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Abstract: In the last few decades, in the lubricant industry, the request for new performing additives
has been becoming imperative. In this scenario, control at the nanoscale can be the key factor for the
improvement of more efficient nanolubricants. Herein, after a discussion about the nanoparticles’
four main lubrication mechanisms, considerable attention is devoted to the usage of reduced
graphene oxide/graphene oxide (rGO/GO) nanosheets in tribology. Moreover, graphene surface
functionalization is reviewed, also including unexplored results in the field of lubrication. As far as
the literature is concerned, it can be postulated that rGO/GO nanosheets can reduce wear and friction.
Wear reduction is obtained by deposition and film formation, while friction reduction is related more
to the shear and lamination of the sheets on the contacting surfaces. Nevertheless, the two phenomena
are interrelated and work in sync. In this context, it is of high importance to form a homogenous
suspension for a continuous nanosheet supply after deposition and shearing. The focus of this
review was placed on the main issues still to be overcome, e.g., the literature results in rationalization;
dispersion stability enhancement; and finding the optimum concentration in the delicate balance of
different components. Possible solutions for their efficient overcoming are eventually reported.

Keywords: reduced graphene oxide/graphene oxide; wear reduction; friction reduction; homogenous
suspension; optimum concentration

1. Introduction

Nowadays, there is a growing demand for highly efficient lubricants. Several aspects define
a lubricant’s efficiency, including the energy consumption reduction percentage, an increase of
machines’ service life, eco-friendliness and long-time performance. Conventional lubrication depends
on the choice of different types of liquid lubricants as intermediate means between metal surfaces
in contact. The major constituents of a fully formulated lubricant are hydrocarbon molecules,
whereas the remaining part is made up of performing additives. These additives include friction
and wear modifiers, which for many years have been represented by organic carboxylic acids and
phosphorus-based chemicals [1–3].

Lubrication is a complicated phenomenon, and it is most convenient to consider it as a system
which is a function of many factors such as the lubricated surface characteristics, chemical and physical
interactions between lubricant molecules and rubbing conditions, thin film dynamics in steady and
transient conditions.
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In order to improve the effectiveness of such a complex system, nanoparticles can be chosen as
lubrication additives, which, even in small amounts, can bring about substantial improvements in
physical properties, i.e., thermal, heat dissipation [4,5], as well as work as friction modifiers (FM) and
anti-wear agents (AW) [6–9]. This positive attribute is due to their chemical stability, limited interaction
with other additives and non-volatility, resulting in excellent durability in harsh conditions [10].
The latter advantage of nanoparticles is a big drawback for organic traditional FM and AW additives.
Therefore, researchers began to study nanoparticles for the reduction and optimization of friction
and wear.

A mixture of nanoparticles and base oil is known as a nano-lubricant, which is a specific class
of nanofluids. In general, nanofluids can be formulated through either a two-step or a one-step
method. The two-steps technique consists of first synthesizing the nanoparticles and subsequently
dispersing them in the fluid. The dispersion step is carried out by diffusing high kinetic energy through
the mixture, which can be done either by ultra-sonication, ball milling or stirred homogenization.
In the alternative one-step method, both the steps are simultaneously conducted. The formation of
nanoparticles occurs directly within the fluid-utilizing techniques such as chemical vapor deposition
(CVD) and condensation on the oil bulk phase. However, the latter method is still expensive and
far from occurring at large production rates, regardless of its capability to form nanoparticles with a
higher quality.

In this review, the focus has been placed on graphene’s (G) main derivatives, graphene oxide (GO)
and reduced graphene oxide (rGO), as lubricant additives for friction and wear reduction. The reason
for focusing on rGO and GO includes the possibility of their mass production with respect to pristine
G [11]. There are several differences and contrasts between rGO and GO. The former one has more
effective dispersion abilities in non-polar solvents in comparison to GO [12] and possesses relatively
restored superior mechanical and thermal conductivity properties after reduction [13], while the
abundant presence of reactive oxygen groups on the GO’s surface favors its functionalization for an
enhanced dispersion [14]. Regardless of all these differences, both rGO and GO have friction- and
wear-reduction properties when added to a lubricant oil.

G is one of the strongest materials [15] in the form of a monolayer. Moreover, G’s multi-layers
are easily sheared [16], due to both the weak van der Waals forces between its sheets [17] and its high
chemical stability [18]. These characteristics make it an excellent candidate as a lubricant additive,
mainly for friction and wear reduction. In particular, the two-dimensional graphene sheets gained
considerable attention as a solid lubricant. Nevertheless, the usage of G and its derivatives as additives
in liquid lubricants still requires more comprehensive analyses.

In order to maximize the tribological merits of nanoparticles’ utilization as additives in lubricant
oils, apart for nanomaterials’ size (indeed, the hardness of nanoparticles increases as the particle
size increases [19], and when this hardness becomes higher than the one of the tribo-pair scratching
and/or indentation can occur), two factors play a significant role: the nanoparticles’ concentration
optimization [20] and the requirement of a stable and homogenous dispersion [20,21]. In particular,
the concentration optimization is still far from being standardized and rationalized, since it strongly
depends on the characteristics of the base oil, the additive and their mixture. On the other hand, the
achievement of a stable nanoparticle dispersion, the object of few literature studies which is often
neglected, still represents an actual obstacle for a sustainable application [22].

