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Superlubricity is a terminology often used to describe a sliding regime in which the adhesion leading to friction or resistance to sliding literally vanishes. For improved energy security, environmental sustainability, and a decarbonized economy, achieving superlubric sliding surfaces in moving mechanical systems sounds very exciting, since friction adversely impacts the efficiency, durability, and environmental compatibility of many moving mechanical systems used in industrial sectors. Accordingly, scientists and engineers have been exploring new ways to achieve macroscale superlubricity through the use of advanced materials, coatings, and lubricants for many years. As a result of such concerted efforts, recent developments indicate that with the use of the right kinds of solids, liquids, and gases on or in the vicinity of sliding contact interfaces, one can indeed achieve friction coefficients well below 0.01. The friction coefficient below this threshold is commonly termed the superlubric sliding regime. Hopefully, these developments will foster further research in the field of superlubricity and will ultimately give rise to the industrial scale realization of nearly-frictionless mechanical systems consuming far less energy and causing much-reduced greenhouse gas emissions. This will ultimately have a substantial positive impact on the realization of economically and environmentally viable industrial practices supporting a decarbonized energy future. In this paper, we will provide an overview of recent progress in superlubricity research involving solid, liquid, and gaseous media and discuss the prospects for achieving superlubricity in engineering applications leading to greater efficiency, durability, environmental quality, and hence global sustainability.
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INTRODUCTION
Friction (defined as resistance to sliding) has been one of the most fascinating physical phenomena from the very early ages. In fact, throughout history, mankind realized the importance of friction in their way of life and developed effective means to control it by some very ingenious manners (Holmberg et al., 2012). Prime examples are the transportation of huge colossus and stones on lubricated sledges or pathways by many slaves to their designated locations along the river Nile in ancient Egypt (Dowson, 1998). The use of gypsum, vegetable oils, and animal fats to lubricate wheels of chariots and thus achieve easier and faster mobility can also be regarded as another clever example where mankind has appreciated the importance of friction and developed new ways to control it to its advantage (Nosonovsky, 2007).
More systematic approaches to understanding and controlling friction are thought to start during the Middle Ages. The highly methodical work of Leonardo da Vinci and his explicit drawings depicting a range of friction experiments attest themselves to be extremely ingenious even today and conform to modern days’ treatment of friction (Pitenis et al., 2014). Further analyses of friction by Guillaume Amonton during the 1600s and Charles-Augustin de Coulomb in the 1700s have laid the foundation of many other scientific studies on friction by Desaguliers, Reynolds, Hardy, Holm, Bowden and Tabor, and many other scientists during the 19th and 20th centuries (Dowson, 1998; Ludema, 2001).
With much larger and diverse mobility worldwide today, friction has become an integral part of our daily life and lately, it has gained far more attention due to its enormous impact on energy and environmental matters. Today, we see, feel, and experience its effects in so many ways in a given day but hardly pay attention to its adverse impacts on energy and the environment. We like friction to be high for safe walking or while stopping our cars at a stop sign, but we wish it to be as low as possible in our joints for flawless walking or in our car’s engines to pay less at gas stations. Achieving lower frictional losses in car engines can also lead to fewer greenhouse gas emissions. In passenger cars alone, it is estimated that nearly 1/3 of the fuel’s energy is consumed by friction (this amounts to more than 360 million tons of oil equivalent per year or 7.3 million TJ of energy wasted) (Holmberg et al., 2012). So, the energy, environmental, and economic impacts of friction are rather huge and with the rapid increases in worldwide mobility and industrial activity, its impact will surely surge even higher in the near future (Marian et al., 2022). In short, friction remains a major challenge that requires more coherent and concerted efforts at every level of our society to reduce its adverse impacts on our society and environment.
Despite many dedicated studies in the past, however, controlling friction still remains a very challenging task. It has been one of the most popular research topics for many scientists year after year. According to the ISI Web of Science, more than 16,000 research articles were devoted to the science and technology of friction in 2021 alone. Furthermore, numerous books and handbooks are devoted to describing the fundamentals of friction and wear phenomena in different material systems. Friction studies by early pioneers were mostly directed toward macro/micro-scale understanding and control of friction through the uses of some solid and liquid lubricants. With the advent of technological capabilities, very effective liquid and solid anti-friction and -wear additives have been developed and continuously refined over the years to provide much superior performance (Hirano et al., 1991; Spikes, 2004; Martin and Ohmae, 2008; Romsdahl et al., 2019; Shirani et al., 2020a). Thanks to many great lubrication discoveries, friction coefficients for many sliding systems have been reduced well below 0.1 during the late 2000s. In fact, under some very special test conditions, it was shown that friction coefficients of below 0.01 are quite feasible for not only lubricated but also dry sliding contacts (Erdemir et al., 2021). This regime of less than 0.01 friction coefficient has become very attractive to the scientific community of superlubricity (Hirano, 2003) with more attention being directed to it every year. Over 4,000 research articles appeared in peer-reviewed journals in the past 5 years alone pushing the boundaries of understanding both the fundamental and applied aspects of superlubricity across scales and media.
Figure 1 summarizes the chronological evolution of superlubricity findings through the use and discovery of novel materials across scales during the past two decades. From observing sliding friction between atomic planes in an AFM setup to achieving robust macro-scale superlubricity in multi-asperity contacts and multifarious environments, the domain has vastly expanded over the years to include numerous new material systems. This could be regarded as a great achievement of the tribology community from around the world.
[image: Figure 1]FIGURE 1 | Chronological evolution of superlubricity over length scales.
Early proof of concept demonstrations included polymorphs of carbon such as carbon nanotubes, fullerene structures, tetrahedral amorphous carbon, thin diamond films, and MEMS devices. Despite a variety of demonstrations achieving super low friction, many such technologies have faded away from research interest due to the issues with scaling, environmental sensitivity, and application worthiness. Discovery of material systems such as Diamond Like Carbon (DLC) (Erdemir and Eryilmaz, 2014), Graphene and Graphene-based composites (Berman et al., 2015a; Berman et al., 2018a) (such as Graphene-MoS2; Graphene-hBN; Graphene-DLC; Graphene-MXene; and Graphene Oxides) have garnered sustained research interest and product level demonstrations. Recent advancements includ black phosphorus (Ren et al., 2020) and MXenes (Yi et al., 2021a) as superlubricity additives, tribocatalytic systems (Gao et al., 2021) and effective surface termination or passivation (Nosaka et al., 2015; Nosaka et al., 2017) technologies that pushed the chart towards the upper-right corner in the macro-scale range and hence imminent applications of superlubricity in real mechanical systems.
The dedicated studies on friction over the past centuries have undoubtedly increased our understanding and, in return, helped better control it to achieve greater efficiency and longer durability in many industrial applications. These studies also paved the way for developing novel materials and coatings synergistically working with lubricants to provide much lower friction and wear losses than before. Thanks to such leapfrog advances, many moving mechanical systems of today work flawlessly and efficiently for a very long duration. With increasing desires to achieve even far more efficient and clean mobility, we should expect continued progress in friction science and technology in the near future leading to the development of truly frictionless tribological or mechanical systems.
From a practical point of view, achieving superlubric sliding regimes would have been the most ideal type of sliding for almost all moving mechanical systems (except for brakes, clutches, tires, shoes, etc. where high friction is rather a desirable property). However, the most observed or reported superlubricity works can only be useful in certain moderate sliding conditions and often impractical in large mechanical systems operating under severe sliding conditions. Due to a worldwide desire to achieve higher energy efficiency, durability, and environmental compatibility in all types of moving mechanical systems, there is no doubt that research on friction and related matters will gain far more attention in the coming years. It is hoped that achieving a sustainable superlubric sliding regime in all macro/meso-scale mechanical systems will 1 day become a reality and these next-generation systems will consume far less energy and result in much reduced CO2 emissions. Not surprisingly, in most sliding systems where superlubricity was observed, the amount of wear was also found to be extremely small or immeasurable. This property is also very desirable for the realization of reliable, long-lasting mechanical systems.
In the following sections, we will provide detailed information on the present state-of-the-art superlubricity research involving solid, liquid, and gaseous media. Particular emphasis will be placed on those latest developments that can lead to more efficient and environmentally friendly tribological solutions for industry. We will also discuss future directions in relation to energy and environmental concerns which have lately become very important for ensuring a sustainable transportation future including electric vehicles.
