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Abstract

:

Tribotronics represents the modulation of friction via an external electric potential, a field with promising ramifications for intelligent devices, precision manufacturing, and biomedical applications. A profound elucidation of mechanisms that allow for potential-controlled friction is foundational to further research in this tribotronic domain. This article provides a comprehensive review of the research progress in electro-controlled friction over the past few decades, approached from the perspective of the boundary lubrication film at the friction interface, a direct influencer of electro-controlled friction performance. The mechanisms of potential-controlled friction are categorized into three distinct classifications, contingent on the formation mode of the boundary lubrication film: potential-induced interfacial redox reactions, interfacial physical adsorption, and interfacial phase structure transformations. Furthermore, an outlook on the application prospects of electro-controlled friction is provided. Finally, several research directions worth exploring in the field of electro-controlled friction are proposed. The authors hope that this article will further promote the application of electro-controlled friction technology in engineering and provide intellectual inspiration for related researchers.
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1. Introduction


Friction is ubiquitous in daily life and industrial manufacturing, arising when two contact surfaces slide against one another. This interaction can lead to wear and tear on machinery and equipment, potentially causing premature failure or diminished accuracy [1,2]. Yet, friction remains integral to human activities and productivity. For instance, locomotion in humans and animals necessitates friction between limbs and terrain, just as the operation of vehicles and railways hinges on friction for torque transmission. In recent years, the increasing sophistication and digitalization of electromechanical products have necessitated not only the reduction or enhancement of friction but also its real-time active control. Designing a high-precision, rapidly adjustable friction control system is paramount for advancing cutting-edge equipment. Active friction control methods encompass load adjustments [2,3], lubricant application [4,5,6,7,8], and external field manipulation [9,10]. While load modifications necessitate supplementary control mechanisms, increasing machinery complexity, lubricants can reduce friction between moving surfaces but fail to offer reversible friction control or preset friction coefficient (COF) magnitudes. By contrast, external field stimulation allows for reversible active friction control without added mechanical intricacy. Common external field control techniques include electric potential control [11,12], magnetic field manipulation [13,14,15], and temperature regulation [16,17,18]. Of these methods, electric potential control is regarded as the most promising approach for achieving high-precision and rapid active friction control [19,20]. This is attributed to the real-time adjustability of electrode surface properties in potential control systems, enabling swift transitions in friction characteristics. Furthermore, in an electrochemical system maintaining constant potential, electrode surface properties can be preserved for extended periods, offering the potential for precise friction control through voltage manipulation.



The Stribeck curve delineates three distinct lubrication regimes: hydrodynamic, mixed, and boundary lubrication. Hydrodynamic lubrication and boundary lubrication represent two quintessential states of lubrication [21,22], as depicted in Figure 1. In the state of hydrodynamic lubrication, two solid surfaces are entirely separated by a consistent fluid film [23], with the external load being fully supported by this film. Predominantly, friction in this lubrication state arises due to the shear force existing between the solid surfaces and the fluid film, with the viscosity of the fluid film playing a pivotal role in determining friction. The utilization of electromagnetically responsive fluid lubricants under electric or magnetic fields can facilitate reversible control of the interfacial friction [24,25,26,27]. This control is achieved through alterations in the fluid’s viscosity, which are induced by structural transformations of fluid molecules under the influence of electromagnetism. In the state of boundary lubrication, the solid surface is covered with a boundary lubrication film of single or multiple molecular thicknesses, which is either physically or chemically adhered. The external load is supported either by the boundary lubrication film itself and the distributed asperity peaks that penetrate the film (on a rough surface) or solely by the boundary lubrication film (on an atomically smooth surface) [21,28]. For rough surfaces, the interfacial friction is primarily governed by the shear stress of the boundary lubrication film and the asperity peak surfaces. It is important to note that asperity peaks, being inherently solid materials, generate significant shear stress. Conversely, the boundary lubrication film, characterized by its low modulus or low surface energy, produces a relatively small shear stress. The formation and performance of the boundary lubrication film are integral to potential-controlled boundary lubrication. This utilization of potential to control boundary lubrication is also referred to as potential-controlled friction. In practical engineering scenarios, mixed lubrication is frequently observed during shifts in operational conditions. This form of lubrication is distinguished by its unique combination of both boundary and fluid lubrication characteristics.



In the realm of friction interfaces, potentials can either augment or diminish shear stress through the creation or dissolution of boundary lubrication films. These films, within a potential environment, may comprise gas films [29], organic molecular films [20,30,31], water and hydrated ionic films [32,33,34], and oxide and compound films [35,36], among others. While previous reviews have explored potential-controlled friction [9,10,37], a comprehensive summary of the formation and transformation of boundary lubrication films under electrical fields/potentials remains absent. In 2020, Spikes [38] investigated the influence of electrochemical potential on friction and wear behavior within the lubricating contact zone. However, their concentration was primarily on the system design of potential control, with a particular emphasis on the potential control of friction behavior in organic liquid lubricants. This paper provides a comprehensive summary of potential-controlled friction, especially the formation and transformation of boundary lubrication films under electrical fields/potentials. This is a crucial mechanism underpinning potential-controlled friction. Initially, we introduce two fundamental methods of potential control. Subsequently, we provide an extensive summary of the research advancements in potential-controlled friction over recent decades. We also detail the formation mechanism of boundary lubricating films, categorizing them according to potential-induced surface redox reactions, interface physical adsorption, and interface molecular structure transformations. Subsequently, we collate the predominant factors influencing electronic control friction. Lastly, we reflect upon the possible contributions and hurdles faced by tribotronics within the landscape of industrial production. A comprehensive depiction of the framework is provided in Figure 2. This review aims to spark inspiration amongst scholars immersed in tribology research and serve as a resource for those involved in manufacturing processes.




2. Two- and Three-Electrode Systems


Potential-controlled friction necessitates the use of potential/electric fields to alter interactions between interfaces. Potential-controlled friction systems that exploit potential/electric fields encompass two-electrode and three-electrode systems. A typical two-electrode friction system is illustrated in Figure 3a, where the entire friction pair is immersed in a solution, with the two friction surfaces acting as the working electrode and the counter electrode, respectively. The frictional performance of the interface is regulated by applying voltage across these surfaces. This control method is characterized by its simplicity and efficiency, particularly demonstrating excellent regulation effects in oil-based lubricants with poor conductivity. This approach has been widely employed by numerous researchers in the early stages of study. In the two-electrode system depicted in Figure 3b, the lower friction pair serves as the working electrode, with the auxiliary electrode acting as the counter electrode. The frictional properties of the interface can be controlled by adjusting the relative voltage between the working and counter electrodes. In this control system, the upper friction pair, which can be composed of non-conductive materials such as ceramics or polymers, does not directly connect with the electrodes. Recent research suggests that integrating this electronic control system with a quartz crystal microbalance offers a powerful tool for investigating the tribotronics of nanoparticle suspensions and ionic liquids [39]. Employing this approach to assess the efficacy and responsiveness of a range of materials sensitive to electric fields may fast-track advancements in the realm of electric potential-controlled friction [40]. In the control system of Figure 3c, neither the upper nor lower friction pairs serve as electrode materials. The gradient distribution of frictional attributes can be attained by regulating the spatial distribution of interfacial reactions; this regulation is accomplished through intricate adjustments of the current within the solution [41]. Despite its simplicity, the two-electrode system has notable shortcomings. Firstly, the precise definition of the true potential on the electrode surface poses a challenge. Even in the absence of applied potential, the electrode potential relative to the standard hydrogen electrode varies amongst different metal electrodes due to their distinct electron gain and loss capabilities. In a two-electrode system, the absence of a reference potential means that the applied potential is merely the voltage difference between the two electrodes, making it difficult to accurately determine the true potential on the electrode surface. Furthermore, the lubricating film situated at the friction pair interface contributes to a voltage drop. As the friction interface undergoes movement, fluctuations in the lubricating film’s thickness cause the interface voltage difference to destabilize, a phenomenon that is challenging to precisely define. This inability to accurately determine the interfacial potential impedes the quantitative study of interfacial reactions. Secondly, the lubricating film between the friction interfaces, typically only several to a dozen nanometers thick, provides limited electrical impedance. A marginally higher voltage can easily breach the lubricating film’s barrier, leading to an interface short circuit. Alternatively, during the friction process, the lubricating film may be compromised by the scraping effect of minuscule peaks, resulting in direct interface contact and the formation of a short circuit. Such short-circuited interfaces disrupt the equilibrium reaction between the original electrode and lubricant molecules, leading to suboptimal potential regulation.



