019a, b; Chen et al. 2016). The  Sr3MgSi2O8 phosphor sam-
ples exhibit obvious agglomeration and irregular shape without any porous structure. It is 
noted that the morphology of the samples did not significantly change when the dopant 
introduced into it.

SrCO3 +MgO + SiO2

1250 ◦C
⟶

5 h
Sr3MgSi2O8 + CO2 ↑ +O2 ↑

SrCO3 +MgO + SiO2 + Sm2O3

1250 ◦C
⟶

5 h
Sr3MgSi2O8 ∶ Sm3+ + CO2 ↑ +O2 ↑
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3.2  Transmission electron microscopy (TEM)

The morphologies of single phase un-doped and  Sm3+ doped  Sr3MgSi2O8 phosphors were 
observed by TEM and micrographs are displayed in Fig. 2 shown that quasi-spherical mor-
phology. SEAD pattern also displayed.
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Sr3MgSi2O8:Sm3+
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 (A
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)

2θ (Degree)

JCPDS Card No.- 10-0075

Sr3MgSi2 O8

Sample’s 2ϴ FWHM Particle size Strain Dislocation 
Density

Sr3MgSi2O8
Phosphors

22.62 0.12 67.52 0.00261 0.00021
26.77 0.13 62.82 0.00238 0.00025
38.91 0.19 44.35 0.00234 0.00050
46.39 0.18 48.02 0.00183 0.00043

Sm3+ Doped  
Sr3MgSi2O8
Phosphors

22.62 0.13 62.33 0.00283 0.00025
26.77 0.14 58.33 0.00257 0.00029

38.91 0.17 49.56 0.00209 0.00040
46.39 0.16 54.02 0.00163 0.00034

Table 1. Different Parameter Calculated from XRD of Sr3MgSi2O8 and 

Sr3MgSi2O8:Sm3+ phosphors

Fig. 1  X-ray diffraction (XRD) patterns of  Sr3MgSi2O8 and  Sr3MgSi2O8:Sm3+ phosphors
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3.3  Scanning electron microscopy (SEM)

The grain morphologies of single phase pure and  Sm3+ rare earth doped  Sr3MgSi2O8 
phosphors were done by field FESEM and the micrographs are displayed in Figs. 3 and 4, 
respectively.

Fig. 2  TEM images of  Sm3+ doped  Sr3MgSi2O8 phosphor

Fig. 3  SEM images of  Sm3+ doped  Sr3MgSi2O8 phosphor
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Fig. 4  FESEM images of  Sm3+ doped  Sr3MgSi2O8 phosphor

Table 1  Chemical composition 
of  Sm3+ doped  Sr3MgSi2O8 
phosphor

S. no. Element Weight% Atomic%

1. Sr K 38.68 12.77
2. Mg K 4.29 5.11
3. Si K 9.20 9.47
4. O K 39.26 70.99
5. Sm K 8.57 1.65
Total 100 100

Fig. 5  EDS spectrum of  Sm3+ doped  Sr3MgSi2O8 phosphor
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3.4  Energy dispersive spectroscopy (EDS)

Elemental compositions of the prepared sample were determined using EDS. There were no 
emissions of other element in the EDS, other than those from doped Sr, Mg, Si, O, and Sm for 
 Sm3+ doped  Sr3MgSi2O8 phosphors. Table 1 shows the compositional elements of rare earth 
doped  Sr3MgSi2O8 phosphors (Fig. 5). 
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Fig. 6  Photoluminescence excitation (PL) spectra of a  Sr3MgSi2O8:  Sm3+ phosphors with variable  Sm3+ 
concentration b  Sr3MgSi2O8:Sm3+ (1.0 mol%) phosphor
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3.5  Photoluminescence (PL)

For PL study of  Sr3MgSi2O8:Sm3+, its luminescence spectra were recorded (Fig. 6a, b). 
Under 603 nm wavelength excitation spectra were recorded and shows peak in UV to vis-
ible region. Excitation peaks are located at 330 nm (6H5/2 → 2L15/2), 345 nm (6H5/2 → 4H9/2), 
362  nm (6H5/2 → 4D3/2), 376  nm (6H5/2 → 4D1/2), 402  nm (6H5/2 → 4F7/2), 413  nm 
(6H5/2 → 4M19/2 + (6P, 4P)5/2), 424  nm (6H5/2 → 4P5/2), 438  nm (6H5/2 → 4G9/2), 463  nm 
(6H5/2 → 4I13/2), 469 nm and 481 nm (6H5/2 → 4I11/2 + 4M15/2 and 556 nm (6H5/2 → 4G5/2) (Jha 
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Fig. 7  Photoluminescence emission spectra of a  Sr3MgSi2O8:xSm3+ (x = 0.5, 1.0, 2.0, 3.0 and 4.0 mol%) 
phosphors and b  Sr3MgSi2O8:Sm3+ (1.0 mol%) phosphor, under 402 nm excitation
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et al. 2017; Sun et al. 2016; Lu et al. 2017). At 402 nm corresponds to 6H5/2 → 4F7/2 transi-
tion, is the strongest one so used to record emission spectra (Ilkhechi et  al. 2015a, b, c; 
Ilkhechi and Kaleji 2016).