A HISTORICAL PERSPECTIVE ON SUPERLUBRICITY
Superlubric or nearly-frictionless sliding regimes have existed in a variety of tribological and biological systems for quite a long time but in most of these, the type of motion does not essentially involve direct solid-to-solid contacts. Specifically, under the aero- or hydro-dynamic lubrication condition, the sliding surfaces are well-separated by a fluid (air or liquid) film and the amount of frictional energy dissipation is limited to the shearing of the fluid media due to its viscosity (Hamrock et al., 2004). This type of lubrication is very typical of foil bearings or journal bearings that are used in hydraulics, gas turbines, compressors, or power generation systems. Articular cartilages in the hip and knee joints of the human body are also separated by a viscous synovial fluid and the nominal friction coefficients of these joints are reported to be as low as 0.002 (Jin and Dowson, 2013). Piston rings and liners, piston pins, connecting rods, and other moving parts in modern automotive engines are also separated by a lubricant film and their friction coefficients are often below 0.01 (Hamrock et al., 2004; Jin and Dowson, 2013).
Superlubric sliding regimes are also very typical of superconducting bearing systems (Hull et al., 1995) where opposing surfaces are well-separated by magnetic levitation in which magnetic forces can lift the load and may also be used to propel and guide a vehicle on a high-speed track. During relative motion, there is little or no friction between such levitated surfaces. This concept is now being employed in the development of super-high velocity bullet trains that can reach speeds as high as 500 km/h (Holmer, 2003). Nanoscale levitation due to Casimir forces may also create the kind of conditions that favor frictionless sliding motions (Lamoreaux, 2004). This effect has been demonstrated at nano- to micro-scales but the larger industrial-scale demonstration is yet to be realized. Using colloid probe atomic force microscopy, even repulsive van der Waals forces were shown to sufficiently separate surfaces and lead to superlubric sliding regimes (Feiler et al., 2008). Likewise, the Coulomb repulsion at the nano-scale contacts was reported to produce the conditions for superlubricity in liquid-solid or solid-solid contact interfaces (Sun et al., 2009). Table 1 summarizes the key superlubricity mechanisms and the most representative studies on superlubricity across the media.
TABLE 1 | Summary of superlubric sliding systems.
[image: Table 1]Overall, in recent years, significant progress has been made in both the understanding and control of friction, which ultimately resulted in the development of new methods and materials enabling nearly-frictionless sliding regimes under a wide range of tribological conditions, media, and environment (Baykara et al., 2018). In particular, with the advent of new and more powerful computational techniques (such as super-fast, high-capacity computers enabling quantum level simulations, artificial intelligence and machine learning platforms) and advanced analytical tools (AFM, FFM, SFA, QCM, etc.), friction and its effects have lately been explored and simulated down to atomic scales. Using such tools and codes, many researchers have been able to show how atoms interact with one another under static and sliding contacts to produce friction (Hirano and Shinjo, 1990; Sokoloff, 1990; Meyer et al., 1995; Krim, 1996; Robbins and Krim, 1998; Bhushan, 2000; Bennewitz, 2005; Hirano, 2006; Mo et al., 2009; Urbakh and Meyer, 2010). These developments have also enabled the conditions under which superlubric sliding regimes may be most favorable (Sokoloff, 1990; Hirano et al., 1991; Martin et al., 1993; Hirano et al., 1997; Gao et al., 2003; Hirano, 2003; Dienwiebel et al., 2004; Luan and Robbins, 2005; Socoliuc et al., 2006). For example, it was predicted by quantum chemical and molecular dynamics simulations that when surface atoms of certain crystalline solids (such as graphite, MoS2, mica, and silicon) are twisted or rotated from a complete commensurability (or atom-to-atom registry) to completely incommensurate (or out of registry) conditions, the friction begins to transition from strong stick-slip (which is typical of high friction) to eventually effortless sliding (Erdemir, 2001; Dienwiebel et al., 2004; Luan and Robbins, 2005; Socoliuc et al., 2006). These types of superlubric sliding regimes are more typical of atomically smooth surfaces relying on incommensurability for superlubricity (and often at nano-scales). If the surface becomes rough or defective, very steep increases in friction can be expected (Erdemir, 2001; Hirano, 2006). Table 1 summarizes some of the sliding systems that were reported to afford superlubricity under sliding contact conditions. Further details of these systems will be provided under three subcategories and the underlying mechanisms that control superlubric behavior will be discussed in relation to solid, liquid, and gaseous media.
FUNDAMENTALS OF SUPERLUBRICITY
Superlubricity Through Incommensurability
Most of the solutions for achieving a superlubric sliding regime are based on overcoming the possible mechanisms for frictional energy dissipation (Figure 2) (Berman et al., 2018b). The friction is often time associated with wear, which arises when the energy is spent to initiate damages in the sliding surfaces, manifesting themselves as cracks and defects (Figure 2A). The damage cannot be permanent as in the case of the wear, but temporary, as in the case of the molecular deformation (Figure 2B). The effects that usually play smaller roles are associated with the local heating at the asperity contacts, the so-called thermal effect (Figure 2C), or the phonon vibrations propagating inside the contacting materials (Figure 2F). To overcome friction, efforts should also be made to minimize the interactions between the surfaces by reducing the electrostatic attraction of the materials due to sliding induced surface charges (Figure 2D) and minimizing the formation of the chemical bonds between the surface atoms (Figure 2E). In this case, the nature of the surrounding environment plays a critical role, as it can minimize surface interactions by passivating the dangling bonds or inducing surface material defects such as humidity-based corrosion of the contacting interfaces (Figure 2G). Finally, the friction may originate from the structural or mechanical interlocking of the contacting asperities during sliding (Figure 2H). Due to all of these possible contributors to the friction losses, achieving superlubricity has remained highly desirable but very challenging for a long time.
[image: Figure 2]FIGURE 2 | Schematics of possible mechanisms for energy dissipation during sliding related to: (A) wear; (B) molecular deformation; (C) thermal effect; (D) electronic effect; (E) bonding; (F) phonons; (G) environment/chemistry; and (H) structural/interlocking. Reprinted with permission from (Berman et al., 2018b).
Fundamental computational studies by Hirano and co-authors have predicted the possibility of superlubric sliding regimes between the defect-free, atomically smooth, and highly-ordered surfaces of some crystalline solids back in early 1990s (Shinjo and Hirano, 1993; Hirano, 2003). According to their studies, the most important requirement for superlubricity is to mate such solids in an incommensurate or perfectly misaligned/misfit manner. This type of superlubricity is often called “structural superlubricity” since when or if the atoms are shifted out of incommensurability, these surfaces begin to show high friction (Müser, 2004; Socoliuc et al., 2004; Dienwiebel and Frenken, 2007; Gnecco et al., 2008a; Filippov et al., 2008).
Experimentally, it was confirmed that if and when the incommensurability requirement is met, superlubricity may indeed become a reality. In fact, several researchers have confirmed the existence of superlubric sliding regimes for the incommensurate surfaces of silicon, mica, graphite, MoS2, and a few other solids (Hirano et al., 1991; Dienwiebel et al., 2004; Li et al., 2017). Using AFM and FFM, researchers have reported friction coefficients ranging from essentially zero to 0.005 for graphite (Lee et al., 2010; Berman et al., 2015b). Figure 3 illustrates the commensurate and incommensurate sliding regimes that lead to very high or super low friction in graphite, respectively. In another sliding system, Hirano’s group has also demonstrated super-low friction for the tungsten tip against silicon wafer under ultra-high vacuum conditions (Hirano and Shinjo, 1993). Likewise, Dienwiebel et al. performed a systematic study with tungsten tip and graphite surface to explore the transition of friction from commensurable to the incommensurable state of sliding surfaces (Dienwiebel et al., 2004). It was shown that the friction force comes down from a very high value to a near-zero level when surface atoms are rotated from a fully commensurate to a completely incommensurate state of contact.
[image: Figure 3]FIGURE 3 | Atomic-scale illustration of (A) commensurate (high friction) and (B) incommensurate (super low friction) contacts. A similar concept of (C) commensurability and (D) incommensurability is presented for 2D films of hexagonal structure.
Interestingly, a similar effect of rotation on superlubricity was demonstrated for a non-self-mated material pair, such as in the case of graphene and hexagonal boron nitride (Figure 4) (Song et al., 2018). The molecular dynamic simulations suggested that the observed frictional anisotropy originates from the damping of the out-of-plane distortions of the carbon atoms. This result suggested that the structural superlubricity is achievable for a wider range of the lattice mismatch systems (Chen and Li, 2020).
[image: Figure 4]FIGURE 4 | Relationship between the frictional stress and rotation angle between graphite and hBN under ambient conditions. (A) Peaks of high friction are observed at 0, 60, 120, 180, 240, and 320o; these peaks represent a complete state of commensurability. (B) Between these peaks are the regions with ultra-low friction due to the incommensurate state of atomic-scale contact. Reproduced with permission from (Chen and Li, 2020).
Another superlubric sliding regime that is more prevalent to nanoscale contacts is known as thermolubricity. In this type of superlubric sliding regime, the sliding speed is normally very low and the AFM tip has enough time to completely destroy the stick-slip motion through thermal activation (Gnecco et al., 2008a).