In contrast to the two-electrode system, the three-electrode configuration offers superior potential precision and stability, making it particularly advantageous for the design of devices and equipment related to electronic friction control. As depicted in Figure 3d–f, this three-electrode system comprises a working electrode, a reference electrode, and a counter electrode. The current flows between the working and counter electrodes, while the reference electrode maintains a reference potential. The potential at the working electrode’s surface is modulated about this reference potential, thus rendering the surface potential of the working electrode as the actual potential. This system design aids in the precise adjustment of interface potential, thereby facilitating a more accurate study of interfacial triboelectrochemical reactions. In Figure 3d, the lower friction pair serves as the working electrode, while the upper friction pair remains uninvolved in the electrochemical reaction, and can be composed of non-conductive materials such as ceramics or polymers. Interface friction is regulated by controlling the potential at the friction pair’s surface. Figure 3e portrays a scenario where both the upper and lower friction pairs function as working electrodes concurrently, resulting in identical potentials and similar electrochemical reactions on both surfaces. In Figure 3f, neither the upper nor the lower friction pairs are directly connected to any electrode, allowing for the possibility of the friction pair materials being entirely insulating. By fine-tuning the relative position of the friction interface and the electrode system, it is possible to influence the distribution of the boundary lubricating film at the interface. Consequently, even though the frictional pair does not engage in the electrode reaction, this tuning allows its friction performance to be potential-modulated [42].



In practical lubrication systems, lubricants adopting hydrocarbon-based ingredients typically exhibit limited conductivity. A more suitable approach appears to involve applying a substantial DC voltage directly onto the friction pair surface using a two-electrode system rather than a three-electrode system. Introducing a supporting electrolyte or leveraging a microelectrode can effectively counteract the poor conductivity of the lubricant, though this strategy is not without drawbacks [43,44]. The competitive adsorption between the supporting electrolyte and the lubricant additive on the electrode surface may compromise the lubricant’s performance [38]. The three-electrode system, especially one based on microelectrodes, imposes stringent environmental stipulations, and the spatial relationship between the friction interface and the electrodes could culminate in uneven lubrication performance at the interface boundary [41]. Such conditions constrict the performance tuning capabilities of the three-electrode system within the friction interface of larger equipment. Yet, the precision inherent in the potential of a three-electrode system, along with the convenient quantitative analysis of the electrode process, can prove beneficial for designing compact, high-precision electronic friction transmission systems. Such systems stand to make accurate and swift friction transmission a reality.




3. The Mechanism of Potential-Controlled Friction


3.1. Interface Redox Reaction


In electrochemical environments, atoms, molecules, and ions near the electrode interface are stimulated by the externally applied electric field/potential, leading to electron transfer among them. This induces the formation of a boundary film due to the irreversible redox reactions at the interface, altering interfacial frictional behavior. Based on the type of boundary lubrication film, these interfacial redox reactions can be categorized into electrolysis of water, formation of surface oxides, formation of surface chemisorbed films, formation of surface organic phosphorus and sulfur compounds, and so on.



3.1.1. Electrolysis of Water


In 1874, Edison demonstrated that applying an electrical potential difference between two surfaces can alter their frictional behavior [45]. He investigated various materials and discovered that electric fields can either decrease or increase friction depending on the material [38]. This method of electric field modulation is highly practical and holds significant implications for active friction control. However, Edison did not delve further into the mechanism of potential-controlled friction, merely suggesting that friction reduction might result from hydrogen generated by electrolytic water-reducing metal oxide formation [45]. Subsequent studies with inert metal platinum did not observe a similar phenomenon [46]. Bowden and Young examined the potential-controlled friction behavior between platinum wires and platinum cylinders in dilute sulfuric acid [29]. They observed higher friction at mid-potential and lower friction at negative and high potentials. They proposed that the reduced friction resulted from the generation of single-molecule films of hydrogen and oxygen at corresponding potential intervals, but this “gas film” hypothesis lacked direct evidence.




3.1.2. Surface Oxide Film


In the pursuit of understanding potential-controlled friction, early research predominantly employed platinum electrodes as friction materials due to their inert and oxidation-resistant properties. However, engineering metal materials are prone to electrochemical oxidation at high potentials, consequently altering interfacial friction behavior. In 1988, Pearson et al. [47] discovered that suitable overpotentials could foster oxide film formation on metal surfaces, specifically nickel and alloy steel in NaClO4 solution. However, the friction effect can disrupt the oxide film and expedite wear. This finding seemingly suggests that increased potential exacerbates wear, but the wear rate fluctuates depending on the oxide film type. In 1994, Zhu et al. [36] investigated the impact of electrode potential on friction and wear behavior between iron/iron friction pairs in a 0.02 M Na2SO4 solution. Employing cyclic voltammetry, AC impedance spectroscopy, and infrared spectroscopy, they analyzed the chemical properties of the metal surface film. As potential increased, Fe3O4 on the electrode surface gradually transformed into FeOOH, forming a compact and hard δ-FeOOH layer at sufficiently high potentials. Consequently, the COF decreased progressively before a significant drop, while the wear rate initially increased and then decreased. This phenomenon of varying frictional properties due to oxide film differences is widespread. For instance, Kautek et al. [48] examined the frictional behavior of silver/silver friction pairs in alkaline aqueous solutions using lateral force microscopy. They observed a sharp decline in the COF as excessive potential generated silver oxide on the electrode surface. Conversely, Labuda et al. [49] found that gold oxide formation increased the COF, while Liu et al. [50] reported a similar increase in the COF due to copper oxide formed on the surface through friction and electrochemical assistance. These findings demonstrate the direct relationship between surface oxide film and frictional wear behavior. By modulating the potential to control the surface oxide film’s nature, active regulation of frictional wear behavior can be achieved.




3.1.3. Surface Chemisorption Film


In electrolyte solutions containing surfactant molecules, excessively high or low potentials can trigger chemical reactions between surfactant molecules and metal ions on the electrode surface, resulting in the formation of a chemically reactive film. These organic molecular films can substantially enhance the resistance of friction and wear properties. For instance, Zhu et al. [36] demonstrated a significant reduction in interface friction by forming an iron octanoate film on an iron surface through potential elevation. In 1993, Brandon et al. [51] identified three distinct frictional wear zones while investigating the frictional behavior between mild steels in an alkaline solution containing octanoic acid under electrochemical conditions: high friction/high wear at negative potentials, low friction/high wear at intermediate potentials, and low friction/low wear at positive potentials. They proposed that direct metal contact at cathodic potentials results in high friction and adhesive wear, while the formation of a single molecular layer of octanoic acid on the metal surface at minor cathodic potentials reduces friction. However, this protective film can be disrupted by friction, exacerbating metal corrosion and increasing wear rates. As the potential rises, a more stable film eventually forms, characterized by a “carpet” structure of closely and vertically arranged octanoic acid species in a thicker double or multi-layered configuration. This stable film prevents the exposure of new metal surfaces during friction, leading to significantly reduced corrosive wear. To further evaluate the phenomenon described by Brandon et al. and assess the feasibility of using the adsorption of electroactive species to control friction, Ismail et al. [52] conducted a comparative study on the effects of potential-controlled friction in aqueous solutions of octanoic acid and NaOH. Their findings revealed that positive potentials reduced friction in octanoic acid solutions due to the formation of a chemically reactive iron octanoate film. Conversely, NaOH exhibited a corrosive effect on the metal surface, and the positive potential accelerated corrosion, resulting in increased wear. The authors suggested that potential-controlled friction could be a valuable industrial technique for regulating friction by selecting either cathodic or anodic overpotential.