In the particular case of G and its derivatives, the aforementioned instability is caused by different
factors. First, G and its derivatives exhibit a very large surface area of ~2590 m2g−1 [23], which gives
rise to a high interface area and high surface energy within the solvent, pushing the sheets to aggregate
in order to reduce this huge energy. Additionally, the sheets tend to re-stack and re-aggregate under van
der Waals interactions [24]. In the case of non-polar solvents, which constitute the majority of lubricant
mediums, the difficulty in forming a stable G suspension is even greater, due to their inert nature.

In summary, this review, after introducing the four main lubrication mechanisms of nanoparticles,
such as tribofilm formation due to tribochemical reaction [25,26], ball bearing [27,28], mending and
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the polishing effect [29,30], focuses considerable attention on the adoption of rGO/GO in the field of
tribology and includes a critical review dedicated to the optimization of nanoparticles, as well as to
nanoadditives’ functionalization to give a stable and homogenous suspension. An overview of this
study is presented in Figure 1.
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Figure 1. The review structure. rGO stands for reduced graphene oxide and GO for graphene oxide.

2. Nanoadditives in Tribology: rGO/GO Lubricant Additive

2.1. Nanoadditives Tribological Mechanism

In nanoadditive-containing oils, nanoparticles work through different tribological mechanisms.
Although the specific nanoadditives’ role is still not fully clarified since the analysis of the rubbed
surfaces or in situ microscopy during tests are required for a full understanding, experimental studies
concluded that the mechanism depends on the nature of the particles, i.e., their structure, morphology,
size, etc., and on test conditions [31].

The role of nanoparticles can be classified into two main categories [32]. The first is the direct
role, which includes the ball bearings effect and protective/tribofilm formation. The secondary
effect participates in surface protection via the mending/repairing effect and polishing/smoothing
effect. Additionally, the relatively high thermal conductivity of nanoparticles, deposited between
the tribopairs, can help the dispersion of the friction-generated heat, reducing the thermal stress on
the asperities.

2.1.1. Ball Bearings Effect

This role is played by the spherical or semi-spherical nanoparticles. Due to their intrinsic
morphological properties, these nanoparticles can convert sliding friction between the mating surfaces
into rolling friction, which results in a reduction of the friction coefficient [33]. The research about
nanolubricants with such a shape is still ongoing. Recently, it has been suggested that these nanoparticles
could either roll or be embedded in the surface [34]. In particular, this study elucidated that nanoparticles’
behavior depends on the differences between the hardness of the particles and that of the surfaces,
revealing for instance that nanodiamonds are prone to being embedded into softer surfaces and to
rolling on harder ones.

2.1.2. Protective/Tribofilm Formation

The main hypothesis of this technique is based on the idea of the formation of a thin layer of
nanoparticles on the tribo-contact zone. This layer will act as a barrier for the asperities and valleys
of the contacting surfaces, reducing the wear rate. An additional feature of this deposited film is the
ease of shear, which can be attributed to lower friction between surfaces. The theory of tribo-film
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formation is considered the most dominant mechanism among the nanolubricant methods of operation:
it was reported and proven in different studies with various nanoparticles and characterization
techniques [35–37]. There are main parameters that affect the process of film formation, including the
sufficiently small size of the dispersed nanoparticles which must guarantee easy access to the sliding
surfaces [38,39]. Moreover, in the case of high loads conditions, additional tribo-chemical reactions can
occur between the sliding surfaces and nanoparticles [40,41].

2.1.3. Mending/Repairing Effect

This mechanism is important for the mechanical parts which fall under repetitive stress and may
fail due to cracks. Cracks can exceed the tribo contact zone and propagate throughout the metal body.
The mechanism works by the filling and/or by the sintering and melting of small nanoparticles into
the initiated macrocracks, thus reinforcing the metal surface. This effect was mentioned by several
studies as being a result of the tribo-sintering of nanoparticle additives [42–44]. In particular, it regards
NPs’ deposition on the interacting surfaces, which compensates for the loss of mass. During this
phenomenon, NPs deposit on the worn surface by limiting abrasion [45]. Moreover, the addition
of high thermal conductivity nanoadditives, such as nanocarbons [46], can determine an increased
thermal conductivity [20–26,47], which facilitates heat dissipation and reduces cracks’ occurrence.

2.1.4. The Polishing/Smoothing Effect

The accumulation of nanoparticles on the surface of the valleys’ profile helps smooth the metal
surfaces. This effect ultimately reduces friction and allows the lubricant oil to form more continuous
and efficient films. This polishing effect was noticed by measuring the surface profile of test specimens
before and after tests for pure lubricant oil and oil with nanoadditives, indicating a significant reduction
of the surface roughness due to nanoparticles’ deposition [48,49].

2.2. rGO/GO Lubrication Mechanism

As the main interest of this review is the adoption of rGO and GO nanosheets in tribology, the
focus will be on lamellar structures and their behavior under different conditions. The main lubrication
mechanism of lamellar nanoparticles, such as graphene and MoS2, derives from the formation of a
tribo-film which acts as a protective layer between the metal pairs [50]. Additionally, polishing or
smoothing effects are also reported in the literature [51].