Figure 7a, b shows emission spectra of  Sr3MgSi2O8:xSm3+ (x = 0.5 to 4.0 mol%) phos-
phors recorded under 402 nm excitation. The emission peaks centred at yellow-orange-red 
region at 558 nm, 603 nm and 645 nm.

The emission band located at 558 is due to transition 4G5/2 → 6H5/2, 603  nm and 
645 nm are due to 4G5/2 → 6H7/2 and 4G5/2 → 6H9/2, respectively (Yu et al. 2012). Unaf-
fected peak positions remains with variation in  Sm3+ molar percentage but emission 
intensity alters (Fig. 8).

With increasing  Sm3+ concentration intensity increase up to 1.0 mol% further increase 
in concentration results in concentration quenching (CQ) due to non radiative energy 
transfer between neighbouring  Sm3+ ions. It is depends on critical distance  (Rc) and cal-
culated by using the Blasse equation in Eq. (1) (Blasse 1969; Dewangan et al. 2020): by 
using critical concentration  xc, number of cations N and volume of unite cell V

For  Sr3MgSi2O8 N = 4, V = 715.9  Å3, and  xc = 0.01.  Rc was found around 33 Å. For  Rc 
shorted than 5 Å quenching is due to exchange above this multipolar interaction. Therefore, 
energy transfer mechanism in  Sr3MgSi2O8:Sm3+ phosphor has multipolar interaction.

Here emission intensity per doped ion is followed by the Eq. (2):

It is a straight line equation. From slope of log (I/x) Vs log (x) plot we find out Q value 
(Fig.  9). The Q value is 3.336 which is closer to 4 as compare to 8. Hence energy 
transfers mechanism between  Sm3+ ions in  Sr3MgSi2O8:Sm3+ phosphor follows the 
dipole–dipole interaction. Corresponding energy level diagram for luminescence emission 
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Fig. 8  Dependence of emission intensity of  Sm3+ concentration for  Sr3MgSi2O8:Sm3+ phosphor
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from  Sr3MgSi2O8:Sm3+ phosphor is represented in Fig. 10 (Dexter and Schulman 1954; 
Uitert 1967).

The luminescence color of  Sm3+ doped  Sr3MgSi2O8 phosphor is identified by using CIE 
coordinates placed at X = 0.417 and Y = 0.420 that very close to the orange light emission 
in the chromaticity diagram (Fig.  11) (CIE, International Commission on Illumination. 
Publication CIE, no. 15 1931).
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Fig. 9  Plot between log (I/x) and log (x) for  Sr3MgSi2O8:Sm3+ phosphor

Fig. 10  Energy level diagram of  Sm3+ ions
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3.6  Thermoluminescence (TL)

Thermally stimulated luminescence glow curves were recorded at room temperature on a 
thermoluminescent dosimetric material reader TL1009I supplied by Nucleonix Systems 
Pvt. Ltd. Hyderabad. The phosphor obtained under thermoluminescent examination was 
given ultraviolet (UV) radiation from a 365 nm source.

TL of prepared phosphors was recorded by giving 365 nm UV source irradiation for 
different time. Every time 0.5 mg weighed powdered phosphor was taken for TL meas-
urement. The heating rate used for TL measurements was 3° C  s−1, 4° C  s−1, 5° C  s−1, 
6° C s−1, 7° C s−1 and 8° C s−1 (Chen and Kirsh 1981).

TL glow curve of the  Sm3+ doped sample was obtained and it was observed that the 
glow curve has two peaks at 132 °C and 233 °C. To optimize the heating rate TL glow 
curve was recorded with different heating rate from 3 to 8 °C s−1. A slight variation in 
peak position along with intensity was observed. Optimization of heating rate is neces-
sary to overcome the effect of thermal quenching. Maximum intense peak was obtained 
for 5  °C  s−1 heating rate therefore it was used as optimal heating rate for the further 
study (Fig. 12).

Concentration was optimized by recording the TL glow peak for different concen-
tration of  Sm3+. The intensity of both the glow peak increases with increasing  Sm3+ 
intensity up to 2.0  mol % after that the glow peak intensity starts to fall due to the 
CQ (Fig. 13). Another factor such as the optimization of UV exposure time was further 
determined. As shown in Figs. 14 and 15 the glow peak intensity increases up to 70 min 
of UV exposure time after its decrease due to destroy of the traps. The corresponding 
activation energy (E) values were calculated by the use of formulas modified by Chen 

Fig. 11  CIE chromaticity diagram for  Sr3MgSi2O8:Sm3+ (1.0 mol%) phosphor excited at 402 nm



Investigation of structural and thermal response of  Sm3+…

1 3

Page 11 of 16   441 

and others (Chen and Kirsh 1981; Chen and Mc Keever 1997; Chen and Pagonis 2011; 
Chen 1969a).