In 1997, Su and colleagues [53,54] employed potentiometric assistance to generate chemically reactive films, aiming to augment the boundary lubrication performance of copper wire during the drawing process. The researchers utilized oil-in-water (O/W) emulsion lubricants containing fatty acids, in conjunction with an auxiliary applied potential, to bolster the boundary lubrication properties of the copper wires. Their findings revealed that the formation of a fatty acid chemisorption film was contingent upon the prior development of copper oxide on the surface. Furthermore, this chemisorption film was demonstrated to provide effective boundary lubrication. Notably, the application of a positive potential expedited the formation of copper oxide, ensuring the efficacy of this approach in the wire drawing process.




3.1.4. Surface Organophosphorus and Sulfur Compounds


Early investigations into potential-controlled friction predominantly focused on water-based electrolyte solutions, owing to their exceptional electrical conductivity. However, oil-based lubricants are more prevalent in practical applications, where their low electrical conductivity poses challenges in modulating friction using voltage or potential. By employing microelectrodes and supported electrolytes, the electrical conductivity of lubricants can be effectively enhanced, paving the way for research and development in electrically controlled friction within oil-based lubrication systems [43,44]. The achievement of the potential active control of friction in oil-based lubricants primarily relies on physical adsorption [11,55] and chemical reactions [56,57,58]. A detailed description of the additive physisorption mechanism at the interface will be provided in a subsequent section.



The formation of a friction film with low hardness and elasticity at the interface enhances boundary lubrication performance through the frictional chemical reaction between the additive and the interface [56,59]. Currently, potential-regulating additives for oil-based systems primarily consist of organic compounds containing phosphorus and sulfur elements, such as organic sulfates [11,12,43], zinc dialkyl dithiophosphate (ZDDP) [35,43,60], and Bis(2,3-dichlorophenyl) disulfide phosphate (DBDS) [39]. In 1989 and 1991, Wang and Tung et al. [61,62,63] introduced ZDDP into a mineral base oil, forming a friction film on cast iron surfaces using an electrochemical control method. However, the high resistance of the mineral base oil postponed the emergence of electrochemical reaction characteristics until several hours after sliding friction initiation. In 2002 and 2007, Xu and Spikes et al. [60,64] incorporated ZDDP as an additive into the more polar diethyl sebacate (DEHS) base lubricant. To further enhance the lubricant’s electrical conductivity, tetradecylammonium borate (TDATPhFB) was added as a supporting electrolyte. Friction experiment results revealed that electrochemical reactions accelerated the formation of the friction reaction film, reducing the running-in time from tens of minutes at open circuit potential to just a few minutes at a 1.5 V potential. This evidence indicates that electric fields/potentials assist additives in hastening the development of a friction reaction film at the friction interface, thereby promoting a rapid transition to a stable boundary lubrication state.



While widely employed, sulfur and phosphorus additives pose environmental risks and can damage reaction devices such as catalytic converters in automotive engines [35]. The application of electric fields/potentials offers a boundary lubrication effect akin to high-concentration additives while reducing additive content. For instance, Cao et al. [35] investigated the boundary lubrication properties of ZrO2 balls and AISI 52100 steel sheets under varying potentials in a Propylene carbonate (PC)/Diethyl succinate (DES) mixture with different ZDDP concentrations. They observed that increasing ZDDP concentration enhanced the interfacial boundary lubrication performance, reducing friction coefficient and wear. At a lower ZDDP concentration (2.0% wt), they found that the potential could augment the boundary lubrication performance, with the friction coefficient and wear rate decreasing as the potential increased, as depicted in Figure 4. The thickness of the ZDDP boundary lubrication film at a positive potential (+0.42 V vs. Ag/AgCl) was 30% greater than that at open potential (OCP). The primary chemical components of the ZDDP lubrication film were Fe/Zn phosphate and Fe/Zn sulfide. The authors posited that the applied potential heightened the adsorption capacity of the ZDDP additive at the interface and reduced the activation energy of the interfacial chemical reaction. A recent study by Liu et al. [58] also observed this phenomenon of the potential-assisted formation of thicker friction reaction films. In a DES suspension containing MoS2, a two-electrode system was employed to investigate the boundary lubrication film at the copper-metal friction interface. It was observed that the application of a +20 V DC voltage resulted in a significantly thicker lubrication film compared to a scenario with no potential applied. The lubrication film comprised Cu2O-doped MoS2/MoOx friction reaction film. This relatively thick and loose friction reaction film played a crucial role in decreasing shear. In a subsequent study, Liu et al. [57] investigated the tribological properties of a bearing steel/ZrO2 friction pair immersed in PAO oil, which was notably devoid of phosphorus and sulfur-based organic molybdenum additives. They discovered that the formation of a MoOx friction film on the bearing steel surface significantly augments the lubrication efficacy of the oil. Moreover, the incorporation of voltage assistance serves to further amplify the lubricant’s performance.





3.2. Interface Physical Adsorption


In the above research, interfacial redox reactions complicate the electrode process, hindering a precise understanding of potential-controlled friction mechanisms and limiting its applicability in intelligent equipment due to irreversible electrode processes. Consequently, researchers restrict the electrochemical potential to a narrow range, preventing severe redox reactions at the electrode interface. Within this potential range, friction behavior is primarily influenced by the adsorption and desorption of polar particles at the interface. These adsorbed polar particles form a boundary lubrication film, enhancing friction and wear performance. Upon desorption, the lubrication film ceases to exist, leading to reduced friction and wear performance [65,66]. Depending on particle types, the adsorption and desorption mechanisms can be categorized into surfactant molecules, hydrated ions, charged particles, and ionic liquids.



3.2.1. Adsorption of Surfactant Molecules


In 1992, Brandon et al. [67] investigated the variations in friction behavior between iron and low-carbon steel under the influence of electrochemical potential in an aqueous solution of octanoic acid (pH 9.2). They discovered that when the potential exceeded the zero charge potential, a caprylic acid lubricating film formed on the electrode surface, leading to a reduced static friction coefficient due to the electrostatic interaction between iron and negatively charged caprylic acid ions. Conversely, when the potential was below the zero charge potential, the lubricating film’s formation was hindered, resulting in a significant increase in the static friction coefficient. Furthermore, the reversibility of octanoic acid adsorption was confirmed through cyclic potential measurements. The findings revealed that both the friction coefficient and the hysteresis of scanning capacitance fluctuated during the potential cycle yet returned to their initial values upon the completion of the negative scan, signifying the desorption of the caprylic acid lubricating film.



Since 2009, the research team at Tsinghua University has extensively investigated friction behavior influenced by the adsorption and desorption of surfactant molecules. He et al. [66] initially examined the impact of sodium dodecyl sulfate (SDS) and NaCl concentrations on the friction coefficient’s potential response time. They discovered that NaCl concentrations below 50 mM had no significant effect on response time, but concentrations exceeding 500 mM markedly increased the potential response time. For practical applications, NaCl concentrations should be maintained below 10 mM. Subsequently, the researchers applied a dynamic waveform potential to the electrode surface, [68] demonstrating that real-time friction coefficient responses to potential waveforms could be achieved as long as the potential frequency remained below the critical frequency. Within this critical frequency range, lower frequencies resulted in better synchronization between the friction coefficient and potential waveform. To further corroborate the influence of surfactant adsorption and desorption on friction performance, the team characterized the surface morphology of a metal electrode in a 1 mM SDS aqueous solution [12]. They observed that at positive potentials, surfactants adsorbed onto the electrode surface in a striped pattern, leading to a low friction coefficient. Conversely, at negative potentials, surfactants desorbed from the electrode surface, causing the friction coefficient to increase to levels comparable to those in pure aqueous solutions (see Figure 5). In 2014, Yang et al. [11] demonstrated the extension of potential-controlled friction effects to non-aqueous solutions, achieving reversible regulation of friction behavior between ZrO2 ball/stainless steel friction pairs in propylene carbonate (PC) solutions containing sodium dodecyl sulfate (SDS) molecules. At a potential of +1.5 V (vs. Ag/AgCl), the interfacial COF remains low due to the adsorption film of SDS molecules. However, when the potential is adjusted to −1.5 V (vs. Ag/AgCl), SDS molecules desorb from the surface, increasing the friction coefficient. Upon returning to +1.5 V, the friction coefficient reverts to its lower state. Later, Zhang et al. [69] systematically investigated the adsorption characteristics of SDS molecules on metal surfaces, discovering that increasing SDS concentration alters the adsorption structure from a monolayer film to a semi-micelle structure. The addition of NaClO4 significantly reduces the micelle concentration of SDS molecules. Notably, Zhang et al. [41] designed a bipolar electrode system, revealing a substantial spatial distribution effect on the friction coefficient of the electrode surface in SDS aqueous solutions (as depicted in Figure 6). The spatial distribution of the COF corresponds to the adsorption amount of SDS molecules on the electrode surface at various positions. This gradient control technology for surface COFs holds promise for applications in intelligent equipment. Recently, Gao et al. [70] achieved an ultra-low COF between gold electrode/silica sphere friction pairs under negative potential in cetyltrimethylammonium bromide (C16TAB) solutions using electrochemical atomic force microscopy (AFM). This low COF results from the adsorption of C16TAB molecular micelles at the interface, with the hydration layer of the micelles providing exceptionally low shear strength. Conversely, at positive potentials, the desorption of C16TAB leads to a significant increase in the friction coefficient.