Researchers have shown that superlubricity can also be achieved in a number of alkaline halides (e.g., NaCl and KCl) (Steiner et al., 2009). Electro-capacitive or piezo-induced agitation or oscillation at certain resonance frequencies were found to markedly reduce friction in both conducting and insulating alkaline halides like NaCl, KBr, HOPG, and mica surfaces (Socoliuc et al., 2006; Gnecco et al., 2008b).
In addition to materials-enabled superlubricity, system adaptation approaches were considered for enabling the ultra-low friction behavior. Recently, superlubricity was demonstrated in a friction force mode of the atomic force microscope by inducing external vibrations of the system (Shi et al., 2021). The authors showed that while in regular scanning experiments the friction increased with the normal load increase, however, once the vibration was applied there was nearly no change in friction with the load. Selection of certain frequency, i.e., finding the resonance between the external vibration frequency and the resonant frequency of the cantilever beam, was crucial for achieving a significant reduction in friction and achieving superlubricity.
Superlubricity in a Liquid Environment
Liquid phase lubrication (that is, lubrication using oils, alcohols, fuels, or other fluids) has been divided by engineers into four lubrication regimes, namely, boundary lubrication, mixed lubrication, elastohydrodynamic and full-fluid film lubrication. Several standard lubrication engineering textbooks explain these regimes in detail. Despite the ubiquitous use of oil-based lubricants in the automotive and engineering/manufacturing fields and incremental improvements over time, achieving and maintaining macro-scale friction coefficients of below 0.01 (superlubric threshold) across the lubrication regimes under real-life operating conditions has been rather difficult. There are several tribological applications where such deficiency in lubricating technologies has been a limiting factor in design and realization of the next-generation moving mechanical systems. Pertinent examples include transportation vehicles, gears and bearing systems of wind turbines, and a myriad of other types of moving mechanical assemblies that exist in manufacturing, aerospace, power generation and other cross-cutting industrial sectors. Fundamental physical aspects of common oil-based lubricants, such as viscosity and its strong dependence on temperature as well as the stability of the additive packages, affect their lubrication properties in the long run. The four lubrication regimes mentioned exert different levels of shear forces and contact pressures within the contact zone, demanding a robust dynamic response from the lubricant itself so that it can remain efficient across the application conditions.
In reality, liquid lubricants that can exhibit superlubric performance in multifarious applications and over a range of operating conditions are yet to be realized. Among the available liquid media, polar and ionic liquids have been found to be most amenable for achieving superlubricity (Zheng et al., 2021). Glycerol and glycol are canonical examples that have shown promising superlubricity performance. These two liquids have lowered friction especially when the sliding parts involve certain ceramics (Wang et al., 2019), are coated with an inert material such as DLC (Björling and Shi, 2019), ta-C (Long et al., 2019), Sapphire (Liu et al., 2019), Alumina (Wang et al., 2019), and when sliding against engineering materials such as bearing steels (Ma et al., 2021a; Ma et al., 2021b), hardened steels (Ma et al., 2021b), carburized steels (Matta et al., 2008), and simple silicate glasses (Zhi-Zuo et al., 2011), silica wafers (Ge et al., 2018a). Additionally, these materials have gained substantial engineering interest since they are amenable to further modification by the addition of 0D materials (Ren et al., 2020), 2D solid phase materials (Ge et al., 2018a; Ren et al., 2021), and liquid additives (Matta et al., 2008; Wang et al., 2016; Liu et al., 2019; Han et al., 2020).
In the presence of viscous fluids, under certain load and sliding speed conditions, the sliding may result in the elastohydrodynamic lubrication (EHL) regime with the formation of a thin lubricant film between the sliding surfaces (Ma et al., 2021a). The properties of this lubricant film have a critical impact on the friction coefficient of the contact interface and therefore the performance and reliability of machine components. The majority of the liquid-lubricated systems that showed the superlubric sliding are aqueous-based (Ge et al., 2019). The liquid lubricant-enabled superlubricity usually relies on the formation of a tribofilm, a hydration layer, or a molecular brush. Reddyhoff et al. (Reddyhoff et al., 2021) have reported a tribosystem which yielded superlubricity under full-film EHL conditions relevant to bearings, gears, and many other machine components. Superlubricity was enabled when the intercalated liquid formed a very thin layer thus enabling easy shearing between the sliding surfaces (Figure 5) (Chen et al., 2013).
[image: Figure 5]FIGURE 5 | (A) Friction coefficient as a function of the relative humidity, (B,C) illustrating the molecular level structure and interaction of intercalated water with sliding surfaces. Reprinted with permission from (Chen et al., 2013).
Polymer brushes have also been shown to afford ultra-low friction to sliding interfaces through the formation of very closely spaced layers of end-grafted polymer chains between sliding surfaces (Lee et al., 2003; Feng et al., 2021). Polymer chains stretch out into the carrier fluids in order to reduce the overall free energy of the system and thus form the brush-like structure on both faces. During sliding, these brushes provide super-low friction in oils and some other aqueous environments. Obviously, understanding the underlying mechanisms that produce superlubricity in these liquid lubricants will not only help design new sliding systems but also define the specific application conditions where superlubricity can be maintained for long hours of operations.
Surface Passivation for Superlubricity
Most of the solid lubricants or self-lubricating solids (e.g., DLC, graphite, MoS2, etc.) demonstrated very high sensitivity to the chemical composition of test environments, in particular to humidity (Chhowalla and Amaratunga, 2000; Berman et al., 2013; Berman et al., 2014a). For example, the infamous Galileo High-Gain Antenna failure has been attributed to the delamination of MoS2 coating during terrestrial humid air testing (Galileo, 1992). In most cases, the presence of water in surroundings prevented the superlubricity by interfering with their chemistry reorientation to an incommensurate state of contact at the interface (Berman et al., 2015a). Figure 6 summarizes the concepts used for the superlubricity control by the surface passivation in MoS2 and DLC systems.
[image: Figure 6]FIGURE 6 | Moisture and surface passivation effect in MoS2 and DLC systems.
Khare et al. (Khare and Burris, 2013) have reported the effects of environmental water and oxygen on the lubricity aspects of MoS2. Despite MoS2 being the preferred lubricant for space applications, its terrestrial performance in terms of reaching macro-scale superlubricity is marred by the presence of water vapor. The easy shear or inter-layer slip in MoS2 is hindered by the formation of MoO3 and by the adsorption of water molecules at the edge/dangling bonds. In their systematic study, they established a direct correlation between the lubrication deterioration and the type of intercalating or interacting species (O2, H2, N2, H2O) when tested at room temperature. Amongst the considered passivating molecules, humidity showed a pronounced effect on tribological performance whereas the performance was rather insensitive to the oxygen content in the sliding atmosphere. This was due to the oxidation (damage) being a surface or sub-surface phenomenon, whereas water molecules had a much more deleterious effect as they adsorbed onto the surface and diffused into the bulk over time, thus preventing easy interlamellar share and achievement of superlubricity. From an experimental and application point of view, researchers must be mindful of the fact that diffusion of water molecules into nano-crystalline MoS2 flakes occurs over time. Improperly stored samples/powders can be contaminated by ambient water that can strongly influence the experimental results. Such physically adsorbed structural water can be rapidly desiccated by thermal treatment as compared to vacuum desorption. The favorable kinetics of thermal desiccation and over vacuum desiccation can be used to engineer high-temperature MoS2 based solid lubricants as discussed later in the manuscript.
Surface passivation of carbonaceous lubricant materials (e.g., bulk diamonds, diamond thin films, ultra-nanocrystalline diamonds (UNCD), Diamond Like Carbon (DLC), and tetrahedral amorphous carbon thin films) was imperative in achieving and maintaining low friction and wear. Unlike MoS2 where water was a degrading agent, both water and hydrogen were suggested as good molecules for effective passivation of dangling σ- or covalent bonds of these materials. Konicek et al. (Konicek et al., 2008) have shown lowering of friction across different normal loads with increasing relative humidity for UNCD and ta-C thin films. Passivation of unsaturated covalent bonds with H, OH, or other groups was essential in hindering the formation of strong covalent bonds across the self-mating interfaces. The gaseous adsorption not only passivates the surface dangling σ-bonds but also weakens π–π∗ interactions between the carbon atoms on counterfaces, thereby enhancing superlubricity.
As an engineering approach, the window for achieving superlubricity using DLC and ta-C sliding in self-mating conditions or against steel can be broadened by introducing the type of surface adsorbates that can enhance surface passivation in the tribosystem. In a model study, Khan et al. (Khan et al., 2018) proposed an acid treatment route to further enhance the surface hydrophilicity of DLC. Such a treatment combined with the presence of an organic friction modifier (such as alkyl-amine-compounds) effectively passivated the dangling σ-bonds and reduced the extent of chemical activity and thereby reduced friction. There is broad scope to exploit the tribological benefits of surface passivation using friction modifiers, and other engineering solutions to further push DLCs towards overcoming the limitations for continuous superlubricity.