TL glow peak of the sample was deconvoluted by using computerized glow curve 
deconvolution process. The sample shows two deconvolution peaks as shown in Fig. 16. 
Peak shape method were used to calculated TL parameters (Dewangan et  al. 2018; 
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Fig. 12  TL glow curves of  Sr3MgSi2O8:Sm3+ (2.0 mol%) for different heating rates
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Pagonis et al. 2006; Tamrakar and Upadhyay 2017). The relationship between the fre-
quency factor‘s’ and the activation energy ‘E’ is given by the Eq. (3)

where, k = Boltzmann constant, E = activation energy, b = order of kinetics,  Tm = tempera-
ture of higher peak position and b = order of kinetics.

In the present work β 5  °C/s. For Trap depth calculation for 2nd order kinetics is 
using the Eq. (4) (Chen 1969b).

(3)
�E

kT2
m

= s

[

1 + (b − 1)
2kTm

E

]

exp(E
/

KTm)
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Fig. 14  TL glow curves of  Sr3MgSi2O8:Sm3+ (2.0 mol%) phosphor for different UV exposure time
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The calculated kinetic parameters of  Sr3MgSi2O8:Sm3+ phosphor by the peak shape 
method is given in Table 2. In our case, the value of shape factor has been calculated to 
be ≈ 0.51 for both the peak, which indicates that it is a case of second order kinetics. The 
activation energies for the prepared  Sr3MgSi2O8:Sm3+ phosphor were estimated to be 0.49 
and 1.53  eV for 1st and 2nd peak respectively (Dewangan et  al. 2019a; Tamrakar et  al. 
2017, 2019; Tamrakar and Upadhyay 2016; Tamrakar 2013; Tamrakar and Bisen 2015).

4  Conclusion

The  Sm3+ doped phosphor was obtained by solid state reaction method. Phosphor have 
crystallizes in a monoclinic phase confirmed by XRD analysis. The XRD patterns con-
firmed single phase, monoclinic structure of the sample. The particle size is in nano 
range confirmed by TEM. All the component elements in the desired samples have been 
detected by employing the EDS spectrum. FESEM results confirmed agglomerated 
morphology of the sample.

Under 402 nm excitation, characteristic photoluminescence (PL) peaks recorded. The 
emission peaks centred at yellow-orange-red region at 558 nm, 603 nm and 645 nm for 
 Sm3+ doped phosphor. Further, the phosphor showed excellent CIE chromaticity co-
ordinates (X,Y) in white region and CCT observed in orange light emission as a result. 
The mechanism of CQ was discussed well which due to dipole–dipole interactions. The 
phosphor emits in yellow-orange-red region.

(4)E = 2kTm
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Fig. 16  Peak deconvolution of TL glow curve of 70 min UV exposed  Sr3MgSi2O8:Sm3+ (2.0 mol%) phos-
phor
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The TL curve was recorded under UV exposure. The glow peak has two peaks that 
may be due to formation of two different trap centres. The optimized factors for TL 
glow curve were obtained as 5 °C s−1 heating rate, 2.0 mol % of  Sm3+ concentration and 
70 min UV exposure time. The computerized glow curve deconvolution study showed 
the presence of two traps having activation energies of 0.49  eV and 1.53  eV for the 
lower temperature and higher temperature peaks respectively which confirms the pres-
ence of shallow traps and deep traps respectively.
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ABSTRACT
Although utility of insect cell lines for production of proteins of human interest has been scaled up from experiment-
level to industrial production level, use of vertebrate sera is discouraged during industrial production of therapeutics. 
DZNU-Bm-1, a larval ovarian cell line is highly susceptible to BmNPV in MGM-448 medium supplemented with 
10% Foetal Bovine Serum and can be used as IC-BEVS platform for foreign gene expression. The high cost of this 
medium is a serious bottleneck for use of DZNU-Bm-1 in production of therapeutics. This study reports reduction 
in serum dependence of this cell line and its successful adaptation to a low-cost Mitsuhashi and Maramorosch 
(MM) medium  supplemented with 3% FBS to bring down the cost of maintaining the cell line. Adaptation of 
MM medium was achieved by decreasing the volume of original medium by 20% and increasing the volume of 
the new medium -to which the cell line was being adapted- by 20% at each passage. The initial cell density, final 
cell density, number of days taken to attain final cell density and population doubling time were noted at each 
passage. The cell line was slow to reach sufficient cell density during initial steps but showed reduced population 
doubling time during subsequent passages

KEY WORDS: DZNU-Bm-1; INSECT CEll lINE; ADAPTATIoN; PoPUlATIoN DoUBlING TIME.
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INTRODUCTION