In the investigation of tribological property regulation through potential-controlled adsorption and desorption of surfactant molecules, the friction pairs typically involve at least one metallic component. Recently, Liu et al. [42] devised a novel friction system to achieve reversible control of the friction coefficient between an Al2O3 disc and a ZrO2 ball in a solution containing SDS and NaCl (Illustrated in Figure 7). They introduced an indirect adsorption–desorption model, which posits that, despite the non-conductive nature of the friction pair, variations in the electrical properties of the metal ball holder for fixing ceramic balls influence the local concentration of surfactants and ions with distinct electrical characteristics. Consequently, this indirectly impacts the adsorption and desorption behavior of surfactants and ions within the contact region, resulting in potential-dependent alterations in the friction coefficient.




3.2.2. Adsorption of Surface Hydrated Ions


Water molecules, although neutral, exhibit substantial dipole moments. In aqueous solutions, these molecules tightly associate with charged or amphoteric ions, forming hydrated layers [65,71]. Research has demonstrated the effective load-bearing and lubricating properties of metal cation hydration layers [72,73,74]. By modulating the adsorption and desorption of hydrated ions on electrode surfaces, significant alterations in the tribological characteristics between the electrode and contact substrate can be achieved. Gao et al. [75] reported a reversible shift in the COF between graphite electrodes and SiO2 microspheres in a Phosphate-Buffered Saline (PBS) solution, driven by potential changes. At positive potentials, enhanced interfacial interactions occurred due to electrostatic and hydrogen bonding reactions between negatively charged hydrated ions adsorbed on the graphite electrode surface and positively charged hydrated ions adsorbed on the SiO2 microsphere surface, resulting in increased friction. Conversely, at negative potentials, the adsorption of positively charged hydrated ions between both surfaces led to low shear forces and, consequently, reduced friction coefficients. Tivony et al. [32] examined frictional energy dissipation between gold electrodes and mica sheets at varying potentials in LiClO4 solutions. They found that at negative potentials, the low shear stress between the gold electrode and hydrated cations accumulated at the mica interface resulted in minimal energy dissipation. At positive potentials, hydrated ions were expelled from the interface between the electrode and mica sheet, causing direct contact between the rough peaks of both surfaces and substantial frictional energy loss, as depicted in Figure 8. Nonetheless, the mechanism underlying high frictional energy dissipation at positive potentials on gold surfaces remains a subject of debate. Experimental results from a surface force apparatus (SFG) and AFM indicate that under positive potentials in the electrolyte, a viscous ice-like water layer forms on the gold surface [76,77,78,79]. Pashazanusi and Li et al. [33,34,80,81,82] proposed that strong hydrogen bonding between this ice-like water layer and the polar friction materials accounts for the high friction. Thus, the tribological mechanism of potential modulation on gold surfaces in salt solutions warrants further investigation.




3.2.3. Adsorption of Charged Particle


Modulating the adsorption and desorption of polar nanoparticles on heterogeneously charged solid surfaces has been found to significantly alter interfacial tribological behavior. Examples include functionalized graphene [83], molybdenum disulfide [58], heat-treated CuS particles [84], functionalized SiO2 particles, carbon quantum dots [85,86], and charged oxide nanoparticles [87,88]. Typically, potential-induced adsorption of charged nanoparticles on electrode surfaces leads to redox reactions via friction-assisted effects. For instance, fluorinated graphene electrodeposited on stainless steel forms metal-fluorine bonds with the substrate [83], while molybdenum disulfide generates MoS2/MoOx under potential influence upon deposition on metal surfaces [58]. However, a recent study by Liu et al. [84] demonstrated that CuS nanoparticles did not undergo chemical reactions with the substrate due to friction. The authors investigated the potential-controlled friction response properties of aminated CuS nanoparticle additives in a diethyl succinate lubricant. The lubricant containing aminated CuS nanoparticles exhibited a pronounced potential-controlled friction effect, characterized by low friction coefficients at negative potentials and high coefficients at positive or zero applied potentials. This behavior can be attributed to the positive electrical properties of the aminated CuS nanoparticle surface, which enables adsorption on the electrode surface at negative potentials, subsequently acting as a boundary lubrication film. However, heat treatment of the aminated nanoparticles led to disordered surface amination molecules, weakening the nanoparticles’ electrical properties and diminishing the friction coefficient’s responsiveness to potential (see Figure 9). Post-friction characterization of the nanoparticles revealed that CuS nanoparticles did not experience chemical reactions due to friction; rather, the disordered organic molecules on the heat-treated CuS nanoparticle surface were reoriented as a result of friction. In addition, functionalized SiO2 nanoparticles and carbon quantum dots, poised with a core-shell structure, can generate a boundary-lubricating film on steel surfaces under an electric field, thereby diminishing friction. Intriguingly, applying a counter electric field disrupts this nanoparticle-contained lubricating film, leading to an upsurge in the friction coefficient [85,86]. Significantly, these functionalized nanoparticles readily form chemical bonds with the interface in harsh lubricating environments. Recently, work by C.M. Seed and colleagues sheds light on the friction behavior between a fluid containing charged metal oxide nanoparticles and a flat platinum electrode surface—a study conducted under the influence of an electric field, using a quartz crystal microbalance. The findings illustrate that the inclusion of nanoparticles notably attenuates interface friction between the electrode and the fluid at zero electric field. However, when the electric field propels nanoparticles to adsorb on the platinum electrode surface, interface friction escalates [87,88]. Therefore, it is clear that electric field-driven polar nanoparticles, when deposited on the surface of a friction pair, can form a boundary-lubricating film to suppress friction. Additionally, these nanoparticles tend to form chemical bonds readily on the surface, facilitated by friction. It is noteworthy that the impact of charged nanoparticles differs across solid–solid and solid–liquid friction regimes.




3.2.4. Adsorption of Ionic Liquids


Ionic liquids (ILs), characterized as pure salts with melting points below 100 °C [89,90], have garnered attention for their versatile applications in batteries and supercapacitors as electrolytes [91,92] as well as their potential as lubricants [93] due to their high-temperature stability and low vapor pressure. The inherent conductivity of ionic liquids imparts remarkable electrical response properties, enabling the modulation of the adsorption behavior of anions and cations through the potential application, significantly impacting the tribological behavior at interfaces. As depicted in Figure 10a, the 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate ([Py14] [FAP]) ionic liquid demonstrates a transition from cation enrichment at negative potentials to anion enrichment at positive potentials at the silica colloidal probe and Au(111) interface. This leads to a shift from low friction at negative potentials to high friction at positive potentials [20]. The low friction observed at negative potentials can be attributed to the strong electrostatic binding of cations to the substrate, preventing the ionic liquid from being extruded during friction, and the effective lubrication provided by the alkyl terminus of the lubricant film, which prevents interfacial sticking [20,94,95]. Conversely, the ionic liquid 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([HMIM] [FAP]) exhibits an opposite potential-controlled frictional behavior between the sharp atomic force probe and the HOPG surface (Figure 10b). The friction force and coefficient are lower at positive potentials compared to negative potentials [96]. At negative potential, cations are enriched on the HOPG surface, forming a flat adsorption film. However, when the atomic force tip traverses the surface, the cations are attracted to the negatively charged tip and reorient to maintain overall electrical neutrality, consuming energy and increasing friction. Under positive potential, no reorientation of the anion repositioning occurs, and the enriched anion forms a smooth lubricating film, resulting in an ultra-low coefficient of friction and friction [96].