SUPERLUBRICITY IN SOLID MATERIAL SYSTEMS
Superlubricity has been observed in a variety of solid materials at the nano to macro-scale tribological systems. However, the condition for superlubricity has been very different from one class of materials to the next. In the following, we will divide these into sub-categories and try to elaborate on the underlying or applicable mechanisms that triggered superlubricity under specific conditions.
0 to 1D Materials
With the advent of nanotechnology, a myriad of novel nanomaterials with 0 to 3D architectures have recently been developed including 0D nano-onions (Shenderova et al., 2008), nano-diamonds (Shenderova et al., 2008; Shirani et al., 2019a; Shenderova et al., 2019), and amorphous carbon nano-spheres; 1D nano-tubes, -fibers, -rods, and -whiskers (Alexandrou et al., 2004); and 2D graphene (Berman et al., 2014b; Berman et al., 2016), h-BN (Oshima and Nagashima, 1997), MXene (Gogotsi and Anasori, 2019), black phosphorous (Ling et al., 2015), and metal dichalcogenides (Manzeli et al., 2017). More has been discovered recently with the aid of artificial intelligence/machine learning (AI/ML)-based algorithms (Baboukani et al., 2020). Most of these are mixed with oils to achieve nano-colloidal lubrication (Miura et al., 2005), but recent experiments have shown that many of them could also provide superlubricity under dry sliding conditions (Gnecco et al., 2008a; Kawai et al., 2016). In other solid sliding systems involving graphite, Miura et al. achieved nearly frictionless sliding regimes when C60 is used as intercalates between the alternating layers of graphite (Miura et al., 2005). It was thought that with the introduction of C60, the interlayer spacing between graphite sheets was greatly increased, and perhaps the spherical C60 was acting as a molecular-scale ball bearing.
Graphene and Other 2D Materials
To create a better solid lubricant solution, 2D materials were analyzed in terms of their friction and wear reducing characteristics that can positively affect the operation of the moving systems across scales and sliding regimes. The atomically-thin nature of the films allows using 2D materials both in nanoscale systems, where the lubrication approaches involve the use of the materials properties on their own, and macroscale systems, where conformality of the coating allows to protect the substrate materials from the friction and wear induced damage.
Structural uniformity and easy shearing of the 2D materials make them promising candidates for more precise control of friction and even reduce it down to a near-zero value. With the major goal of minimizing friction and wear at an industrial scale, the efforts in creating structural superlubricity went beyond the nanoscale contact. The major challenge is minimizing the contact area of interactions between the surfaces while preserving the loading capability of the surfaces (Hod et al., 2018). In the case of incommensurate contact, the interactions between the surfaces are minimized at the atomic scale. However, permanently keeping the contact interface in an incommensurate state is technically challenging and a new approach for reducing the contact interactions is needed. The first demonstration of the practically viable macro-superlubricity was provided only a few years ago. In that case, the 2D material, graphene, was combined with diamond nanoparticles (Berman et al., 2015a). By utilizing all the beneficial properties of graphene, superlubricity was achieved from the phenomenon of nanoscroll formation of graphene platelets around the nanodiamonds. The formed scrolls enabled the separation of the sliding macroscale surfaces, leading to a reduction in the contact area. It was demonstrated that only a 65% reduction in the possible contact area is sufficient to substantially minimize the friction losses. Existence of unscrolled graphene preserved beneficial properties of 2D materials in protecting the underlying surfaces and minimizing their interactions with each other. A graphene + nanodiamond combination led to a decrease of the coefficient of friction from ∼0.15 in initial unscrolled configuration to superlubricity regime of ∼0.004 when scrolls are formed. It should be noted that the observed superlubricity was stable over the range of temperature, load, and velocity conditions, though the elimination of the humidity effect was critically important.
A wide range of 2D materials opened new opportunities for achieving ultralow friction regimes with materials beyond graphene. The first discovery of the macroscale graphene-enabled superlubricity suggested that a similar mechanism can be observed for other materials. The test was performed with molybdenum disulfide (MoS2) flakes replacing graphene in a similar 2D material + nanodiamond configuration (Berman et al., 2018a). In that system, friction values also dropped to near-zero, however, analysis of the wear debris suggested that the mechanism of the friction reduction is different from mechanically-initiated nanoscroll formation. Specifically, in the case of MoS2, the superlubricity rather originates from tribochemical activity inside the wear track. During the initial sliding period, when the friction in the system is high, favorable conditions for initiating the tribochemical processes between nanodiamonds and MoS2 flakes induce material transformation. Large contact load and local heating events experienced by the materials in the contact interface induce disintegration of the MoS2 film into molybdenum and sulfur atoms. Sulfur is highly reactive towards sp3-bonded carbon of the nanodiamond lattice, leading to disruption of the diamond lattice and carbon amorphization. Once the heating is released, amorphized carbon converts into onion-like carbon structures, capable of withstanding high contact loads and providing similar graphene + diamond nanoscroll contact area reduction and incommensurability effects. Alternatively, similar concept is true when replacing the nanoparticle material instead of 2D material, as it was shown for graphene + iron nanoparticles configuration (Berman et al., 2019).
Lamellar/Layered Solids
Previous research has shown that layered or lamellar materials (such as graphite, MoS2, h-BN, mica, etc.) in the form of bulk structures rather than as several layer 2D films are most suitable for achieving superlubricity. In all of these solids, again the incommensurability was found to be one of the most important prerequisites for superlubricity. For example, Hirano et al. observed four orders of magnitude reductions in the amount of frictional force when two mica sheets were increasingly rotated out of a fully commensurate contact to a totally incommensurate state of sliding (Hirano, 2014). Furthermore, Dienwiebel et al. (2004) reported near-zero friction between sliding contact surfaces of tungsten tips and graphite sheets at nano-scale contacts. In the case of Dienwiebel’s experiments, superlubricity was achieved by bringing contacting surface atoms to complete incommensurability as shown in Figure 2. Martin et al. (1993) achieved superlubricity in ultra-pure MoS2 films under ultrahigh vacuum and incommensurate sliding conditions. Among the other lamellar solids, WS2 has also been shown to achieve superlubric friction values when tested in ultrahigh vacuum test environments (Joly-Pottuz and Iwaki, 2007). Importantly, the large lattice mismatch in MoS2/graphene and MoS2/h-BN enabled the superlubricity even without any twist angle dependence (Liao et al., 2022).
Due to their lamellar structures, certain inorganic solids can afford some of the lowest friction and wear coefficients at appropriate test environments and conditions. For example, when tested in inert gases or vacuum, MoS2 was shown to provide friction coefficients of down to unmeasurable levels by Martin et al. (1993) in ultrahigh vacuum.
Liu et al. (Liu et al., 2012) have lithographically prepared microscale mesa on graphite and upon shearing, observed that the sheared section retracts back without necessitating any force. They attributed such self-retraction to the superlubricity of the incommensurate surfaces of graphite at a micro-scale (Liu et al., 2012).
Superlubricity in Diamond-Like Carbon and Diamond Films
DLC films are very unique in that they can provide graphite to diamond-like friction and wear behaviors depending on their chemical and structural natures (Erdemir and Donnet, 2006). Concerted efforts by many researchers also resulted in the development of new breeds of diamondlike carbon films providing friction coefficients down to superlubric sliding regimes under both dry and lubricated conditions. The most important requirement for achieving superlubricity was found to be complete hydrogen termination of their sliding surfaces. This was either achieved by synthesizing DLC in a highly hydrogenated plasma to fully terminate dangling sigma bonds of surface carbon atoms or maintaining high hydrogen concentration within the test chambers during tests so that the sigma bonds are instantly and continuously terminated by hydrogen in the vicinity of sliding contacts. Through some very unique tribochemical interactions, it turns out that hydrogen reacts with carbon atoms to form a hydrogen-terminated top layer which in turn creates repulsive forces diminishing adhesion and thus friction. Post-deposition hydrogen plasma treatment of hydrogen-poor or free DLCs was also shown to result in superlubric sliding behaviors (Eryilmaz and Erdemir, 2008).
Previous research has confirmed that there exist many types of DLC coatings that are able to provide superlubricity (Erdemir and Eryilmaz, 2014). In addition to single-phase DLCs, several kinds of DLCs that are doped by other elements are now available and these tend to provide superior mechanical (toughness and hardness), thermal (high resistance to heat and thermal degradations), and tribological properties (friction and wear). Among others, carbon nitride (CNx) coatings have attracted strong interest from the hard-disk recording industry as one of the most preferred hard-disk coatings due to much superior tribological properties in the presence of molecularly thick oil films on their surfaces. The typical concentration of nitrogen may vary from about 5 to more than 15 t% in order to enhance hardness, stiffness, surface energy, and other surface-sensitive properties (Erdemir and Eryilmaz, 2014).