Insect cell lines have found application in a wide array 
of fields including cell biology, genetics, virology 
and agriculture. Insect cells have many advantages 
over mammalian cells in culture, being able to 

tolerate a broad range of environmental conditions, 
to proliferate and maintain physiological function 
in variable pH, temperature, and oxygen conditions  
(Akiyama et al. ,  2013). Their ability to grow 
without carbon dioxide supplementation has further 
simplified culture systems and has made them an 
economically viable alternative to mammalian cells  
(Irons et al., 2018). Insect cells exhibit many additional 
desirable characteristics like easy adaptation to suspension 
and serum-free culture as well as low media requirements. 
These qualities point to possibility of their large-scale 
culture (Neermann and Wagner, 1996; Donaldson 
and Shuler, 1998; lynn, 2001; Ikonomou et al., 2003; 
Mitsuhashi and Goodwin, 2018).
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Recently, Rubio et al. (2019) have suggested that pursuing 
development of insect cell-based foods may lead to new 
sustainable food products thereby accelerating the field 
of cellular agriculture. Trager’s (1935) success in using 
inorganic salts, maltose, digested egg albumin and  
B. mori haemolymph to maintain ovarian tissues of  
B. mori spawned a wave of experiments to formulate 
growth media for culture of insect cells. Mitsuhashi 
(1982, 1984) successfully modified Grace’s medium 
several times for cultivation of different cell lines. 
Supplementation with vertebrate sera like foetal bovine 
serum (FBS) or other proteinaceous materials has been 
successfully used to get high growth rate (Weiss and 
Vaughn, 1986). Gradually with increase in interest of 
researchers in insect cell culture, many serum-free 
media have been developed (Hink, 1991; Donaldson 
et al., 1998). Caron et al. (1990) reported high growth 
rate by increasing total Pluronic F-68 concentration to 
0.3% with IPl/41 serum-free medium. lepidopteran cell 
lines are now being viewed as an attractive alternative 
to mammalian cell lines for biomanufacturing of 
proteins of human interest, biopesticides and vaccines  
(Kost et al., 2005; Drugmand et al., 2012; Airenne et al., 
2013; Van oers et al., 2015).

over the  years the utility of insect cell lines for 
production of proteins of human interest has been 
scaled up from experiment-level to industrial production 
level (Elias, 2007). Use of vertebrate sera is discouraged 
during industrial production of therapeutics because of 
inherent potential risk for transmission of infectious 
agents as well as the heterogeneity and lack of reliability 
(Grillberger et al., 2009). Insect cell lines that have 
high susceptibility to a baculovirus can be used to 
develop efficient Insect Cell-Baculovirus Expression 
Vector Systems (IC-BEVS) (Agathos, 2010). An efficient 
IC-BEVS production platform can be used for foreign 
gene expression, production of therapeutic compounds 
and vaccines. DZNU-Bm-1, a larval ovarian cell line 
has been shown to be highly susceptible to BmNPV in 
MGM-448 medium (Khurad et al., 2006) and can be 
used as IC-BEVS platform for foreign gene expression  
(Khurad et al., 2013).

However, the high cost of MGM-448 medium with 
supplementation of 10% Foetal Bovine Serum (FBS) 
is a serious bottleneck for its use in production of 
therapeutics or other proteins of interest. The present 
study describes successful reduction in the serum 
dependence of the cell line DZNU-Bm-1 by first adapting 
it to MGM 448 growth medium supplemented with 3% 
FBS and then to a low-cost Mitsuhashi and Maramorosch 
(MM) medium  supplemented with 3% FBS to reduce the 
cost of maintaining this cell line.

MATERIAL AND METHODS

Culture Media: Modified Grace’s medium MGM-448 
(Mitsuhashi, 1984) and Mitsuhashi and Maramorosch 
medium (Mitsuhashi and Maramorosch, 1964) were 
prepared in laboratory. Modified Grace’s Medium (MGM-
448): MGM-448 is a complex medium composed of six 

salts, twenty amino acids, three sugars, four organic acids, 
ten vitamins and four additives, inosine, cytochrome-c, 
fetuin and bovine plasma albumin fraction-V. Five stock 
solutions viz. MGM o.S.A., GMA-salt-mix-A, GMA-
salt-mix-B, GMA-Vita-mix-IA, GMA-Vita-mix-IIB were 
prepared as described by Mitsuhashi (1984).

In order to prepare 250 ml of complete MGM-448 
medium, required quantities of respective stock solutions 
were mixed and the double distilled water was added 
to make up the volume. To this solution bovine plasma 
albumin fraction-V, fetuin, cytochrome- c, inosine were 
added. The medium was supplemented with required 
quantity (3% or 10%) of FBS. The pH was adjusted to 
6.37-6.40 with saturated KoH. The medium was sterilized 
by passing through 0.2 μm pore size Millipore membrane 
filter using negative pressure through Sartorius filter unit. 
No antibiotics were added to the medium.

Mitsuhashi and Maramorosch medium (MM Medium):  
It is among the simplest insect tissue culture media. It 
is a mixture of salts used in Carlson’s Balanced Salt 
Solution (CBSS), lactalbumin hydrolysate, TC-yeastolate 
and glucose supplemented with 3% Foetal Bovine Serum 
(FBS). For preparation of this medium, stock solution A 
and stock solution B of CBSS were prepared. 25 ml of 
each stock solution was mixed. The additives were added 
and the volume was made up to 250 ml by adding double 
distilled water. The medium was supplemented with 3% 
FBS. Sterilization was carried out by passing through 0.2 
µm pore size Millipore membrane filters using negative 
pressure through Sartorius filter unit. No antibiotics were 
added to the medium.