In a recent study by Li et al. [97], the authors conducted a comparative investigation on the potential-controlled friction behavior of gold and highly oriented pyrolytic graphite (HOPG) electrode surfaces immersed in lithium tetraglyme bis(trifluoromethylsulfonyl)amide (Li(G4)TFSI) ionic liquid. Intriguingly, they discovered that despite employing the same ionic liquid, the two electrode surfaces exhibited contrasting potential-controlled friction phenomena. At negative potentials, the friction magnitudes on both electrode surfaces were found to be similar, suggesting that the adsorbed boundary films on these surfaces exhibit striking resemblances, with both being enriched with Li+ cations. However, under positive potentials, the hydrophobic interaction between the fluorocarbon anion unit and gold atoms results in an exceedingly weak affinity between the gold electrode and TFSI− ions. Consequently, the adsorbed films are more prone to being sheared off under high stress, giving rise to rougher sliding surfaces and diminished lubrication properties.



As observed, the potential-controlled friction effect of ionic liquids is influenced not only by the potential but also by variations in electrode properties. Factors such as molecular chain length, concentration, and composition of ionic liquids can significantly impact this effect. For instance, Kong et al. [98] discovered that ionic liquid molecules with shorter chains exhibit a more pronounced potential-controlled friction effect. In contrast, Cooper and Pilkington et al. [99,100] reported a more substantial effect for highly concentrated ionic liquids. Gatti et al. [101] found that utilizing hybrid ionic liquids, comprising long-chain cations and two distinct high charge/mass ratio anions, resulted in a markedly higher magnitude and speed of the potential-controlled friction effect compared to single-type ionic liquids. Consequently, rational adjustment of potential-controlled friction system parameters with ionic liquids facilitates the design of high-precision and rapidly adjustable electro-controlled friction actuators.





3.3. Interfacial Phase Structural Transformation


Under the influence of an external electric field/potential, charged particles often exhibit a certain degree of hysteresis in adsorption and desorption at the electrode interface. This phenomenon poses a challenge to the design of precision electro-control friction devices [31,68,84]. A potentially more effective strategy for creating such devices may involve modulating the in situ orientation and structural arrangement of the interfacial molecular layer in response to the potential/electric fields, thereby enabling the interfacial frictional properties to respond more swiftly [30]. Indeed, Drummond and Li’s research [30,33] achieved an instantaneous friction coefficient response to the potential/electric fields by transforming the interfacial molecular structure. Molecules reported to undergo structural changes in response to potential/electric fields in studies of potential-controlled friction include water, liquid crystal, polymer molecules, etc.



3.3.1. Phase Structure Transformation of Water Molecules


In aqueous solutions, the viscosity of the confined layer at the electrode interface at a specific potential is approximately 105−7 times greater than that of the bulk phase solution [77,78,80]. High-resolution spectroscopy and molecular dynamics investigations have revealed a strong correlation between the increased interfacial viscosity and the ice-like water layer formed by water molecules at the electrode interface [77,79,102]. The friction behavior can be actively modulated by adjusting the electrode surface potential, which in turn alters the structure of the interfacial water layer. Pashazanusi et al. [80] explored the friction behavior between SiO2 microspheres and gold surfaces using electrochemical atomic force microscopy (EC-AFM). They discovered that friction at a positive potential (+0.6 V vs. Ag) was approximately 35 times greater than that at a negative potential (−0.6 V vs. Ag). This difference occurs because an ice-like water layer forms on the gold surface under positive potential, while the ice-like water layer’s structure is disrupted under negative potential, allowing free water molecules to act as boundary lubricants. This interfacial structure transition results in potential-controlled friction behavior. Li et al. [34] observed that under the same experimental conditions, friction and adhesion between hydrophobic polystyrene microspheres and gold electrodes remained unchanged with potential, whereas hydrophilic SiO2 microspheres exhibited electrically controlled friction phenomena similar to those in Pashazanusi’s study. Consequently, they proposed a hydrogen bonding hypothesis between the ice-like water layer and SiO2 microspheres. Under positive potential, the ice-like water layer on the gold surface forms strong hydrogen bonds with the hydroxyl groups on the SiO2 microsphere surface, thereby increasing friction. In contrast, the polystyrene microsphere surface lacks hydroxyl groups, and the friction behavior remains unaffected by potential. Li et al. [33] later achieved a rapid reversible transition between superlubricity under a negative potential and high friction under a positive potential using a small load. They analyzed the quantitative relationship between load, adhesion, and friction under a positive potential using friction binomials, revealing that the load-determined friction was minimal. The adhesion and friction between interfaces under a positive potential are primarily attributed to the hydrogen bonding force between the ice-like water layer and the hydroxyl groups on the SiO2 surface, as illustrated in Figure 11. Recently, Li et al. [82] also identified differences in hydrogen bonding mechanisms between positive microspheres (−NH3 terminal microspheres) and negative microspheres (−OH and −COOH terminal microspheres) and the ice-like water layer. Negative microspheres directly form hydrogen bonds with the ice-like water layer through surface polar groups, while positive microspheres generate hydrogen bond sets with the ice-like water layer through hydrating anions adsorbed on the surface within their hydration shell.



The studies mentioned above were conducted in salt solutions. Although electrochemical analyses indicated an absence of redox reactions and substantial ion adsorption on the electrode surface within the selected potential range [34,80], it is improbable that ion adsorption effects are entirely negligible. In a collaborative investigation, Pashazanusi and Li et al. [81] discovered that the potential increase induced by friction between a silicon needle tip and a gold electrode surface in NaOH solution was lower than that in NaCl solution. This observation can be attributed to the fact that Cl− ions are more disruptive to ice-like water layers compared to OH− ions, necessitating a higher potential in NaCl solutions to establish a stable, viscous water layer at the gold interface. Consequently, further research is warranted to elucidate the formation and structure of ionic and ice-like aqueous layers in these systems.




3.3.2. Phase Structure Transformation of Liquid Crystal Molecules


Liquid crystals, with their ordered molecular structures, have proven to be a valuable asset in investigating boundary lubrication mechanisms [103]. Studies have shown that the use of liquid crystals as lubricants or lubricating additives can markedly augment lubrication effects [104,105]. The dielectric anisotropy of liquid crystal molecules allows electric fields to modify their orientation, subsequently modulating the viscosity and lubrication performance of liquid crystal boundary lubrication films [106,107,108,109,110]. In 1994, Kimura et al. [109] investigated the electric lubrication behavior of thermo-induced liquid crystals by applying a DC voltage to a sliding pin and steel ball contact pair. Their findings revealed a COF reduction of approximately 25% when the voltage increased to 30 V. A similar friction reduction was observed when a low-frequency alternating current of less than 1 Hz was applied. In 2015, Manzato et al. [111] utilized molecular dynamics simulations to examine the lubrication performance of nematic liquid crystals under the influence of electric fields. They discovered that electric fields could regulate the orientation of liquid crystal molecules, thereby controlling friction performance. When an in-plane electric field perpendicular to the sliding direction was applied, relative friction increased; conversely, when the field was applied along the sliding direction, friction decreased. In 2017, Gao et al. [103] employed in situ infrared spectroscopy to study the molecular orientation and frictional behavior of nematic liquid crystal 4-n-pentyl-40-cyanobiphenyl (5CB) during friction under electric fields. They found that at low sliding speeds, the liquid crystal molecules, influenced by the electric field, adopted a vertical arrangement, increasing the liquid crystal viscosity. Consequently, the lubrication film in the contact zone became more stable, significantly improving lubrication performance. However, at high sliding speeds, the electric field weakened the orientation of liquid crystal molecules, resulting in a decreased electric field response-ability for lubrication performance. In summary, the primary mechanism by which electric fields impact the lubrication performance of liquid crystal molecules is by altering their orientation within the contact area, leading to changes in the lubrication film’s properties.