Dedicated studies by Kato and Adachi have shown the possibility of achieving superlubricity with CNx after a brief run-in or surface conditioning in an oxygen environment. Specifically, they have shown that friction coefficients of as low as 0.005 are feasible in dry nitrogen following such surface conditioning stages (Kato and Adachi, 2007). Based on their surface analytical studies, they attributed such superlubric behavior to the extremely shearable nature of tribolayers forming at the sliding interface in dry nitrogen.
Superlubricity (i.e., friction coefficients below 0.01) was also achieved with silicon-doped DLC films in a high vacuum (Sugimoto and Miyake, 1990; Yi et al., 2021b). Underlying mechanisms for such super-low friction are not yet well-understood but ascribed to the generation of an easily shearable transfer layer having a special orientation with respect to the sliding direction.
Fluorine was also used as a doping agent in DLC films to mimic the chemical composition of PTFE which is known to provide very low friction coefficients. However, compared to nitrogen and silicone, fluorine was proven very difficult to incorporate into DLCs in large amounts. Tests with moderately fluorine-doped hydrogenated DLCs were shown to provide friction values down to 0.005 in ultra-high vacuum (Fontaine et al., 2004).
Sulfur was another dopant used to achieve superlubricity with DLCs. The key motivation was that sulfur would drastically alter the surface energy and hence the frictional properties of DLC surfaces. Tribological testing of such coatings indeed provided super-low friction down to 0.004 levels under ambient air conditions (Freyman et al., 2006) mainly because of a weaker bonding between adsorbed water molecules (coming from the humid air) and the sulfur and hydrogen-rich surface.
Researchers have also shown that manipulation of the random network structure of DLCs may also create the conditions under which superlubricity may be achieved. For example, fullerene-like hydrogen-free and hydrogenated DLC films were produced out of CNx tested for their friction and wear. The friction coefficients of fullerene-like CNx were high (e.g., 0.15–0.2) but the friction coefficient of hydrogenated fullerene-like DLC films sliding against Si3N4 was reported to be less than 0.01 depending on the contact load and the type of tribochemical films that were present on rubbing surfaces. Mechanistically, such a superlow friction behavior was attributed to the formation of a hydrogen-rich transfer layer providing very low shear during sliding (Wang et al., 2011).
Recently, it was shown that when hydrogenated DLC films are slid against zirconia balls, superlow friction coefficients (i.e., below 0.001) can be achieved. Such an outstanding friction coefficient was attributed to the formation of a polymer-like tribofilm under extreme pressures (i.e., 2.6 GPa) through a very unique catalytic effect excreted by zirconia balls. It was argued that under such extreme pressures a special kind of tribocatalytic reaction is triggered between the hydrogen molecules in the environment and the top carbon atoms of DLC film giving rise to a situation where strong repulsive forces come into play (Nosaka et al., 2015; Nosaka et al., 2017).
Besides the DLCs mentioned, diamond has also attracted special attention for its potential superlubricity. From a tribological standpoint, bulk diamond or thin diamond films can provide super-hardness and rigidity and hence superior wear resistance. However, friction properties of diamond surfaces can be strongly affected by gaseous species such as hydrogen, oxygen, or water molecules in the surrounding atmosphere. Recent studies by Kumar et al. and Konicek et al. have confirmed extraordinary wear resistance of ultrananocrystalline diamond films and further reported ultralow friction (i.e., down to 0.01 or below) at the macroscale (Konicek et al., 2008; Kumar et al., 2013) in the humid air. Such low friction values were attributed to water molecules being dissociated into hydrogen and hydroxyl ions at the sliding contact interface and then effectively passivating the dangling sigma bonds of surface diamond atoms, thus providing ultralow friction.
SUPERLUBRICITY IN LIQUID MATERIAL SYSTEMS
While solid material systems demonstrate high applicability at controlled environment conditions, the challenges associated with their design and deposition as well as their eventual degradation signify the need for liquid lubrication solutions. Use of oil-based lubricants [including synthetic (Rudnick and Shubkin, 1999; Jacques et al., 2019) and plant-based (Salimon et al., 2010; Cermak et al., 2013; Li et al., 2018; Romsdahl et al., 2019)] is a common industrial approach allowing to reduce frictional losses in moving components, though achieving the superlubricity with oils is challenging. The materials systems that render superlubricity in liquid media commonly include aqueous hydrocarbons, and ionic systems, as pure systems or with additional solid or liquid additives.
Superlubricity of Aqueous Solutions
Water has been shown to produce superlubricity with as little as 0.1646 mol/L addition of phosphoric acid into the system (Gao et al., 2018). The tests were conducted in a unidirectional sliding test, under 300 g load (700 MPa pressure) and 56 mm/s liner sliding speed (SiO2 sliding against Si3N4). Following a run-in period of about 12 min, the friction dropped to 0.003 and remained stable thereafter. The addition of phosphoric acid led to the disruption of structural water (that is the ordered O-H network) as evidenced from the sum-frequency generation (SFG) vibrational spectroscopy. The disruption of the O-H structure was in turn attributed to the strong hydration ability of the phosphoric acid. This is different from previously reported studies where under similar conditions, friction was 0.004 and stable for 3 h (Li et al., 2011). In that case, as suggested by the Raman spectroscopy analysis, the superlubricity was attributed to formation of solid-like films, mostly hydrates of phosphoric acid with a hydrogen-bonded network, over the sliding surfaces. The hydrogen bond effect was key in forming a hydrated water layer which has a lower shear strength, and interfacial Coulomb repulsion from the dipole-dipole effects all cumulatively resulting is prolonged superlubricity (Li et al., 2011).
Notably, superlubricity in aqueous solutions has been sensitive to the hydrogen ions concentration (Li et al., 2012). Hydrogen ions firmly adsorbed on sliding systems by protonation reaction thus producing positively charged surfaces. The superlubricity, thus, has been attributed to the synergy of the charged double layer effect and the hydration effect. A more elaborated microscopy investigation after the removal of excess solution indicated formation of hydrogen bond network in the tribolayer composed of thin hydroxide and dihydrogen phosphate (Li et al., 2013).
Superlubricity of Ionic Solutions
Repulsions between two negatively charged double layers in conjunction with classical shearing of hydration layers have also been reported in alkali metal salt solutions that effectively produced superlubricity (Han et al., 2019). Divalent and trivalent ions exhibited extremely low friction coefficients of 0.005–0.006 and 0.002–0.004 under similar sliding conditions. Systematic parametric studies also showed the relation between the size of the anion and its effect on the lubricity. Later, similar behavior of attaining superlubricity with smaller ions, such as Li, Na, and K, was demonstrated under high contact pressure between the Si3N4 ball and sapphire disk (Han et al., 2018). Unlike larger ions, the primary mechanism for attaining superlubricity in this case was smoothing of asperities causing boundary layer lubrication, and formation of hydration shells surrounding alkali metal ions effectively separating the tribopairs and thus lowering friction.
Superlubricity in Alcohols and Alkanes
1-dodecanol showed superlubricity under sliding-rolling conditions as tested in a miniature traction testing machine (Reddyhoff et al., 2021). Diamond anvil cell experiments showed that 1-dodecanol undergoes a pressure-induced solidification when introduced into elastohydrodynamic contacts, with temperature and pressure affecting the polymorphs that formed under contacts. These morphological changes resulted in the formation of lamellar hydrogen-bonded hexagonal structures that acted as the lubricating sling interlayers. The advantage of such tribosystem is that the phenomenon does not depend on kinetics of the tribolayer formation, but rather on the polymorphism of the system creating the reservoir of surrounding liquid that can immediately replenish the contact when needed. The study also reported that the lamellar structure could rupture under higher temperatures and pressures, thereby making 1-dodecanol amenable for a targeted lubricity application (Reddyhoff et al., 2021).
Pure isooctane was shown to provide superlubricity when sliding against SiC in a flat-on-flat configuration as seen in many engineering systems (Schreiber and Schneider, 2019). SiC being harder than steel, resists plastic deformation and accommodates sliding stresses by local degradation that causes formation of new surfaces. The formed surfaces passivated with siloxane and silanol groups as well as a continuous presence of a thin lubricating isooctane film are responsible for the sustained superlubricity.