Lin et al., 2011, attributed the outstanding lubrication performance of rGO nanoparticles to their
small size and extremely thin laminated structure, allowing the rGO sheets to easily access the contact
area, thereby preventing the rough surfaces from coming into direct contact [20]. Zhang et al., 2011,
explained the rGO tribological mechanism by revealing the formation of a protective layer on the
surface of the steel ball specimen at not so high nanoadditive concentrations (i.e., when exceeding a
critical value, dry contact occurs), which indicates an enhanced anti-wear performance due to smoothed
surfaces with reduced roughness [52]. In the study by Mungse et al., 2014, the excellent performance
of rGO, whose dispersion in lube oil was enhanced by a modification obtained through a chemical
procedure for selective inclusion of long alkyl chains on the edges and defects sites through amide
linkage, as a lubricant additive are the results of: (a) the weak van der Waals interactions between the
lamellas of the modified rGO sheets, which make them easy to be sheared under the rolling contact
stress; and (b) the continuous supply of the modified rGO sheets on the contact surfaces due to their
stable dispersion in the lube oil [53].

Kim et al., 2011, demonstrated the importance of graphene as the thinnest solid lubricant that
reduces adhesion and friction forces between the contact surfaces at the nano and microscale while
protecting the coated surfaces at once [54]. Additionally, Sarno et al., in 2014, showed that the protection
offered to the tribo-interfaces by the laminated structure of reduced GO nanosheets generated during
sliding was suitable for reducing friction and wear [9].
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Berman et al., 2013, found that, after 400 cycles of sliding contact, ethanol-processed graphene was
gradually removed from the wear track; consequently, friction increased until a new dose of graphene
was supplied to the contact interfaces. Therefore, for an efficient performance, the long-term dispersion
stability of graphene nanosheets in lube oil is essential for their uninterrupted supply to the contact
interfaces [55].

Mungse et al., 2015, observed that modified GO nanosheets dispersed in lube oil are deposited on the
contact interfaces under the sliding tribo-stress, as confirmed by Raman Spectroscopy. It was proposed
that under the sheared contact, some of the graphene layers are delaminated and then deposited on the
contact interfaces. As the sliding goes on, the dispersed modified GO nanosheets in the lube oils easily
sheared with the weakly adhered graphene on the contact interfaces of the steel ball and disc (Figure 2a,b),
reducing the friction significantly [56]. Additionally, in the case of MoS2 nanosheets, it has been found
that, under the sheared contact, delaminated sheets are weakly deposited on the contact interfaces. It was
observed that the deposition and then removal of MoS2 nanosheets from the contact interfaces was a
continuous process under the sliding contact stress [57]. Furthermore, deposited graphene nanosheets on
contact interfaces protect the surface against the tribo-damages. Hence, for maintaining the low friction
and protection of contact surfaces, the uninterrupted supply of solid lubricant additive is very important.
This can be obtained by a thorough dispersion of graphene nanosheets in the lube oil [56]. Patel et al.,
2019, investigated the tribological effects of highly reduced graphene oxide (H-rGO) nanoplatelets as
additives to mineral base oil, aiming to exploit the fewer oxygen groups present between the microlayers,
allowing spacing between the surfaces to accommodate the lubricant [58]. Liñeira del Río et al., 2019, [59]
studied the tribological properties of nanolubricants formed by trimethylolpropane trioleate (TMPTO) or
polyalphaolefin (PAO 40) base oils with reduced graphene oxide sheets (rGO) [60–63] whose reduction
was carried out in order to obtain a good stability of the nanoadditives in the fluids, observing 24% and
20% friction enhancement for the PAO 40 and the TMPTO base oils, respectively. Mungse et al., 2019,
prepared alkylated graphene oxide (GO)/reduced graphene oxide (rGO) by covalent interaction with
octadecyltrichlorosilane (OTCS) and octadecyltriethoxysilane (OTES), finding that the variable oxygen
functionalities in the GO/rGO and hydrolysis rate of octadecylsilanes governed the grafting density of
octadecyl chains on the GO and rGO. In terms of the coefficient of friction and wear scar diameter, the
tribological properties revealed a good correlation with the structure of alkylated GO/rGO and their
dispersion stability in the polyol lube base oil [64].
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Figure 2. Schematics illustration of the role of graphene nanosheets under the sliding contact [56].
(a) The ball-on-disc contact with GO–octadecylamine (ODA) blended lube oil. (b) The image of the
contact interfaces was magnified in order to show the deposited and sheared graphene nanosheets,
which are responsible for friction and wear reductions. [RSC Adv., 2015, 5, 25565-25571]–Reproduced
by permission of The Royal Society of Chemistry.
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rGO/GO Behavior in Different Lubrication Conditions

Most of the studies confirmed the beneficial role of rGO/GO nanosheets in different types of base
lubricant oils. With regards to the lubricant film thickness, four different regimes can be recognized:
hydrodynamic, boundary, mixed and elastohydrodynamic, as shown in Figure 3. Because of the
different film thicknesses between tribo-surfaces, nanolubricants were typically explored in two
lubrication regimes, characterized by high load and speed: boundary, with a film thickness ≤ 70 nm,
and mixed, with a film thickness between 70 nm and 1 µm [65]. Under these intensive conditions,
rGO/GO nanosheets play a significant role in the lubrication process. However, one of the most
important factors for the nanosheets to be activated within this thin film is their ability to deposit
onto the contacting regions and form a continuous film. This formation requires a good dispersion
capability and, depending on the binding forces, that speeds do not exceed a critical value to be drifted
away with the film flow [66].
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3. Nanoadditives in Tribology: The Critical Aspects

3.1. Optimum Concentration

The optimum concentration of additives in lubricating oils is a function of the amount of particles
performing their tribological properties and can decrease with an increased dispersion stability.
The enhancement of the lubrication performance which occurs when a small amount of graphene is
added is related to the formation of a protective layer between the rubbing surfaces. The utilization of
the optimum concentration is of great significance as an excess in loading could result in the formation
of a discontinuous oil layer [52]. This can deteriorate the anti-wear performance due to the partial dry
friction or transition to boundary regions. In Table 1, some of the main results regarding this topic are
shown (see column 4).
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Table 1. Overview of the main literature results concerning the use of reduced graphene oxide and graphene oxide (rGO/GO) as lubricant additives, with particular
attention on dispersion stability, additive concentrations and related performance.