3.3.3. Phase Structure Transformation of Interfacial Polymer


Over the past several decades, significant advancements have been made in elucidating the surface forces governing polymer coatings. Research has demonstrated that these coatings offer effective lubrication in solvents, reducing friction by up to two orders of magnitude in comparison to uncoated surfaces. This remarkable reduction in friction can be attributed to the long-range entropic repulsive forces between the polymer coatings, which maintain a limited separation distance between the surfaces [65,112]. Conversely, external stimuli, such as electric fields, can modulate the lubricating properties of polymer coatings by altering the conformation of the polymer chains. Drummond et al. [30] probed the influence of electric potential on the structure of polymer layers on semi-cylindrical surfaces using a surface force apparatus. While the effect of direct current (DC) potential on friction was inconsequential, friction was substantially reduced when the alternating current (AC) potential difference reached 600 Hz. However, this potential effect vanished beyond 600 Hz. Drummond et al. proposed that the swift motion of counterions in the solution, under the influence of AC potential, induced stretching and bending of the polymer chains, thereby eliminating the impact of interpenetration on the coupled surfaces. The potential response effect on friction dissipates when the polymer cannot swiftly adapt to environmental changes. Zeng et al. [113] employed electric fields to manipulate the polymer structure, achieving reversible alterations in friction. They observed that on indium tin oxide (ITO) glass surfaces, the morphology of poly-sodium allyloxy hydroxypropyl sulfonate (poly-AHPS) polymer oscillated between a brush array morphology when stretched at negative potentials and a hill-roll morphology at positive potentials, resulting in two distinct frictional states. The authors concluded that this approach holds promise for the automatic control of friction and has potential applications in automation, intelligent manipulation and actuation, as well as microelectromechanical systems. In a recent study, Li et al. [114] investigated the potential-controlled friction effect in polymer ionic liquids, specifically poly(3-methyl-1-aminopropylimidazolium acrylamide) bis(trifluoromethylsulfonyl)imide (Poly(3MAPIm)TFSI). They focused on the stretching and compression properties of cationic chains within these polymers to modulate frictional behavior. Under negative potential, a significant enrichment of polycations occurs on the Au(111) surface. This accumulation results in the compression of cation chains due to electrostatic attraction, subsequently increasing the lubricant film’s surface roughness. Concurrently, the attractive forces between the AFM probe and the cations in the boundary lubrication layer contribute to an elevation in friction. Conversely, under a positive potential, the quantity of cationic adsorption is reduced due to electrostatic repulsion, thereby providing ample space for the cationic chain to unfurl. Concurrently, the TFSI with better lubrication performance adsorbs on the surface, leading to a reduction in the friction force. The findings suggest that potential-controlled changes in the polymer structure, primarily driven by the extension and compression of the polymer chain, are the main factors influencing friction performance. When the polymer chain within the lubricating film extends, it effectively separates the two friction surfaces and diminishes the interaction force between them. On the other hand, when the polymer chain is bent and compressed, the lubricating film’s surface becomes rougher, and the interaction force between the surfaces increases [30,113,114].





3.4. Mechanism Summary


The fundamental principle of potential-controlled friction lies in the potential or electric field-induced alterations in the physical or chemical properties of the friction interface. The potential impact on friction can be categorized into three primary mechanisms. First, the interfacial charge directly participates in the interfacial chemical reactions. Examples include the formation of metal electrode surface oxides or hydroxides at positive potentials, the development of friction-reactive films with low shear modulus and low hardness at the friction interface due to additives containing sulfur or phosphorus, and the creation of chemically reactive adsorption films through surfactant molecules chemically bonding to the interfacial metal. Second, the interface charge does not partake in the reaction, but the potential or electric field prompts the counter-electrode material to accumulate on the electrode surface, forming a physically adsorbed film. Instances of this mechanism include the adsorption films of surfactant molecules, hydrated ions, polar nanoparticles, and ionic liquids. Lastly, the potential or electric field induces structural changes in the interfacial adsorption film. For example, water molecule layers transition between liquid and ice-like states, liquid crystal molecules switch between ordered and disordered configurations and polymer molecular chains alternate between stretched and bent conformations. The formation and structural transformation of the adsorption film at the friction interface lead to variations in interfacial adhesion and shear, ultimately resulting in the phenomenon of electrically controlled friction.





4. Influencing Factors of Electro/Potential-Controlled Friction


In potential-controlled friction systems, the potential serves as the primary factor influencing friction behavior, while variations in the system’s composition and parameters dictate the specific potential-controlled friction characteristics. Figure 12 illustrates the dynamic interplay between the modulation of the friction coefficient and potential, as observed in several representative pieces of literature on electronically controlled friction [115]. These studies deploy varied electrode materials, lubricants, and potentials/voltages, rendering a direct comparison of their results challenging. Research has demonstrated that electrode positioning [41], electrode type [81,97], electrolyte properties [42,81], and potential intervals [50] all significantly impact electro-controlled friction behavior.



In a three-electrode electrochemical system, the counter electrode’s relative position to the working electrode or between the counter electrode and the friction region influences the electro-controlled friction behavior on the working electrode surface. When the counter electrode’s relative position and the friction region are adjusted so that the friction region falls within the electrode’s influence, the potential exhibits a substantial modulating effect on friction performance. Conversely, when the friction region lies far from the electrode’s influence, the potential-controlled friction effect is not achieved [41]. In a bipolar electrode system, the rational design enables spatial positioning of the electrode surface potential to control frictional properties at different locations on the electrode surface [121]. Investigations using imaging surface plasmon resonance (ISPR) and ellipsometric polarization spectroscopy have examined this gradient distribution of molecular films. By varying the solution current, the distribution of molecular adsorption with spatial location can be modulated [122], and the adsorbed film can serve as a boundary film. The boundary lubrication effect is closely related to its adsorbed amount and adsorption structure [123]. It is hypothesized that using bipolar electrodes as friction subsets allows the spatial distribution of electric potential to control the friction coefficient distribution with spatial location. Supporting this conjecture, Zhang et al. [41] achieved a gradient distribution of the COF over the spatial position on a bipolar plate. By examining the surface potential and molecular adsorption at different locations on the bipolar plate, a gradient distribution was observed for both surface potential and SDS molecular adsorption, as illustrated in Figure 6. This finding indicates that the potential’s gradient distribution caused the SDS molecular adsorption to exhibit a gradient distribution, subsequently leading to a gradient in the COF. The authors propose that this method of controlling the COF variation with electrode position may hold significant implications for metal-forming processes. For instance, in a drawing process, low friction is necessary for the die area to reduce sliding resistance and tensile stress in the cup wall, while high friction is required at the die corners to facilitate metal flow.



The electrode characteristics significantly impact the behavior of potential-controlled friction systems. As previously indicated, despite the utilization of the identical ionic liquid electrolyte, the gold and graphite surfaces exhibit entirely divergent phenomena of potential-controlled friction. This discrepancy is primarily attributed to the variations in the binding strength between the ions and the respective electrode surfaces [97]. Furthermore, when comparing gold electrodes with different surface roughness, the friction coefficient and its shift amplitude are lower for gold electrodes with minimal roughness compared to those with higher roughness [81]. Gold and graphite are considered inert electrodes, as their surfaces are less prone to redox reactions. In contrast, the surfaces of commonly used engineering metal materials are susceptible to corrosion in electrochemical environments. Consequently, friction behavior and interfacial corrosion often interact and influence one another. For instance, stainless steel electrodes exhibit reduced contact pressure between interfaces due to corrosive wear at anodic potentials. Additionally, the oxide film’s lubricating properties contribute to a lower friction coefficient at anodic potentials compared to open circuit and cathodic potentials [51,124]. Friction-induced breakage of the interfacial oxide film causes the open circuit potential to shift in the cathodic direction, leading to surface re-passivation and increased corrosion [51,124,125].