Maintenance of cell line and subculturing: DZNU-
Bm-1 a larval ovarian cell line from B. mori was kindly 
provided by Dr. A. M. Khurad. The cell line was being 
cultured in MGM-448 medium supplemented with 10% 
FBS. The cell line was maintained in the laboratory in 
glass tissue culture flasks, incubated at 25± 10C and 
passaged regularly. After some time, the cell line could 
be subcultured regularly by splitting the cultures in a 
ratio of 1:2 at an interval of 4-5 days. 

Adaptation to MGM-448 medium supplemented with 
3% FBS: The cell line was first adapted to MGM-
448 supplemented with 3% FBS to reduce its serum 
dependence as described by Mitsuhashi and Grace 
(1969) through passaging of the cells. This was done by 
decreasing the volume of original medium (MGM-448 
supplemented with 10% FBS) by 20% and increasing 
the volume of MGM-448 medium supplemented with 
3% FBS by 20% at each passage. The initial cell density, 
final cell density, number of days taken to attain final 
cell density and population doubling time were noted 
at each passage.

Adaptation to MM medium supplemented with 3% FBS: 
The cell line was subsequently adapted to MM medium 
supplemented with 3% FBS. The volume of MGM-448 
supplemented with 3% FBS was reduced while the 
volume of MM medium supplemented with 3% FBS 
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was increased through regular passaging. During each 
passage, the volume of original medium was reduced by 
20% while the volume of MM medium supplemented with 
3% FBS was increased by 20%. The process was repeated 
till MGM-448 supplemented with 3% FBS was completely 
replaced with MM medium supplemented with 3% FBS. 
The initial cell density, final cell density, number of days 
taken to attain final cell density and population doubling 
time were noted at each passage.

Population Doubling Time: Cell suspension was sampled 
from culture flasks at the time of seeding the culture and 
on attainment of final cell density. The cell suspension 
was allowed to flow in the chambers of Neaubauer 
haemocytometer chamber and cells were counted in 
four large corner squares each of which is divided into 
16 small squares. The volume of one large square is 
0.1 mm3. Therefore, average cell count was multiplied 
by 104 to give number of cells per ml. The cell number 
was determined as an average of readings from two 
culture flasks. The population doubling time (PDT) 
was calculated using the exponential formula given by 
Hayflick (1973).  

r =   3.32 (log x2/x1)/t2-t1
where, 
r = Multiplication rate, 
x1 = Initial cell number at selected time t1, 
x2 = Final cell number at selected time t2, 

Generation time (g) = 1/r

Cell Morphology: The cell cultures were observed under 
MAGNUS INVI inverted phase contrast microscope and 
photographed regularly after they were adapted to MM 
medium supplemented with 3% FBS. Cell population 
comprised of different cell types. The cell size of each 
type was determined by ocular micrometer in the 
population taking about 50-100 readings. The relative 
percentage of each type in population was determined 
by counting different cell types in optical fields under 
the inverted microscope.

Karyotype Analysis: Karyotypic studies were carried 
out in healthy cell cultures during exponential cell 
growth phase after their successful adaptation to MM 
medium supplemented with 3% FBS. Demicolcine 
(Sigma) having a concentration of 50 μg/ml was added 
to culture flasks to arrest the cell division at metaphase. 
Final concentration of demicolcine in the culture flask 
was 1 μg/ml of medium. The cultures were allowed to 
stand at 25oC for 24-72 hours. The cells were harvested 
by centrifugation and the supernatant was removed. 
The pellet was resuspended in hypotonic solution  
(0.6% KCl) for 15-20 minutes. The cells were again 
centrifuged and the cell pellet was fixed in 50% glacial 
acetic acid for 10-15 minutes. The fixed cells were spread 
on glass slides and allowed to air dry. The slides were 
washed in distilled water, transferred to Acetorcein stain 
for 20 minutes, washed briefly in running tap water, air-
dried for 12 hours, cleared in two changes of xylene and 
mounted in DPX. About 50 chromosome spreads were 
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No. of Days Step Medium Population
after Seeding  Composition Doubling
of Cultures   Time
   in Hours

06 a 80% A + 20% B 52
07 b 60% A + 40% B 68
09 c 40% A + 60% B 83
09 d 20% A + 80% B 81
08 e 100% B 70

(A) = MGM-448 medium supplemented with 10% FBS 
(B)= MGM-448 medium supplemented with 3% FBS

Table 1. Population Doubling Time of DZNU-Bm-1 during 
adaptation from MGM-448 medium supplemented with 
10% FBS (A) to MGM-448 medium supplemented with 
3% FBS (B).

Figure 1. Graph showing adaptation of DZNU-Bm-1 from MGM-
448 medium supplemented with 10% FBS (A) to MGM-448 
medium supplemented with 3% FBS (B).  a– 80% A + 20% B; 
b- 60% A + 40% B; c- 40% A + 60% B; d– 20% A + 80% 
B; e– 100% B

counted and spreads were photographed to determine 
the range of chromosomes.