Ref. Year Method of Stabilization Optimum
Concentration Lubricant Oil Stability Tribometer Load Speed Temperature/Time Wear

Reduction
Friction

Reduction

[67] 2017 Mild thermal reduction of GO
achieved by treatment at 700 ◦C 0.5 wt% Base oil PAO 6 25 h Ball-on-disc 2 N 24 rpm NA/1.5 h Positive

effect 30%

[68] 2017 Covalent functionalization with
organic moiety * 0.01 wt% Base oil (type NA) 1 month 4-ball 400 N 1200 rpm Room/1 h 30% 16%

[56] 2015 Basal plane modification with
octadecylamine * 0.02 mg mL−1 Commercial engine

oil 10W-40 1 month
Standard steel balls

reciprocating
ball-on-disc

100 mN Micro: 1 cm s−1;
standard: 3 cm s−1 Room/1 h 25% 25%

[20] 2011 Stearic and oleic acids (mass ratio
3:5) modification 0.075 wt% Base oil SN350 NA 4-ball 147 N 1200 rpm 75 ± 2 ◦C/1 h 0.8–0.3 0.15–0.12

[52] 2011 Modification with oleic acid 0.02–0.06 wt% Base oil PAO9 NA 4-ball 400 N 1450 rpm Room/NA 14% 17%

[53] 2014
Amide linkage for

octadecylamine defects edges
sites modification *

0.02 mg mL−1 commercial engine
oil (10W−40) 1 month 4-ball 392 N 1200 rpm 75 ◦C/1 h 26% 9%

[69] 2015 Use of a dispersant: poly
isobutylene succinic imide in oil 0.5 wt% (used) API Gr I and II +

linear alkyl benzene 1 year Block-on-ring 900 N 1125 rpm 50–110 ◦C/3 h Positive
effect 0.07–0.02

[70] 2018 Use of a surfactant: oleic acid 0.4 wt% A5 (5W−30) NA Setup: bench of ring
line (reciprocation) 9–368 N 0.154-0.6 m/s Room/NA 22%–29% 29%–35%

[71] 2016
Graphene balls formation by

using an aerosol capillary
compression approach

0.01–0.1 wt % Base oil PAO4 20 h Pin-on-disk/boundary
regime 10 N Linear sliding (10

mm/s) Room/0.5 or 1 h ∼85% 20%

* Covalent immobilization.



Lubricants 2020, 8, 31 8 of 20

In particular, Zhao et al. [67] report the preparation of mildly thermally reduced graphene oxide at
700 ◦C for 5 h, which shows an optimal concentration of 0.5 wt%, beyond which additive aggregation
under lubrication conditions highly occurs, leading to a reduced permeation of the as-obtained rGO
aggregates into the rubbing surfaces. This agglomeration phenomenon at higher concentrations
also occurs with chemically modified rGO [68] and surfactant-stabilized graphene nanosheets [70]:
beyond the optimum concentration value, the higher the sheets aggregation (which could be caused
by additive instability in oil), the more likely that the uninterrupted supply to metal surfaces could
be not provided. In addition, aggregation can also start at the concentration at which lubricating
surfaces become saturated with additive nanosheets [70]. In [68], the optimum concentration of the
synthesized functionalized reduced graphene in base oil is 0.01 wt%, and the authors clearly explain
the reason to choose this optimum amount, since: (1) at lower concentrations (0.005 wt%), rGO can
easily disperse, though, due to the shortage of additive, the additive sheets cannot cover the whole
metal surfaces with their protective film; (2) at higher concentration (0.015 wt%), the excess sheets will
act as debris, producing abrasive-like wear. A similar trend in additive concentration and a similar
corresponding explanation can also be formulated for the basal plane octadecylamine functionalized
GO [56] and the stearic/oleic acid-modified graphene platelets [20]. The latter also showed a similar
trend with regard to the load-carrying capacity. As previously mentioned, Zhang et al. [52] give a
more detailed explanation of this phenomenon, which is related to the importance of maintaining the
continuity of the oil layer during lubrication. The authors produced oleic acid-modified graphene
sheets, observing an optimum concentration of the additive in base oil of 0.02–0.06 wt%. According to
them, the optimum corresponds to the amount of graphene sheets on the lubricating surfaces which
maximizes the ratio between the oil film thickness and surface roughness, i.e., the maximum shift
from a mixed to boundary lubrication regime. At higher concentrations than the optimum one, the
graphene sheets pile up between the lubricating surfaces, breaking the continuity of the oil film and
determining again a fall into the mixed regime and, eventually, dry contact. More generally, wear and
friction decrease with the gradual addition of graphene up to a specific concentration, after which they
start to rise, achieving values higher than the ones shown by the free-additives oil (i.e., lubrication
governed by solid nanoparticles, “dry lubrication”). In other words, this behavior is explained by the
existence of a graphene coating on the surface, which decreases the height of the asperities and hence
reduces the roughness, resulting in a thinner oil layer turning the lubrication to a boundary regime.
It was assumed that friction was a function of three terms, as illustrated in Equation (1) [52]:

FC =
FCoAo + FCgAg + FC f A f

Ao + Ag + A f
, (1)

where Ao, Ag and Af are the friction area between friction pairs separated by oil-containing graphene,
friction area separated only by graphene (dry-contact) and dry-contact area of furrows, respectively.
The progressive addition of graphene determines an increase of Ag and a reduction of Af. This is true
until a certain point and results in friction and wear reductions. On the other hand, after that point, Ag

increases, generating an abrasive effect with wear and friction that is higher than for pure oil.
Eventually, it is worth mentioning that the morphology and dimensions of additives can also be

crucial in determining the effect of additive concentration on tribological performance. For instance,
Dou et al. [71] produced ultrafine particles consisting of crumpled, paper-ball–like graphene which,
unlike more traditional GO/rGO nanosheet additives, show no significant variation in the friction
coefficient and wear reduction at both 0.01 wt% and 0.1 wt% due to their high self-dispersion and
aggregation-resistant properties.

3.2. Nanosuspensions: Stability Factors

Suspension stability is one of the main factors affecting the tribological performances of lubricant
oils. This is a topic not fully explored at all.
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Suspended nanoparticles are pushed to attract each other, driven by their high surface energy.
DLVO theory (named after Boris Derjaguin, Lev Landau, Evert Verwey and Theodoor Overbeek, who
formulated it) suggests that the stability of a nanofluid suspension is determined by a balance between
van der Waals attractive forces among nanoparticles and the electrical double layer repulsive forces [66].
Van der Waals forces are almost always present, and they result from interactions between the either
rotating or fluctuating dipoles of atoms and molecules. In the simplest situation, this interaction can be
modeled as Equation (2) [72]:

WvdW(h) =
−H

12πh2 , (2)

where H is the Hamaker constant, which defines forces’ strength, and h is the surface separation.
In most of the situations, the Hamaker constant is positive, meaning that the van der Waals force
is attractive. Typical values of H are in the range of 10−21–10−19 J. Double layer interactions can be
approximated as in Equation (3) [72]:

Wdl(h) =
2σ+σ−
ε0εk

e−kh, (3)

where σ+ and σ− are the surface charge densities per unit area of the right and left surfaces, ε0 is the
permittivity of vacuum, ε the dielectric constant of the liquid medium, and k is the inverse Debye
length [72].

As shown in Figure 4, in the state of a random Brownian movement of suspended nanoparticles,
the stability is governed by repulsive forces greater than attractive interactions. Electrostatic repulsions
between nanoparticles, as well as steric repulsions, (Figure 4a) can generate a stable homogenous
suspension (Figure 4b).
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3.2.1. rGO/GO Suspension Stabilization Techniques

In general, rGO/GO nanosheets can be stabilized by either adding a dispersing agent into the
solvent or by surface modification (see Table 1, column 3). In the study carried out by Zhao at al. [67],
a mildly thermally rGO suspension in PAO6 oil was obtained by using a magnetic stirrer for 2 h and
by subsequent ultra-sonication for 0.5 h without any dispersing agents. With this method, stability in
oil was guaranteed for 25 h because of the reduced number of oxygen groups of the rGO compared
to the pristine GO. According to Ismail et al. [68], click coupling between alkyne-functionalized GO
and azido decane leads to the formation of triazole ring-decorated, reduced graphene oxide, which,
in virtue of its hydrocarbon tail and after sonication, shows one-month stability in base oil. In the
study by Mungse et al. [56], hydroxyl and epoxide groups of graphene oxide were functionalized with
alkyl chains constituted by octadecylamine. This results in a one-month stability as the van der Waals
forces between the octadecyl chains of the functionalized GO and the apolar chains of the base oil
enable a high dispersibility of the additive nanosheets. In other studies [20,52], graphene platelets
were modified with stearic and oleic acids as well as with oleic acid only, respectively. As a result, the
long hydrocarbon chains of these molecules covering the sheets not only helped disperse the additive
in base oil, but also helped prevent the additive sheets from agglomeration as a consequence of a steric
hindrance effect resulting from the chains stretching into the oil. In [53], a one-month stable dispersion
of rGO in 10W-40 commercial base oil is guaranteed by the long alkyl chain of octadecylamine, which
was linked to the carboxylic groups of rGO by means of amide linkages, with thionyl chloride acting
as reaction coupler.

As previously mentioned, a parallel strategy to enhance additive stability in oil is the usage
of dispersants/surfactants [69,70]. For instance, Ota et al. [69] mixed pristine graphite with a
polyisobutylene succinimide dispersant in hydrocarbon media, followed by mechanical exfoliation to
obtain a one year-stable dispersion of graphene. Furthermore, the authors highlight the importance of
testing the additive in a complex commercial oil formulation, in which compatibility not only with the
base oil but also with the other additives included in the final formulation is crucial.

A deeper discussion about the methods of rGO/GO suspension stabilization is presented below,
along with a detailed description of the stabilization methods reported in the literature for specific
dispersions in lubricant base oils.

3.2.2. Dispersing Agents

It is a common practice in lubrication to add dispersant molecules that can interact with organic
contaminants, generated from aging and oxidation processes, to maintain them in suspension until
the filtration point of the lubrication cycle is reached. They reduce the formation of deposits on metal
surfaces and inhibit soot agglomeration via stable micelles formation. Therefore, the utilization of
dispersing agents is not a novel technique in the attempt to stabilize rGO/GO nanosheet suspensions.
Dispersants are mainly surfactants with multiple polar groups that enable a better interaction with
suspended contaminants [73].