Superlubricity in Glycerol and Glycol Liquids
While glycerol can be very effective in passivating sliding interfaces, its high viscosity often leads to the formation of thick fluid films, viscous losses, and thus high friction. Water could provide a great option to lower the viscosity and hence act as a friction modifier for glycerol due to its extremely low viscosity, low cost, good miscibility, and worldwide availability. Ma et al. (Ma et al., 2021a) reported on the effect of water content on the macroscale lubricity behavior of glycerol in pure sliding conditions. Their study identified a critical water content for achieving a mixed elastohydrodynamic regime that would favor superlubricity. Specifically, it was observed that increasing water content in glycol produced a monotonous decrease in viscosity, theoretical film thickness, and hence friction up to 0.2 water/glycerol weight ratio, after which friction increased above the superlubric threshold (Ma et al., 2021a). A similar trend was also observed while varying other key operating conditions such as sliding velocity and normal load. In both cases, the friction coefficient decreased up to a certain threshold with the change in one variable while the other one was held constant. Mixed/elastohydrodynamic regime computer simulations indicated the formation of a tribochemical boundary film that limited the interaction of the asperities at the sliding interface and thus enabled exceptional lubricity. These results collectively indicate that there is a specific window for achieving and maintaining superlubricity with respect to load, water content, sliding velocity, and surface roughness.
Like water, the lubricity of glycerol can also be altered by adding small quantities of ionic liquids, especially in the thin film lubrication regime (Hua et al., 2022). Small quantities (0–3 wt.%) of [Choline][Proline] ionic liquid were added to glycerol and the lubricity of mixed fluid was tested under simple sliding conditions with humidity as a variable. Under ambient conditions, as little as 1 wt.% of additives produced a superlubricity effect, with increasing quantities causing further improvements. Additionally, increasing the wt.% of glycerol decreased the time to attain a steady-state, viscosity, and a fraction of water evaporated from the tribosystem. It was shown that H+ ions from water could form a layer on the contact surfaces that in effect preferentially supports the applied normal load and locks in water molecules. The effect is similar when adding ionic liquids adsorbing on the surfaces (Hua et al., 2022). The advantage of this route over pure moisture manipulation is that superlubricity can be achieved even in a thin film lubrication regime rather than in elastohydrodynamic lubrication (EHL) regimes that need thicker liquid entrapment. This development can further seed research in the direction of dynamic lubricity alteration as a function of ambient humidity, thus creating alternate routes for producing superlubricity and high shear rates in thin films.
Chemical reactions taking place in situ due to the interaction of the sliding surfaces are referred to as the tribochemical phenomenon. Surfaces used in engineering applications are often rough, but sliding induced attrition of tall contacting asperities gradually makes mating surfaces conformal. Lubrication, dominated by the interactions between asperities, is known as the boundary lubrication regime where such asperities come into direct physical contact and potentially create friction and wear. With prolonged sliding, the smoothening of surface asperities reduces the contact pressure and promotes the formation of a continuous lubricating film, thereby transitioning the sliding contact to the EHL regime. The wear debris that get entrapped into the system can either contribute to the third-body-wear phenomenon resulting in aggravated wear and friction spike or participate in tribochemical reaction and formation of tribofilms. For instance, superlubric performance was demonstrated when tetrahedral amorphous diamond-like carbon (ta-C) coating was used against steel in glycerol-containing liquid media. Although ta-C vs. ta-C was also studied, superlubric performance was only seen in ta-C vs. steel tribopair, which indicates that the Fe debris available at the contact zone played a critical role in the tribochemical reaction that led to the observed superlubricity. Long et al. (2019) revealed the tribochemical mechanism which included the mechanical smoothening of the steel ball, the formation of a very thin layer of iron oxyhydroxide, FeOOH (lepidocrite), and the subsequent absorption of water onto its surface. Liepidocrite has a 2D structure, which is energetically favorable to form in the tribosystem as compared to the 3D nuclides/crystals and the lubricity between Liepidocrite crystals originates from the weak interaction between hydrogen-faced layers. Besides the formation of FeOOH, the entrapment of glycerol and its degradation products (carbon, water, hydrogen, etc.) results in a highly lubricious EHL film (Figure 7). The in situ development of a thin oxide film that prevents the degradation of glycerol, separates contacting surfaces, and facilitates superlubricity is a tangible technique that can be used as a template for commercial applications in future technologies.
[image: Figure 7]FIGURE 7 | Tribochemical generation of complex iron oxyhydroxide, subsequent absorption of water onto its surface resulting in superlubricity. Reproduced with permission from (Long et al., 2019).
Graphene oxide (GO) flakes were also shown to lower friction by limiting wear loss. Macroscale superlubricity was enabled by a synergistic effect of graphene oxide nanoflakes in polyhydroxy alcohols (Ethanediol) when added in very small concentrations in the order of 0.5, 1.0, 1.5, and 2 g/L (Ge et al., 2018a). Like the previous cases, preservation and activation of water molecules were key to the diminished friction. GO invariably is associated with adsorbed water molecules and terminal hydroxyl groups and the interfaces between water molecules/graphene are the most probable sites of shearing during sliding. For sites distant from the graphene oxide flakes, hydrated GO-Ethanediol networks play an important role in the significant friction reduction and contribute toward the effective realization of macroscale superlubricity.
In summary, superior lubrication in liquid phase can be classified broadly into four categories: Engineering the rheology of the lubricants either by solid additives, ionic or polar molecules combined with fine tuning environmental conditions, sustained hydration by activation of water molecules; expanding the regimes of classical lubrication that is most favorable to superlubricity by molecular manipulation; and activation of tribochemical or tribocatalytic reactions to achieve surface passivation. A summary of these observations is highlighted in Table 2.
TABLE 2 | Summary of lubrication mechanisms in liquid phase lubrication.
[image: Table 2]HIGH-TEMPERATURE SUPERLUBRICITY
Achieving and maintaining low friction at temperatures above 200°C is an engineering challenge since most, if not all, traditional mineral and synthetic oil-based lubricants begin to degrade and degenerate at such temperatures under shear. In the case of solid lubrication, thermally accelerated phenomenon such as diffusion and solid-state phase transformations, thermal expansion, and contraction provide their own benefits of material replenishment and adaptation (Shirani et al., 2019b; Aouadi et al., 2020; Shirani et al., 2020b) though render frictionless sliding challenging. Meanwhile, there is a dire need for lubrication solutions in applications involving high-temperature regimes, including all kinds of turbines, transportation and manufacturing operations, and aerospace technology. State of the art of high-temperature lubrication rendering sub-0.01 friction is still in its infancy with a very limited number of studies demonstrating such a phenomenon under some very specific test conditions (Zeng et al., 2015; Gao et al., 2021; Wang et al., 2021).
MSH/C System: Tribochemically-Generated Lubricious Carbon Films
Gao et al. (Gao et al., 2021) have demonstrated reliable superlubricity using a combination of antimony trioxide (Sb2O3) and magnesium silicate hydroxide coated with carbon (MSH/C) onto a nickel superalloy substrate. The coating of ∼1 µm thickness was deposited on a nickel superalloy using burnishing of a base antimony trioxide (Sb2O3) layer, and then a coaxial layer of MSH/C layer was added on top of the Sb2O3 layer. Despite the relatively soft nature of the coating (hardness of ∼2 GPa), this material combination produced superlubricity with low, steady-state friction of 0.008 at an elevated temperature of 300°C. Their results suggested that superlubricity was triggered through passivation of the base metal by Sb2O3—MSH/C thereby preventing direct metal-metal contact, subsequent in situ welding of tribopairs, and associated friction spikes. In addition to the physical separation of the tribological contacts, the observed high-temperature superlubricity was attributed to the tribochemically-generated carbon-based lubricious surface tribofilm and the formation of -O-H and Si-O groups as evidenced by in situ Raman and TEM investigations.
MSH-MoS2 System: Desorption of Structural Water Enabled Interlayer Shearing
Observations of the high-temperature superlubricity were further expanded for the system combining Sb2O3 (base layer) and composite burnished coatings of MSH −MoS2 (Wang et al., 2021). The high-temperature superlubricity was observed only at temperatures over 100°C, strongly indicating that evaporation or disassociation of water molecules must have a direct effect on lowering friction. Wang et al. (Wang et al., 2021) revealed that MSH−Sb2O3−MoS2 composite coatings rendered respectable lubricity (friction = 0.075) in room temperature experiments, and the performance surprisingly improved by an order of magnitude to the friction coefficient of 0.007 at 200°C and above. This temperature dependence of friction above the evaporation point of water was deciphered via DSC−TG analysis, which suggested that the temperature increase accelerated the destruction of structural water (hydroxyl group in Mg−O/OH octahedral sheets), its subsequent bonding to the surface elements, and thus directly reducing friction. While no structural or morphological reorientation of MoS2 or MSH crystals was observed in TEM and Raman, water desorption may have magnified the interlayer spacing that enabled easy slip of layers. This thermophysical effect supported by inherently lubricious Sb2O3 and MoS2 exert a synergistic effect on the superlubricity process (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic of the macroscale superlubricity accomplished by the MSH–Sb2O3–MoS2 composite coatings at high temperatures. Reprinted with permission from (Wang et al., 2021).