RESULTS AND DISCUSSION

In the first stage of experiment, DZNU-Bm-1 cell line 
originally cultured in MGM-448 medium supplemented 
with 10% FBS was successfully adapted to MGM-448 
medium supplemented with 3% FBS through several 
passages. The cell line took about 39 days for adaptation 
(Fig.1). DZNU-Bm-1 has been reported to take more than 
10 months for adaptation to haemolymph-free MGM-448 
(Bahekar, 2018). The cells remained freely suspended in 
culture medium. Cell clumping reported in earlier studies 
(Bahekar and Qureshi, 2013) was not observed. During 
step b of adaptation the cells showed reduced growth 
(Fig. 1). The growth of cells during step c and step d was 
slowest (Fig. 1). During each of these steps cells required 
9 days to reach sufficient cell density for subculturing. 
The population doubling time was also highest during 
these steps showing a peak value of about 83 hours 
(Table 1). Belloncik et al. (1990) have reported slow 
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growth rate and other difficulties during adaptation. In 
the present study, by step e the population doubling time 
was reduced to about 70 hours. After further passages in 
the same medium population doubling time was reduced 
to about 49 hours.

The cell line was later adapted to more cost-effective 
MM culture medium supplemented with 3% FBS. The 
cell line was easily adapted to MM medium taking 
about 32 days for adaptation (Fig. 2).  Growth of 
cells was slow during step b and c requiring about 
7 days each for attaining sufficient cell density for 
subculture. Population doubling time was maximum  
(about 81 hours) during step b (Table 2).  During next 
subcultures the cell line could be passaged by day 6 with 
population doubling time being reduced to about 54 hours. 
There was no significant change in cell morphology after 
adaptation to MM medium supplemented with 3% FBS. 
The population of DZNU-Bm-1 cell line is heterogeneous 
and can be differentiated into four cell types- large 
round, small round, giant cells and spindle shape - on 
the basis of their shape and size.

No. of Days Step Medium Population
after designation composition Doubling  
Seeding   time
of cultures   in Hours
   
06 a 80% A + 20% B 48
07 b 60% A + 40% B 81
07 c 40% A + 60% B 70
06 d 20% A + 80% B 53
06 e 100% B 54

(A)= MGM-448 medium supplemented with 3% FBS 
(B) = MM medium supplemented with 3% FBS

Table 2. Population Doubling Time of DZNU-Bm-1 during 
adaptation from MGM-448 medium supplemented with 
3% FBS to MM medium supplemented with 3% FBS (B)

Figure 3: Chromosomes of DZNU-Bm-1 cell line grown 
in MM culture medium supplemented with 3% FBS. Bar= 
30 μm

Figure 4: Graph showing distribution of chromosome 
number in DZNU-Bm-1 cells.

Large round cells: They are round, measuring about 31 
± 0.62 μm in diameter. Their relative percentage in the 
population is about 30.2%. Initially, they showed partial 
attachment to the surface of culture flask immediately 
after subculture.

Small round cells: The small round cells measure about 
13.74 ± 0.16 μm. They form 53.4% of the total cell 
population.

Figure 2: Graph showing adaptation of DZNU-Bm-1 from 
MGM-448 medium supplemented with 3% FBS (A) to MM 
medium supplemented with 3% FBS (B).  a– 80% A + 20% 
B; b- 60% A + 40% B; c- 40% A + 60% B; d– 20% A + 
80% B; e– 100% B

Giant cells: These are very large round cells having a 
diameter of about 69 ± 3.22 μm. They form 4.7% of the 
total cell population.

Spindle-shape cells: These cells have protoplasmic 
processes on the sides giving them appearance of a 
spindle. Their size is about 51 ± 3.42 μm × 11 ± 0.51 μm. 
Their percentage in cell population is 11.7%.

The chromosome spreads of cells exhibited numerous 
microchromosomes that resembled the chromosomes 
of DZNU-Bm-12 cell line (Khurad et al., 2009). The 
chromosomes appeared as numerous dot-like, darkly 
stained bodies (Fig. 3). The diploid number of B. mori 
chromosomes has been known to be 56. The chromosome 
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of a Bombyx mori cell line to serum-free media. In: 
Proceedings of the 8th International Conference on 
Invertebrate and Fish Tissue Culture, Anaheim, CA, 
USA, 178-180.

 Caron, A.W., Archambault, J. and Massie B., 1990. High 
level recombinant protein production in bioreactors 
using the baculovirus-insect cell expression system. 
Biotechnol. Bioeng. 36, 1133-1140.

 Donaldson, M.S., Shuler, M.l., 1998. low serum-free 
medium for the BTI-Tn5B1-4 insect cell line. Biotechnol. 
Prog. 14, 573-579.

 Drugmand, J.C., Schneider, Y.J., Agathos, S.N., 
2012. Insect cells as factories for biomanufacturing.  
Biotechnol. Adv. 30(5), 1140–1157.

 Elias, C.B., Jardin, B., Kamen, A., 2007. Recombinant 
protein production in large-scale agitated bioreactors 
using the baculovirus expression system. In: Murhammer 
D.W. (Ed.) Methods in molecular biology series. 
Baculovirus and insect cell expression protocols. 
Springer, New York, pp. 225-245.