Additionally, the surfactant acts as a barrier against re-aggregation phenomena by providing
steric or electrostatic repulsions, depending on its nature. As mentioned in the previous paragraph,
one of the most outstanding surfactants for dispersing graphene-like materials in lubricant oils is
polyisobutylene succinimide. In 2015, Ota et al. reported, for this surfactant, an excellent stability
performance for one year [69]. This long-term stability could be explained by the presence of various
functional groups in the dispersant that can form multiple numbers of interactions with nanosheets, as
illustrated in Figure 5.

Although dispersant addition seems an optimal method for homogenous suspension, its presence
might change the lubricant base oil properties. Surfactants are well known to increase the continuous
medium viscosity, which can limit lubricant oil usage. Furthermore, dispersants need to be mixed at
high concentrations in the industrial base oil, which leaves them prone to harsh mechanical conditions
and oxidation, hence declining their stable performance.
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Moreover, it is important to distinguish between the utilization of surfactants as a dispersant and
their usage as a non-additive surface modifier, which will be discussed in the following section.

3.2.3. rGO/GO Surface Modification and Functionalization Routes

In this section, we describe the main approaches reported in the literature for rGO/GO modification
to improve stability in polar and non-polar media. Graphene has two main derivatives, i.e., GO and
rGO, produced through harsh chemical oxidation processes, leaving them with a large number of
oxygenated functional groups that cannot be completely removed after reduction [74,75]. The remaining
oxygenated groups are present both on basal planes and edges of GO and mainly on the edges of
rGO, as illustrated in Figure 6. Oxygen groups on rGO/GO pave the way for their functionalization,
in contrast to graphene which is considered an inert material. In the following, graphene surface
functionalization is reviewed; often there are unexplored results in the field of lubrication; different
possibilities for stabilizing graphene are reported, with particular attention paid to dispersion in the
hydrophilic and hydrophobic phases.
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There is an abundance of literature about the functionalization of graphene and its derivatives for
enhanced stability in polar and hydrophilic media. However, the research for improving dispersibility
in lipophilic solvents is still scarce. Moreover, it should be noted that the functionalization process can be
designed to prevent re-staking phenomena and/or increase the interaction with the solvent molecules.

There are different methods to classify the functionalization techniques, which could be based
on the nature of the interaction or based on the targeted site or group present on the GO and or rGO
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surface. The latter method seems more practical and comprehensive; that is why we decided to adopt
it in order to summarize the data available in the literature.

π sites (non-covalent). One beneficial feature of such a modification is that it maintains the native
properties of graphene without disturbing sp2 hybridized regions, which are responsible for its high
mechanical strength and thermal conductivity [76].

π–π interactions. The main characteristics of modifiers of this category are the presence of aromatic
rings [77], which interact with the sp2 orbitals on the graphene surface. Furthermore, π–π stacking
is more suitable for pristine graphene than rGO and GO due to the absence of oxygen groups that
affect sp2 extensions. There is no sufficient information about the performance of such systems in
the oil medium, but the nearest analogy could be made with studies performed in the hydrophobic
chloroform [78], where pyrene linked to polymers was utilized for graphene dispersion. Additionally,
a study was conducted in chloroform using styrene and 2 vinylpyridine copolymers [79] revealing
enhanced graphene stability for concentrations ranging from 0.29–0.219 mgL−1. The surfactants with
aromatic rings have the ability to form π–π stackings on the graphitic regions of the sheet surface.
In this regard, a comparative investigation was performed between sodium dodecyl sulfonate (SDS)
and sodium dodecylbenzene sulfonate (SDBS) [80,81]. Both of them are anionic surfactants with an
identical alkyl chain length, except for the presence of the aromatic ring on the hydrophilic head of
SDBS. The results indicated an enhanced stability for graphene-like materials under different pH
conditions with SDBS. In addition, when SDBS was used as an exfoliating assistant agent, it revealed
simultaneous intercalating and stabilizing properties. Furthermore, the stability of graphene exfoliated
in the presence of SDBS was higher in the hydrophobic chloroform than in water [10]. However, this is
contradictory, since SDBS is mainly hydrophilic, showing a high hydrophilic-lipophilic balance (HLB
= 30).

Cation–π interactions. This method depends on the interactions between the quadrupole moment
of the aromatic ring and a positive charge [82,83].

Hydroxyl groups. Tri-alkoxy groups (covalent). In this method, a reaction is triggered between
hydroxyl groups and tri-alkoxy groups linked to silanes [84]. The resulted modified GO showed
enhanced stability in water.

Polar groups (non-covalent). These interactions depend on the formation of hydrogen bonds
between the hydroxyl groups of graphene oxide and the oxygen groups in the modifier, as it was
reported that hydrogen bonding contributed to the interaction between GO and single-stranded nucleic
acids such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) [85].

Epoxy (covalent). The functionalization of the graphene oxide surface with epoxy groups is more
favorable with respect to other oxygen groups because of their central position. The activation of
epoxy groups of GO is initiated by nucleophilic reagents, including amines for epoxy ring-opening [86].
Another root for modification is the use of organosulfur compounds such as potassium thioacetate [87].