The electrolyte’s nature has a direct impact on the electrochemical behavior of an electrode surface. Research demonstrates that the electrolyte primarily influences potential-controlled friction behavior by affecting the adsorption layer on the electrode surface. Li et al. [97] investigated the tribological behavior of Au (111) surfaces in ionic liquids through potential control, revealing that Li(G4)TFSI and Li(G4)NO3 ionic liquids exhibited similar electronically controlled friction behavior. However, the friction coefficient of Li(G4)NO3 ionic liquid was nearly double that of Li(G4)TFSI ionic liquid at positive potential. This is attributed to the NO3− ion adsorption layer at positive potential possessing more defects and surface roughness than the fluorocarbon adsorption layer of TFSI−. Liu et al. [42] discovered that after adding NaCl to an SDS aqueous solution, the metal/ceramic friction pair exhibited a faster potential-controlled friction response ability compared to when using the SDS aqueous solution as an electrolyte. This is because NaCl promotes the formation of SDS micelles, accelerating the adsorption and desorption process of SDS molecules on solid surfaces. Pashazanusi et al. [81] examined the potential-controlled friction behavior between gold electrodes and AFM tips in varying concentrations of NaCl solution. They found that high NaCl concentrations could reduce friction under positive potential. This is due to high salt ion concentrations weakening hydrogen bonding between water molecules on the electrode surface and between water molecules and the AFM tip. Simultaneously, their findings also revealed that Cl− has a stronger ability to inhibit hydrogen bond formation between interfacial water molecules than OH−, resulting in NaCl electrolytes requiring a higher potential to achieve a stable high-friction state compared to NaOH electrolytes. In conclusion, the electrolyte’s type, concentration, and composition can significantly impact electronically controlled friction effects.



In the potential-controlled friction system, friction behavior is modulated by adjusting the applied potential within a specific potential range. The choice of this potential range significantly impacts the system’s friction control efficacy and underlying friction mechanisms. With over 20 years of research and development, Meng Yonggang’s team at Tsinghua University has gained substantial insights into selecting the appropriate potential range for potential-controlled friction. Figure 13 presents a schematic representation of the electrode reaction process, both with and without friction, at a given temperature. Within a relatively moderate potential range, the electrode interface experiences solely physical alterations, encompassing phenomena such as the adsorption and desorption of anionic and cationic species [75], charged nanoparticles [58,84], surfactant molecules [11,12,68], water molecules [33,34], among others, in addition to phase transitions. Stable reversibility of potential-controlled friction performance is observed within this potential range. However, under a strong electric field (wide potential), the electrode interface experiences irreversible redox reactions [35,50], leading to a lack of stable reversibility in potential-controlled friction performance. Furthermore, in the case of electrode processes influenced by friction, triboelectrochemical processes, such as friction-induced reduction and friction-inhibited reduction, as well as friction-induced oxidation and friction-inhibited oxidation, also come into play (as depicted in Figure 13) [50]. These processes narrow down the range of potential where only physical changes occur.




5. Application Prospect


Potential-controlled friction is a multifaceted triboelectrochemical phenomenon that encompasses electrical, frictional, and chemical interactions in solution. Investigating the performance and underlying mechanisms can offer valuable insights into engineering challenges associated with this phenomenon. By actively controlling friction, it is possible to reduce energy consumption and slow down friction-related failures. For instance, in drilling operations, water-based drilling fluids exhibit high friction coefficients, leading to increased torque and friction resistance on the drill string, which in turn complicates the drilling process. The application of a cathodic potential can reduce the drill string’s friction torque by 50% [126]. Utilizing a magnesium sacrificial anode to connect the drill string achieves a similar effect without the need for an external power source. Electronically controlled friction effectively suppresses differential sticking of the drill string in water-based drilling fluids, thereby enhancing drilling efficiency [52,127]. During adverse weather conditions, such as rain and snow, complex triboelectrochemical reactions occur on the surface of copper alloy pantographs used in high-speed railways. Research indicates that increased relative humidity and the presence of water significantly raise the COF and wear rate of the copper surface. The combined effects of water and current shift the interface wear from mild abrasive wear to severe fatigue wear, accompanied by electrochemical oxidation [128,129]. Studying the triboelectrochemical performance and mechanisms provides a theoretical foundation for optimizing pantograph structures and surfaces. In copper wire drawing processes, emulsion lubricants (oil-in-water) facilitate effective lubrication between the copper wire and the mold. The adsorption of fatty acids in the emulsion on the oxide surface primarily contributes to boundary lubrication and applying a potential can further enhance this effect [54]. Subsequent research revealed that an oxide thickness exceeding 6 nm yields the optimal boundary lubrication effect, with cuprous oxide being the most effective oxide type [53].



The investigation of potential friction phenomena holds not only the theoretical importance of comprehending friction interface processes in depth but also the practical value of active friction control. Traditional lubrication systems can only modulate friction by adjusting the normal load, which makes real-time and online regulation of the COF challenging. In contrast, active control of the COF can be achieved through the application of an electric field or manipulation of the friction pair’s surface potential. In designing mechanical devices, the aim is often to amplify beneficial friction while minimizing detrimental friction. For instance, clutches and manipulators require time-dependent control of the COF due to the need for rapid transitioning between sliding and locking during operation. Employing the potential for active control of the COF presents an opportunity to enhance the performance of clutches or manipulators. Hu et al. [130] explored the operational characteristics and friction torque response of a custom-built electronically controlled clutch test rig under an applied electric field. They utilized an aqueous SDS solution as the lubricating fluid, graphite as the auxiliary electrode, and a silicon nitride/brass friction plate as the friction substrate. The findings demonstrate a significant correlation between the applied voltage and the friction torque of the electronically controlled friction clutch. Specifically, an augmentation from 0 V to 20 V in the applied voltage results in a two-fold increase in the friction torque. Moreover, the response time of the friction torque to external voltage alterations is approximately 3 s. These observations suggest promising applications of electronic friction technology in friction transmission devices. Nonetheless, a response time in the range of seconds is markedly prolonged when considering high-end precision equipment. This latency most likely arises due to the temporal needs of boundary lubrication film formation and dissipation. It suggests that electro-control systems that depend on molecular adsorption and desorption for regulating boundary lubrication films might be unfit for precision device tribological transmission or wear damage detection tasks. Investigations have highlighted that by managing the structural transformations of interfacial water and polymer molecules under an electric field, the COF can react instantaneously to changes in the electric/potential field [30,33]. This suggests that leveraging electric/potential fields to modulate the properties of boundary lubrication films may forge an effective tactic for precision equipment development.



As research into potential-controlled friction technology intensifies, its applications have expanded into the realm of precision manufacturing. One notable example is the electric field-assisted chemical mechanical polishing/grinding technique. This approach involves the application of an electric field to the friction subsurface within the grinding/polishing system, enabling control over interfacial friction chemistry. Consequently, the electric field actively governs the dissolution and removal of interfacial materials, thereby optimizing the efficiency of the polishing/grinding solution [131]. Li et al. [132] conducted a study utilizing electrochemical mechanical polishing (ECMP) with hydrogen peroxide and potassium nitrate as electrolytes and colloidal silica as the polishing medium. They successfully performed electric field-assisted polishing on SiC wafers, demonstrating the potential of this innovative technique. The findings reveal that when currents exceed 20 mA/cm2, the resultant polished surface exhibits a rough texture. Conversely, at currents approximating 1 mA/cm2, the polished surface demonstrates a smooth finish. Zhai et al. [133] employed a tribological electrochemical polishing (TECP) approach to refine Si3N4 surfaces in an aqueous-based medium (Mass fraction:water:sodium nitrite:sodium carbonate:sodium phosphate:borax = 495:1.25:1.25:1.25:1.25:1.25). Their findings revealed that applying a forward voltage to the metal disc significantly increased the wear track on the Si3N4 surface, while the COF remained constant. Conversely, the application of a reverse voltage led to a substantial reduction in both the COF and the abrasion marks on the Si3N4 surface. Through experimental law screening, an optimized grinding process offering high grinding efficiency and superior surface quality was achieved. Recently, Liu et al. [50] proposed that the applied electric field functions analogously to external mechanical forces, thus modulating the reaction energy of chemical reactions in an equivalent manner. Specifically, a positive potential on the sample promotes the mechanochemical process, whereas a negative potential inhibits it. Based on this principle, they demonstrated that applying a positive potential to a Ti plate surface in a PC solution resulted in selective frictional oxidative coloration while reversing the voltage caused the coloration effect to vanish. The authors concluded that this technique holds promising potential in fields such as micro and nano processing, information recording, and surface processing.