Iron Oxides and DLC System: High-Temperature Phase Decomposition Driven Superlubricity
The efforts towards the high-temperature superlubricity also involved the use of DLC coatings. Zeng et al. (Zeng et al., 2015) studied the lubricity of DLC and steel tribopair from room temperature and up to 700°C in ambient atmospheric conditions. The lowest steady coefficient of friction, i.e., 0.008 was observed at 600°C. Although DLC was observed to influence the lubricity at lower temperatures, it was reported to undergo rapid graphitization with the temperature increase. The observed phenomena were attributed to the in situ formation of lubricious oxides such as gamma-Fe2O3 and silica, which have preferred low shearing behavior as compared to other allotropes. It must be noted that such behavior is not expected or seen in pure oxides, but only seen in complex composite oxides sliding against DLC. The high-temperature friction properties of these complex composite oxides are distinct from their room temperature behavior. In the self-generated composite oxides in the abovementioned DLC system, the softer gamma-Fe2O3 phase is chemically bonded to the high strength SiO2 phase through covalent grafting, forming a stable structure that acts as the functional solid lubricant between the contacting surfaces.
Graphene Oxide—MoS2 System Enabled by Encapsulation
Achieving reliable high-temperature lubricity with 2D materials, such as Graphene/Graphene-Oxide and MoS2, is often limited by the processes associated with material degradation, intercalation of structural water, or graphitization or vitrification of Graphene (Khare and Burris, 2013; Khare and Burris, 2014). The superlubricity for MoS2-Graphene/Graphene-Oxide system was reported in sliding and sliding rolling conditions at room temperature (Mutyala et al., 2019a; Mutyala et al., 2019b), but they showed higher friction at elevated temperatures. To address the challenges at higher temperatures, MoS2 flakes were encapsulated with protective graphene-oxide sheets that prevented oxidation of MoS2 when exposed to ambient oxygen and water (Sumant and Ayyagari). The resulting air-brush deposited coatings demonstrated a superlubricity regime at 200°C and above. This effect was attributed to the layer passivation and anti-intercalation of MoS2 that triggered extremely low interfacial shear strength (Figure 9).
[image: Figure 9]FIGURE 9 | Passivation of MoS2 flakes by encapsulation with protective graphene oxide sheets. Reprinted with permission from (Ayyagari et al., 2020).
EMERGING SUPER LUBRICIOUS MATERIALS AND METHODS
Recently, with the discovery of a range of new materials, the focus in superlubricity research has been redirected to the exploration of these new systems, such as black phosphorus and MXenes.
Black Phosphorus
Among the post-graphene 2D materials, black phosphorus (BP) is one of the rising stars and has gained much attention recently due to its excellent tribological properties. Similar to other 2D materials, BP also has a layered structure, and its unique wrinkle-like anisotropic geometry provides superior optical, electrical, and mechanical properties (Tao et al., 2015). BP nanosheets can be used as additive materials in combination with oil or water-based lubricants. As an oil-based lubricating additive, ultra-thin BP nanosheets can easily enter the contact area and form a solid lubricating tribofilm to prevent direct asperity-asperity contacts. Wang et al. compared the lubricating performance of BP, GO, and MoS2 nanosheets dispersed in hexadecane and found that BP nanosheets had superior tribological performance at the lowest concentration level of 0.1 ppm (Wang et al., 2018a). A recent experimental and simulation study by Tang et al. revealed that the friction coefficient of oleic acids could be reduced from 0.1 to 0.006 with the addition of only 0.1 wt.% BP nanosheets (Tang et al., 2021). Additionally, combining BP with other lubricious materials can create a synergistic effect to reduce friction. A recent study by Tang et al. reported a friction coefficient as low as 0.034 with the addition of Ag/BP nanocomposite in PAO-based oils (Tang et al., 2020). In a related study, Luo et al. (Luo et al., 2021) showed that combining BP with other lubricating materials (such TiO2, TiL4) can also reduce the friction coefficient of PAO 6 oils down to 0.063. Each of these aforementioned studies concluded that BP nanosheets can catalyze in situ formation of carbon-based tribofilms via the decomposition of the base-oil molecules. These kinds of tribofilms are typically known not only to reduce the interfacial shear strength to reduce friction, but also to improve wear resistance under high-pressure sliding conditions (Erdemir et al., 2016; Argibay et al., 2018; Berman and Erdemir, 2021; Shirani et al., 2021).
As a water-based lubricating additive, BP can be effective to achieve superlubricity even under severe sliding conditions. BP nanosheets modified with hydroxyl groups (BP-OH) exhibited superlubricity with friction coefficients between 0.006 and 0.0006 under different sliding speeds, additive concentrations, and hertzian contact pressure conditions (Wang et al., 2018b). This is due to the retention of an interfacial lubricious water layer attached to BP nanosheets via hydrogen bonding. In a comparable study, Ren et al. (2021) reported that partially oxidized BP nanosheets (oBP) can maintain liquid superlubricity with a friction coefficient of 0.0017 even at ultra-high contact pressure (∼1.2 GPa). Oxidized or hydroxyl-terminated BP nanosheets can be trapped at the sliding contact and isolate the friction pairs by transforming the contact zone from Si3N4/Sapphire to oBP/oBP. Their molecular dynamics simulation revealed that these trapped BP nanosheets form P-O and P–OH bonds during oxidation that also facilitate the absorption and retention of water molecules at the BP surface. These retained water layers reduce friction between the nanosheets and promote superlubricity (Figure 10). While these concepts are prevalent in literature, there are some studies that claimed that superlubricity is derived from the rolling effect of BP and their structural conversion to phosphorus oxide. The degradation and tribochemical transformation of BP eventually lead to the formation of an extremely low shear strength tribofilm that reduces the friction coefficient significantly (Ren et al., 2020; Liu et al., 2021).
[image: Figure 10]FIGURE 10 | An illustration showing the trapped oBP nanosheets between the sliding contact of Si3N4 and Sapphire. The oBP nanosheets absorb free water molecules and create a lubricious boundary film that reduces friction. Figure adapted and reprinted with permission from (Ren et al., 2021).
Similar to the oil-lubricated contact, BP also shows a synergistic effect to reduce friction in water-lubricated conditions when used with other 2D materials such as GO (Guo et al., 2019).
MXenes
MXenes, another relatively new and rapidly growing member of the 2D layered material family, are mostly transition-metal carbides, nitrides, or carbonitrides based upon the MAX-phases. The electrical and chemical properties of MXene have been extensively studied for many years to realize their implementation in energy storage devices such as supercapacitors, lithium-ion batteries, and other fields applications. In addition to their outstanding mechanical strength and flexural rigidity, MXenes have many other properties that make them a great candidate as a lubricant material for tribological applications. For instance, like Graphene and BP, MXenes also have a layered structure and low interlayer shear strength imparting self-lubrication properties. Additionally, the higher surface area to volume ratio and characteristic rich surface functional groups allows them to drastically improve the matrix-filler bonding strength when being used as additives. However, despite these unique properties and the tremendous potential to become the next-generation solid lubricating material, surprisingly very few studies concentrated on their use for tribological application to date.
Within the MXene family, Titanium carbide (Ti3C2) is one of the most common materials that has been investigated in many fields. When used as a coating material on steel substrates, the friction-induced graphitization of Ti3C2 can result in a lubricious tribofilm that prevents direct metal-metal contact and reduces wear rate and friction by 10 and 4 times, respectively (Guo et al., 2019). Ti3C2Tx-nanoparticles were also found to be very effective (up to 300%) to prevent adhesive, abrasive, and tribo-chemical wear at very low humidity levels. The observed effect was correlated with different surface terminations including -O, –OH, and -F groups and intercalated water, reducing the interfacial bonding strength and thus resulting in lower interfacial shear strength and frictional force during dry sliding on stainless steel surfaces (Rosenkranz et al., 2019). Ti3C2Tx nanoparticles were also used to reinforce polymer matrix composites. Zhang et al. reported the addition of Ti3C2 nanoparticles reduced the adhesive wear and plow friction of UHMWPE, resulting in a smoother wear surface than pure UHMWPE (Zhang et al., 2016). Ti3C2/graphene hybrid (M-G) with wrapping structure was successfully incorporated into epoxy matrix to reduce wear by 81–88% (Yan et al., 2020). The authors concluded that the self-lubricating and synergistic effect of graphene and MXene hybrid wrapping structure, in combination with the formation of a tribofilm at the sliding interface, resulted in this outstanding wear performance.