Carboxylic group (covalent). This group is considered a common target for further GO and rGO
modification, in particular with the aim of improving stability in hydrocarbon solvents. The aim of
this modification is to form either amides or esters for enhanced reactivities. A common activation
agent is thionyl chloride (SOCl2) [88]. After this step, amides or esters bonds could be formed with
amine or alcohol groups, respectively. This method seems to be superior with respect to other methods
when considering dispersion in oils, due to the possibility of grafting alkylated modifiers on the sheets.
As also mentioned previously, organic moieties and octadecylamine were used to produce alkylated
rGO [56,68], and the tribological results indicated the formation of a relatively stable dispersion in
commercial engine oil. They also exhibited a stable suspension for a controlled period of one month
with a rGO concentration of 0.02 mg mL−1.

In earlier studies, the characterization of different alkyl amines with variable chain lengths (Cn =

8, 12, 18) to modify GO was performed. It was observed that the dispersibility of alkylated graphene in
hydrocarbon solvents increased by increasing the chain length, which indicates that a higher interaction
with the solvent provided better stability [89].
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Adsorption on different sites. Hydrophobic interaction with alkyls (non-covalent). This is
an alternative route for pristine G, rGO and GO stabilization, which consists of the non-covalent
interaction and adsorption of the aliphatic part of amphiphilic molecules (surfactants) with the
graphene surface, driven by van der Waals forces [90]. An example of such interactions was confirmed
by conductometric surfactant titration [91]. The study reported the adsorption of SDS onto rGO. It
was concluded that the adsorption process proceeds through four stages, depending on the surfactant
concentration. In the first stage, when the SDS concentration is less than 12 µM in the bulk solution,
SDS monomers initiate to be adsorbed on the rGO surface. Following this stage, at a concentration of
~12 µM, a monolayer is formed, completely covering the rGO surface. Additionally, the critical surface
aggregation concentration (CSAC) for the surface hemicylederical micelles formation on rGO is around
1.5 mM, which is considered a saturation concentration, and any increment in this SDS concentration
leads to micelles formation in the bulk phase. Such a system showed superior stability for two years
with an SDS concentration of 40 µM, e.g., two orders of magnitude below CSAC. What is more, it
could be observed that the utilization of this technique in the oil phase would favor the second stage of
adsorption, as the hydrophilic parts of the surfactant have no affinity for the bulk phase.

Other types of surfactants, including the non-ionic oleic and stearic acids, were utilized as
modifiers [51]. The mechanism of these surfactants consists of providing steric barriers around
graphene in order to limit aggregation phenomena between nanosheets in industrial base oils, which
resulted in improved stability for rGO concentrations of up to 0.4 wt%.

In-situ synthesis of nanoparticles (non-covalent). This technique is based on the formation of
relatively smaller nanoparticles on the surface of rGO/GO to act as re-staking inhibitors. Different
studies adopted different nanoparticles, including magnesium phyllosilicate [92], yet with a common
goal, e.g., to improve stability in water. However, to the best of our knowledge, still no studies can be
found with oil as a bulk phase. Thus, further investigations are required.

3.2.4. Description of the Stability Methods for Dispersion in Lubricant Base Oils

The number of studies on stability utilizing G in lubricant oil additives is still limited. In this
section, data available in the literature regarding the techniques thus far utilized for stabilization
are reported.

Lin et al., 2011, chemically modified graphene in reactions with stearic and oleic acids under
reflux conditions [20]. The modified graphene plates (MGP) revealed an improvement in stability in
base oil confirmed by ultraviolet-visible spectroscopy (UV-Vis). A tribological enhancement occurred
when only 0.075 wt% of MGP dispersed in base oil led to improvements in the wear resistance and
load-carrying capacity of the equipment. In a different study, Zhang et al., 2011, modified rGO
with only oleic acid and with a lower range of optimum concentrations of 0.02–0.06 wt%, which
contributed to a friction and wear reduction of 17% and 14%, respectively [52]. Furthermore, Ali et
al., 2018 utilized oleic acid as a dispersing agent by mixing ~2% of it with rGO and lubricant oil to
form a stable mixture [70]. The mixture remained homogenous for a measured period of one month.
The friction and wear dropped considerably by 29%–35% and 22%–29% respectively, at a 0.4 wt%
graphene concentration.

Regarding covalent modification, Mungse et al., 2015 designed a single-step approach to link
the long alkyl chain of octadecyl molecules to the basal plane of graphene oxide in a simultaneous
reduction of oxygen [56]. The reported controlled stability is for one month in base oil (Figure 7)
due to van der Waals interactions between the octadecyl chains grafted on graphene and the alkyl
chains of lube oil, with a 25 % reduction of both friction and wear. Another covalent functionalization
of GO was conducted by Ismail et al., 2017, with aromatic moieties, by using Copper-Catalyzed
Azide-Alkyne Cycloaddition (CuAAC) via Click chemistry. The results showed that with only 0.01
wt% of functionalized graphene added to the base oil, friction and wear was significantly reduced by
16% and 30%, respectively [68].
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Figure 7. Photos of (a) 10W-40 lube oil and (b–k) dispersions of GO–ODA nanosheets in 10W-40 lube oil
at different times (up to one month). The time is reported on each bottle. The concentration of GO–ODA
nanosheets: 0.04 mg mL−1 [56]. [RSC Adv., 2015, 5, 25565-25571]–Reproduced with permission of The
Royal Society of Chemistry.