6. Conclusions and Perspectives


This review examines the advancements in potential-controlled friction research over recent decades, elucidating the fundamental mechanisms and potential industrial applications of this technology. Potential-controlled friction systems primarily involve two- or three-electrode configurations, with mechanisms categorized into interfacial redox reactions, physical adsorption, and phase structure transformations. A comprehensive understanding of these mechanisms paves the way for designing efficient, intelligent, and high-precision systems with wide-ranging applications in traditional industries, smart equipment, and precision machining. Despite significant progress in the theory and systems of potential-controlled friction, challenges persist in both theoretical and practical aspects.



First, real-time characterization of interfacial reactions during potential-controlled friction remains elusive. Discerning the dynamic reaction process at molecular and atomic scales under the potential influence is crucial for comprehending the nature of potential-controlled friction and the origins of friction itself. In situ transmission electron microscopy (TEM) has enabled the observation of atomic transfer processes in nanotips during dry friction [134]. Extending this approach to investigate nanotip friction in electrochemical environments using TEM presents an intriguing challenge.



Second, the interplay between the molecular architecture of the boundary lubrication film and the microscopic forces at the interface presents a complex landscape. The potential, by influencing the interfacial reactions and molecular structure, modulates the interaction forces between the interfaces. Establishing a quantitative correlation between the interfacial molecular structure and the microscopic forces at the interface could pave the way for a direct, quantitative relationship model between the potential and the friction coefficient within an electrochemical system. The formulation of such a model holds the promise of enabling precise and proactive control over the magnitude of the frictional force.



Thirdly, the development of a friction system capable of real-time, rapid, and reversible transformations is still a work in progress. Existing research demonstrates that although potential-controlled friction technology exhibits promising potential for use in transmission systems, a notable hysteresis in friction performance response to applied potentials has been observed [130]. This hysteresis poses challenges for designing high-precision friction-based transmission systems. While satisfactory real-time responsiveness has been achieved at the microscopic scale, the limited friction rates and loads employed [33] constrain the broader application of electronically controlled friction technology in transmission systems. Consequently, the advancement of highly sensitive potential-controlled friction systems with superior potential response characteristics remains a top priority for future investigations.
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Figure 1. The Stribeck curve delineates three distinct lubrication regimes, with the interface effects of potential significantly influencing both boundary and hydrodynamic lubrication. 
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Figure 2. The illustration presents the framework of this review, encompassing the tribotronic method, its underlying mechanism, associated influencing factors, and potential applications. 
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Figure 3. Schematic of a series of electric potential-controlled friction devices (a) A two-electrode control system where the lower friction pair serves as the working electrode while the upper friction pair functions as the counter electrode. (b) In a two-electrode control system where the lower friction pair is employed as the working electrode an auxiliary electrode acts as the counter electrode. (c) A two-electrode control system where the upper and lower friction pairs are not directly linked to the electrode system. (d) A three-electrode control system where the friction pair serves as the working electrode and an auxiliary electrode functions as the counter electrode. (e) A three-electrode control system where both upper and lower friction pairs simultaneously operate as working electrodes. (f) A three-electrode control system in which the upper and lower friction pairs are not directly connected to the electrode system. 
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Figure 4. COF, cross-sectional profiles of wear scar, and microscopic morphology of friction reaction films under different potentials. (a) Evolution of COF over time under various potentials, (b) Profile lines of wear scar interfaces under different potentials, (c) TEM morphology of the friction interface at +0.42 V (vs. Ag/AgCl), (d) TEM morphology of the friction interface under open circuit potential. Reprinted from [35], with permission from Elsevier. 
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Figure 5. Influence of electrode potential on COF and surface morphology under varying SDS concentrations. (a) Correlation between COF and electrode potential across distinct SDS solution concentrations. (b) Variation of COF under multiple times and different step voltages. (c) Stripe-like adsorption pattern of SDS molecules on the electrode surface at open circuit potential (0.03 V vs. SCH) in 1 mM SDS solution. (d) Absence of SDS molecule adsorption on the surface at a negative potential (−0.4 V vs. SCH). Reproduced from [12,68], with permission from Springer Nature. 
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Figure 6. Alterations in tribological properties as a function of electrode surface position. (a) Schematic representation of the bipolar electrode apparatus. (b) Surface potential, (c) adsorption mass of SDS molecules, and (d) interfacial COF at varying locations on the electrode surface. Reproduced from [41], with permission from Springer Nature. 
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Figure 7. Potential-controlled friction in ceramic tribopairs. (a) Schematic representation of the ceramic tribopair’s electrically modulated friction apparatus, (b) temporal evolution of the COF as a function of applied potential. Illustration of ion dynamics in the vicinity of the interface when the metallic sphere exhibits (c) positive and (d) negative charge states. Reproduced from [42], with permission from Springer Nature. 
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Figure 8. Energy loss and mechanism of friction between gold electrodes and SiO2 microspheres under different Potentials. Reproduced from [32]. CC BY 4.0. 
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Figure 9. Potential-controlled friction performance of aminated CuS nanoparticles as lubricating additives. This Figure illustrates the orientation of surfactant molecules on the surface of aminated CuS nanoparticles before and after heat treatment at 130 °C. Before heat treatment, an ordered surfactant molecular layer is present, whereas a disordered layer is observed post-treatment. The lower left portion of the Figure displays the friction coefficient of the lubricant containing aminated CuS nanoparticles under varying potentials, demonstrating a significant influence of the applied potential on the COF. Conversely, the lower right portion of the Figure presents the COF of the lubricant with heat-treated aminated CuS nanoparticles at different potentials, revealing minimal changes in the COF as a function of potential. Reprinted with permission from [84], Copyright (2019) American Chemical Society. 
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Figure 10. (a) Investigation of frictional behavior and ion adsorption states for silicon spheres and Au(111) substrates under the lubrication of [Py14] [FAP] ionic liquid at varying potentials. Reprinted with permission from [20], copyright (2012) American Physical Society. (b) Analysis of frictional properties between sharp silicon probes and graphite substrates employing [HMIM] [FAP] ionic liquid lubrication across a range of potentials. Reprinted with permission from [96], Copyright 2014, Royal Society of Chemistry. 
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Figure 11. Potential-regulated frictional behavior and mechanisms at the gold electrode interface. (a) Rapid and reversible transitions between superlubricity and high friction states are achieved through potential modulation of the gold electrode surface. (b) Friction-load dependence at positive and negative potentials on the gold electrode surface. At positive potentials, (c) a limited number of hydrogen bonds form at the interface under low-load contact, while (d) an extensive hydrogen bonding network develops under high-load contact. (e,f) Under negative potential, the ordered ice-like structure of water molecules is disrupted, allowing free water molecules to act as boundary lubricants, thereby reducing frictional forces. Reproduced from [33]. CC BY 4.0. 
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Figure 12. The change in the COF versus electric potential is derived from data presented in some typical papers [42,55,96,101,116,117,118,119,120]. Reproduced from [115]. CC BY 4.0. 
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Figure 13. Schematic diagram of the electrode processes at a given temperature without (A) and with (B) friction. Reproduced from [50]. CC BY 4.0. 
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