 Grace, T.D.C., 1967. Establishment of a cell line from 
the silkworm, Bombyx mori. Nature 216, 613.

 Grillberger, l., Kreil, T.R., Nasr, S., Reiter, M., 2009. 
Emerging trends in plasma-free manufacturing 
of recombinant protein therapeutics expressed in 
mammalian cells. Biotechnol. J. 4, 186–201.

 Hayflick, l., 1973. Subculturing human diploid 
fibroblast cultures. In: Kurse, P.F, Patterson, M. K. Jr. 
(Eds.), Methods and Applications. Academic Press, New 
York, pp. 220-223.

 Hink, W.F., 1991. A serum free medium for the subculture 
of insect cells and production of recombinant proteins. 
In Vitro Cell. Dev. Biol. 27 A (5), 397-401. 

 Ikonomou, l., Schneider, Y.-J., and Agathos, S. N., 
2003. Insect cell culture for industrial production of 
recombinant proteins. Appl. Microbiol. Biotechnol. 62, 
1–20. 

 Irons, S.l., Chambers, A.C., lissina, o., King, l.A., 
and Possee, R.D., 2018. Protein production using the 
baculovirus expression system. Curr. Protoc. Protein 
Sci. 91, 5.5.1–5.5.22.

 Khurad, A.M., Kanginakudru, S., Qureshi, S.o., Rathod, 
M.K., Rai, M. M., Nagaraju, J., 2006. A new Bombyx 
mori larval ovarian cell line highly susceptible to 
nucleopolyhedrovirus. Journal of Invertebrate Pathology 
92, 59-65.

 Khurad, A.M.,  Zhang, M.J., Deshmukh, C.G., Bahekar, 
R.S., Tiple, A.D., Zhang, C.X., 2013. A new continuous 
cell line from larval ovaries of silkworm, Bombyx mori. 
In Vitr. Cell. Dev. Biol. Anim. 45, 414–419. 

 Khurad, A.M., Bahekar, R.S., Zhang, M.J., Tiple, A.D., 
lee, J. M., Zhang, C.X., Kusakabe, T., 2013. Development 
and characterization of a new Bombyx mori cell line for 
protein expression. Journal of Asia-Pacific Entomology 
16, 17–22. 

 Kost, T.A., Condreay, J.P. and Jarvis, D.l., 2005. 
Baculovirus as versatile vectors for protein expression 
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number in the cell line ranged from 45 to 126 with 
a mode towards diploidy. A few cells also possessed 
more than 100 chromosomes indicating the presence of 
polyploid cells (Fig. 4). Grace (1967) has reported more 
than 100 chromosomes in the cells of B. mori ovarian cell 
line. Chromosome range of 35 to 150 in larval ovarian 
cell line and 60 to 180 in the pupal ovarian cell line of 
B. mori have also been reported (Sudeep et al., 2002).

CONCLUSION

In the present study DZNU-Bm-1 cell line being cultured 
in MGM-448 medium supplemented with 10% FBS 
was first adapted to MGM-448 medium supplemented 
with 3% FBS. The cell line was slow to reach sufficient 
cell density during initial steps but showed reduced 
population doubling time during subsequent passages. 
The cell line was then successfully adapted to cost 
effective MM medium supplemented with 3% FBS. The 
morphological and cultural characteristics as well as 
the chromosome range of the cells did not exhibit any 
significant change from those cultured in MGM-448 (10% 
FBS). DZNU-Bm-1 has earlier been shown to be able to 
produce foreign proteins. The current study establishes 
its reduced serum dependence and ability to grow in 
low-cost culture media raising hopes of adapting it to 
other serum-free media.
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Abstract: We have investigated the cosmological model in presence of cosmic string 

source, for solving field equations in Brans-Dicke theory of gravitation for plane 

symmetric space time. It is observed that cosmological model exist. Some interesting 

physical and geometrical properties of the model are also discussed.  

Keywords:  Plane symmetric cosmological model, Cosmic string, Brans- Dicke theory, 

Tension density  

 

1. Introduction 

In the theory of gravitation, the plane symmetric model plays an important role. A 

space time that admits the three parameters groups of motion of the Euclidean plane is 

said to posses’ plane symmetry called plane symmetric space time. Einstein theory of 

gravitation serves as a basic for the construction of mathematical model of the universe. 

Cosmological model play an important role in understanding some essential feature of the 

universe such as the formation of galaxies during early stage of evolution. Brans-Dicke 

(1961) formulated a scalar tensor theory of gravitation in which gravity is mediated by a 

scalar field   in addition to the usual metric tensor field ijg present in the Einstein 

theory. In this   theory the long range scalar field   is generated by the whole of matter in 

the universe according to Mach’s principle (Dicke 1964) and has the dimension of the 

universe of the gravitational constant G.  The field equations in Brans- Dicke theory are  

 1 2 ' 1

;

1
8 , , ,

2

k

ij ij i j ij k i j ijG T g g           
      

 
  (1) 

and  
1' 1

; 8 3 2k

k T   
         (2) 

Where RgRG ijijij
2

1
  is the Einstein tensor, ijT  is the stress energy of the matter,  

  is the coupling constant, comma and semi comma denotes partial and covariant 

differentiation respectively.  