Ota et al., 2015, utilized commercial polyisobutylene succinic imide dispersant in various lube oils
to disperse 0.5 wt% of graphene. The results indicated a superior stability for one year with a positive
enhancement in both friction and wear reduction. It should be noted that this dispersant needs to be
added in relatively greater amounts to show its positive effects [69].

An alternative route to modify graphene is to change its morphology, as was indicated by Dou et
al., 2016. Their method consists of crumpling G sheets into ball-like particles by a capillary compression
approach. The crumpled balls revealed a high stability for 20 h in contrast to rGO plane sheets.
This method originates from the analogy according to which crumpled papers do not stick together.
Tribological tests of base oil mixed with these balls showed extreme wear reduction of ~85% and friction
reduction of 20%, regardless of their relatively big average size of ~500 nm [70]. Table 1 summarizes
literature studies utilizing rGO/GO as tribo-additives in different base oils, including the adopted
modification methods, the measured stability and the tribo-conditions.

Eventually, the stability of GO in commercial oil can also be enhanced through a thermal reduction
treatment at 700 ◦C, as reported by Zhao et al. [67].

4. Discussion

From the conclusions of the different studies cited above, it can be postulated that rGO/GO
nanosheets can reduce wear and friction. Wear reduction is obtained by deposition and film formation,
while friction reduction is related more to the shear and lamination of the sheets on the contacting
surfaces. Nevertheless, the two phenomena are interrelated and work in sync. In this context, it
is of high importance to form a homogenous suspension for a continuous nanosheets supply after
deposition and shearing (Figure 8).
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On the other hand, despite the consistent performance of rGO/GO nanolubricants in reducing
wear and friction, there are still remaining obstacles to overcome. Moreover, the fact that each new
system deserves renewed attention, and more precisely that each graphene/base combination needs
a dedicated effort, e.g., nanocarbons used in different laboratories do not have precisely the same
surface properties, does not help. Additionally, anti-friction and anti-wear additives are only a part of
the delicate balance of components that will constitute the final formulation. For industrialization, it
would be desirable that additives do not modify the base rheological properties. Indeed, otherwise,
a re-modulation of the entire formulation would probably be required. This aspect is almost never
explored in the literature, in which little attention has been devoted to the rheology of the formulations
or to the analysis of completely formulated oils. In particular, aspects such as the tendency to aggregate
as well as the optimum concentration remain hot topics. The reaggregation of nanosheets in lubricating
oils is one of the most urgent issues. The two-dimensional rGO/GO nanosheets exhibit a very high
surface energy with high diffusive properties, enabling them to form a protective layer and helping
mend the micro-cracks on the rubbing surface. However, these properties are also the main cause of
poor suspension. The reaggregation of the sheets can even deteriorate the pure base oil properties due
to the formation of a non-equivalent distribution of the sheets themselves, as conceptualized in Figure 9
(compare Figure 9a,b). Another important issue in order to ensure the best tribological performance
is to find the optimum additive concentration. Too few nanosheets may not be sufficient to cover
the rubbing surfaces, whereas too many sheets present in the oil can increase reaggregation and the
formation of a non-continuous oil film due to large aggregates, as shown in Figure 9c. Regarding
enhanced stability, the rGO/GO surface modification seems more attractive than using a dispersing
agent because of the possible effects of the dispersant on the bulk properties of the lubricating oil. For
instance, the addition of dispersants can increase the viscosity and could affect the viscosity index of
the oil, which is a crucial parameter for oil usage. Additionally, it can affect the nanosheet’s capability
to diffuse towards the interacting surfaces, as a consequence of the increased viscosity.
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More generally, rGO/GO nanoadditives are still in need of a more comprehensive study and
characterization regarding the long-term stability and working mechanism.

In this scenario, a recent way, which inherently possesses the solution to many of the critical
aspects listed above, consists of the use of carbon quantum dots (CQDs), as shown in Figure 10. CQDs
are surface-functionalized and easily modifiable 0D material, which can be easily dispersed and is
able to repair wear scars and form tribofilms, above all by not significantly changing the oil color and
rheological properties of the oil [93].
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Figure 10. Transmission electron microscope image of CQDS formed by a facile hydrothermal
carbonization of citric acid at a relatively low temperature at 200 ◦C.

5. Conclusions

This review, after an introduction of the main lubrication mechanisms in the presence of NPs,
focuses on the adoption of rGO/GO in the field of tribology, and, finally, deals with a critical review on
the nanoparticles’ optimization and functionalization to give a stable and homogenous suspension. It
can be postulated that rGO/GO nanosheets can reduce wear and friction. Wear reduction is obtained by
deposition and film formation, while friction reduction is more related to the shear and lamination of the
sheets on the contacting surfaces. Nevertheless, the two phenomena are interrelated and work in sync.
In this context, it is of high importance to form a homogenous suspension for a continuous nanosheets
supply after deposition and shearing. On the other hand, despite the consistent performance of
rGO/GO nanolubricants in reducing wear and friction, there are still remaining obstacles to overcome.
Moreover, the fact that each new system deserves renewed attention, and more precisely that each
graphene/base combination needs a dedicated effort, e.g., nanocarbons used in different laboratories do
not have precisely the same surface properties, does not help. Additionally, anti-friction and anti-wear
additives are only a part of the delicate balance of components that will constitute the final formulation.
For industrialization, it would be desirable for additives not to modify the base rheological properties.
Indeed, otherwise, a re-modulation of the entire formulation would probably be required. More
generally, rGO/GO nanoadditives are still in need of a more comprehensive study and characterization
regarding the long-term stability and working mechanism.
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