In many recent works, Ti3C2Tx MXenes have been incorporated as an additive material to develop metal matrix composites. Hu et al. reported a Ti3C2Tx/Al composite with a COF of twice lower than bare aluminum in dry sliding conditions (Hu et al., 2020). Mai et al. (Mai et al., 2019) designed Ti3C2 nanosheets/copper composite coatings with COF and wear rate 46% and 19 times lower than their Ti3C2-free counterpart. Ti3C2-rich compact tribolayer formed on the worn surface, which reduces the direct metal-to-metal contact, meanwhile provides easy shear in the contact interface. Recently, Yin et al. (Yin et al., 2019) reported a Ti3C2/nanodiamond coating which showed ultra-wear resistance with almost no visible wear when slid against a PTFE ball. Atomic-scale and macroscale characterizations revealed the in situ formation of a nanostructured tribofilm at the sliding interface. The unique lubrication mechanism was derived from the combined effect of PTFE’s self-lubricating effect and their porous structure to incorporate nanoparticles in the tribofilm, MXenes easy layer shearing, and self-rolling effect of the nanodiamonds, resulting in highly flexible polymer chain movement and super low surface energy at the interface. A recent computational study reported very low energy barriers between MXene layers and showed that Ti3C2 MXene terminated with −OH and −OCH3 have a lower interlayer friction coefficient when compared to the ones with -O-terminated surface groups (Yin et al., 2019). Many recent studies also reported using Ti3C2 MXene as an additive material to improve friction properties of base oils by enlarged interlayer spacing, enhanced load capacity, and the formation of a uniform and continuous tribofilm (Yang et al., 2014; Liu et al., 2017; Xue et al., 2017; Zhang et al., 2019).
All of the aforementioned studies utilizing MXene alone or in combination with other 2D materials or lubricants demonstrate that MXenes have great potential as a solid lubricant. However, none of these studies reported superlubricity. One way to achieve this is to use them in conjunction with other lubricious materials such as DLC or glycerol. Huang et al. (Huang et al., 2021) reported a friction coefficient of 0.006 while sliding Ti3C2 MXene deposited on SiO2-coated silicon (Si) substrates against DLC-coated counterface in a dry nitrogen environment. Additionally, they found that the addition of graphene to Ti3C2 had a synergistic effect on friction and wear, with a reduction in friction coefficient and wear rate by 37% and a factor of 3, respectively. Yi et al. (Yi et al., 2021a) have shown that friction can be reduced to as low as 0.002 and be maintained for at least 3 hours when glycerol is doped with Ti3C2 MXene. MXenes when added to glycerol being used as a lubricant between Si3N4 ball and sapphire disk tribopair was observed to form tribofilm containing primarily colloidal silicon oxides and titanium oxides (Figure 11). These tribofilms get uniformly adsorbed on the friction pairs and prevent direct asperity contact. The H+ and OH- groups present in the tribofilm also interact with the MXenes via hydrogen bonds which produces hydration layers on the nanoflakes to reduce the shear strength of the liquid film. Thus, friction is reduced by a series of synergistic lubrication effects between Ti3C2Tx MXene nanoflakes and glycerol. The lubricity effects tend to decrease with higher concentrations of MXene additives. This is due to the agglomeration of MXene nanoflakes and subsequent collision of these aggregates during sliding which leads to an increase in friction coefficient. However, in comparison to other 2D materials that are extremely prone to aggregate formation, such as graphene or MoS2, Ti3C2Tx MXene nanoflakes can maintain uniform distribution in a glycerol solution for a much longer period.
[image: Figure 11]FIGURE 11 | An illustration showing the mechanism of superlubricity in a Si3N4/sapphire contact by the incorporation of Ti3C2Tx MXene nanoflakes in a glycerol media. Reprinted with permission from (Yi et al., 2021a).
Despite the technological advancement with MXene addition in glycerol, true industrial viability can only be realized when MXenes’ commercialization and reliable mass production are achieved. However, from a technology standpoint, the inclusion of reactive 2D materials that can form passivating hydroxide species, enable entrapment of free glycerol and water molecules can be a guiding template for future evolution.
Electric Potential Activated Superlubricity
With the expansion of the knowledge of the superlubricity mechanism, new efforts were focused on manual control of the friction. The concept has been recently proposed for controlling the ultralow friction behavior by application of the electric potential (Li et al., 2014; Fajardo et al., 2015; Di Lecce et al., 2020). For this, a new class of liquid lubricants, ionic liquid (IL), was considered as a promising candidate. Tribological studies demonstrated that the lubricating properties of ILs can be controlled and manipulated by application of an electric potential to the sliding lubricated surfaces. Li et al. (Li et al., 2014) demonstrated in the AFM experiments that ILs confined between the silica tip and graphite surface can be polarized to reach super-low friction (superlubricity) in situ. Depolarizing, however, suppressed superlubricity and increased friction.
Fajardo et al. (Fajardo et al., 2015) further theoretically evaluated the feasibility for the control of the friction between the layers of nanoconfined ionic liquids (Figure 12). In their simulations, the authors presented the IL as a layer of mixture of oppositely singly charged spheres interacting via short-range repulsive Lennard-Jones and Coulombic potentials. Results indicated a decrease of friction with increasing voltage applied to the surfaces and suggested that anion rich boundary layers are more favorable to easy shear. Thus, superlubricity was activated by strong interactions of the ionic layers with surfaces to sustain the lubricant presence and shearing at the sliding interfaces.
[image: Figure 12]FIGURE 12 | (A–C) Schematic of the model and (D) pPotential energy surface for cation sliding. (E) the changes in the friction as a function of load with increase in the applied potential. (F) charge dependencies of the friction force, shown for two loads, 188 MPa (green curve) and 500 MPa (blue curve). Reprinted with permission from (Fajardo et al., 2015).
Thus, future efforts in the superlubricity can be further directed not only to the design of more complex material systems but also to the external manipulation of the frictional forces by applied fields.
CONCLUSION AND FUTURE DIRECTIONS
From the foregoing, it is very clear that significant progress has been achieved in not only atomic/molecular-scale understanding of superlubricity but also in synthesis and macro-scale demonstration of superlubricity in a myriad of new materials, coatings, and lubricants. In particular, with the discovery of novel 2D materials, there has been an explosion in publications focusing on superlubricity. With recent advances in computational modeling and simulation tools, we now have a better understanding of the underlying mechanisms and such understanding is also helping us to better design surfaces to attain superlubricity. With the culmination of all these developments, it now looks more feasible to design and fabricate new tribological systems that can meet the increasingly more stringent application conditions of future mechanical systems. In particular, new 2D materials like MXene and black phosphorous seem very promising to achieve superlubricity in industrial-scale systems especially when used under liquid lubricated systems also containing highly polar molecules. Regardless of the type, the superlubricity of most materials seems to be strongly influenced by a number of environmental and test-condition-specific factors. For example, the chemical state of the test environment seems to have a strong effect on the friction and wear performance of super-lubricious materials and coatings. Specifically, some 2D materials need inert or ultrahigh vacuum conditions to provide super low friction, while others seem to depend on such molecular species like water and polar or alcohol molecules to provide superlubricity. During dynamic sliding, these molecules react or interact synergistically to minimize adhesive bonding hence friction. Meanwhile, in some other materials systems, such as DLC, MoS2, and Graphene, reactions with environmental species may have an adverse effect; in a sense, they tend to enhance adhesion and hence friction.
It is important to note that in all of the reviewed cases, the surfaces are well-separated by a fluid film or some repulsive force. The absence of direct metal-to-metal contact prevents the rise of strong adhesive forces and the Columbic or roughness effects that only come into play when and if there were a direct or intimate contact. Given the fact that all real engineering surfaces could be very rough and full of structural defects at atomic scales; additional roughness or ploughing effects on friction may arise and thus hinder superlubricity induced by fluid film lubrication (Hirano, 2006; Tartaglino et al., 2006). Furthermore, fluid film lubrication is often not a feasible solution in situations where low friction bulk materials or coatings might be the only choice. For example, for many moveable consumer devices, laptop hinges, desktop mice, touchscreens, cookware, and children’s toys, to name a few, oil or grease-based lubrication systems are just impractical. Additionally, many mechanical systems in the manufacturing process operate in vacuum conditions (lithography machines in the semiconductor industry, vacuum compressors, food packaging industry, etc.) where fluid film lubrication can cause contamination, and even process failure. Finally, another prime example is the Space application. Space shuttles and satellites are loaded with tribological components, but most materials cannot sustain the extreme conditions of the space environment.
Based on all this mechanistic understanding, we are now reaching the point of specifying or designing new materials or interfaces that can reliably provide extremely low friction coefficients (Figure 13). In particular, with the incorporation of artificial intelligence and machine learning algorithms into interface design, it looks that in the near future, we will be able to attain and maintain ultra-low friction on demand or for very long sliding distances or very high contact loads. Hence, future research activities in superlubricity should take advantage of advanced computational tools and methods to more predictively and reliably design, synthesize, and verify new materials or surfaces that can afford superlubricity and hence help minimize energy losses due to friction and wear; ultimately supporting the global sustainability goals.
[image: Figure 13]FIGURE 13 | Future directions and scope for advancement of superlubricity materials, methods and systems.
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