The equation of motion  
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0; ij

jT          (3) 

are consequences of the field equation (1) and (2). 

Some researcher there has been a lot of interest in cosmic strings and the 

cosmological models. Cosmic strings are one dimensional topological defects associated 

with spontaneous symmetry breaking, whose plausible production site is cosmological 

phase transmittions in the year universe (Kibble ,1976 and Vilenkin 1985), Latelier 

(1983), Vilenkin (1981), Krori et al. (1990,1994) are some of the authors who have 

initiated the study of string cosmological models. Pimental (1996) (1997) studied 

inhomogeneous cosmological models in Brans Dicke scalar tensor theory and obtained 

exact solution which is conformally  related to the non singular model recently found in 

general relativity. Raheman et al. (2001, 2002, 2003) have studied several aspects of 

cosmic string in Brans Dicke (1961), Saez-Ballester (1985) scalar tensor theories of 

gravitation and Lyra (1951) geometry. 

2. Metric and Field Equations  

We consider the plane symmetric space time  

  2222222 dzBdydxAdtds         (4) 

Where A and B are the functions of time t only. 

The energy momentum tensor for the cosmic string is  

jijiij xxuuT           (5) 

Where    is the rest energy density of cloud of string with particles attached to them. 

   is the tension density of string 

iu  is the cloud four velocity and  

ix   is the direction of anisotropy 

We have  

1 i

i

i

i xxuu   and  0i

i xu       (6) 

We consider  

  p  

Where p  is the rest energy density of particle and 
ix  to be along z axis, so that 

 0,,0,0 1 Ax i
        (7) 

 1,0,0,0iu          (8) 
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The field equation (1), (2) and metric (4) for equation (5) with the help of equation (6),(7) 

and (8) can be written as 











 
























B

B

A

A

AB

BA

B

B

A

A
2

2
 
















A

A

A

A

A

A
2

2
822

2

1

2
































 
 












































 

B

B

A

A

A

A

AB

BA
2

2
82

2

1

2

    (9) 

 
 




 

















23

8
2

1




B

B

A

A
 

  02 
B

B

A

A 
   

Where the suffix (.) denotes ordinary differentiation with respect to time  

Introducing the transformation, 

eA  ,    
eB  ,    BdTAdt 2  
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Where the superscript primes indicates differentiation w. r. to T 

3. String Cosmological Model 

The set of field equation (10) being highly nonlinear, to get the determinate solution, we 

assume 
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0          (11) 

i.e sum of rest energy density and tension density for a cloud of string vanishes. 

Using equation (11), the set of equation (10) can be written as 

022 






   

 



 2418 


 e         

 (12) 
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228 ke    

Which yield an exact solution given by 
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      (15) 

Where constants 0a , 0b  and ik , 3,2,1i  satisfy the relation 

    0
2

2

321133221  akkkakkkkkk


    (16) 

Using equation (5) and (10), plane symmetric cosmological model for string source 

corresponding to above solution can be written as 
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(17) 

Where the rest energy density of the cosmic string and scalar field in the model are given 

by the equation (14), (13) respectively 

4. Some physical properties  

The plane symmetric string cosmological model in Brans Dicke theory is represented 

by (16) when the sum of tension density  and the rest energy density  of the cosmic 
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string vanishes. The model has no initial singularity. The scalar field   given by the 

equation (14) and the energy density and tension density of the string given by equation 

(15) in the model (17) are free from initial singularities. The spatial volume of the model 

is given by 
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ak

baT
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kk

ebaTgV

12

2
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3

21 2

2
24

     (18) 

This shows the anisotropic of the universe (17) with time 03 k  

In order to obtain more clear and simple behavior of the physical kinematical variables 

with their simple explicit expressions, we choose the constants as 

;1321 bakkk      0a ,   0b      (19) 

Therefore the following expressions for the parameters are 

Spatial volume 
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Shear scalar 
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The scalar field  in the model takes the form 

1 T          (25) 

The energy condition shows that 0   and 0p . The rest energy density , 

sting tension density  and the particle density p  tends to zero as time T increases 

indefinitely. The spatial volume tends to infinity and expansion scalar    and shear scalar 

 tends to zero as T . The model (17) can be considered as an inflationary model of 

string cosmology in Brans Dicke theory of gravitations. From equation (15), it can be 

observed that for 03 k , 0   and the model (17) degenerates into the singularity 

free plane symmetric vacuum model in Brans Dicke theory. 
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Conclusion: 

We considered the plane symmetric metric and Brans Dicke (1961) field equation 

of string. While solving the field equation, we have assumed that sum of the energy 

density and tension density of the massive string is zero. The cosmological model 

obtained, which represent an inflationary plane symmetric string cosmological model in 

Brans Dicke theory of gravitation. 
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