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Abstract 

Research on the effects of applied electrical potential on friction and wear, a topic sometimes termed “Triboelectrochemis-

try”, has been reviewed. Historically, most such research has focussed on aqueous lubricants, whose relatively high electrical 

conductivities enable use of three-electrode electrochemical kinetic techniques, in which the electrode potential at a single 

electrode | fluid interface is controlled relative to a suitable reference electrode. This has led to identification of several 

different mechanisms by which applied electrode potentials can influence friction and wear. Of these, the most practically 

important are: (i) promotion of adsorption/desorption of polar additives on tribological surfaces by controlling the latters’ 

surface charges; (ii) stimulation or suppression of redox reactions involving either oxygen or lubricant additives at tribological 

surfaces. In recent years, there has been growing interest in the effects of applied electrical potentials on rubbing contacts 

lubricated by non-aqueous lubricants, such as ester- and hydrocarbon-based oils. Two different approaches have been used 

to study this. In one, a DC potential difference in the mV to V range is applied directly across a thin film, lubricated contact 

to form a pair of electrode | fluid interfaces. This has been found to promote some additive reactions and to influence friction 

and wear. However, little systematic exploration has been reported of the underlying processes and generally the electrode 

potentials at the interfaces have not been well defined. The second approach is to increase the conductivity of non-aqueous 

lubricants by adding secondary electrolytes and/or using micro/nanoscale electrodes, to enable the use of three-electrode 

electrochemical methods at single metal | fluid interfaces, with reference and counter electrodes. A recent development 

has been the introduction of ionic liquids as both base fluids and lubricant additives. These have relatively high electrical 

conductivities, allowing control of applied electrode potentials of individual metal | fluid interfaces, again with reference 

and counter electrodes. The broadening use of “green”, aqueous-based lubricants also enlarges the possible future scope 

of applied electrode potentials in tribology. From research to date, there would appear to be considerable opportunities for 

using applied electrical potentials both to promote desirable and to supress unwanted lubricant interactions with rubbing 

surfaces, thereby improving the tribological performance of lubricated machine components.
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1 Introduction

In 1874, Thomas Edison applied for a patent on a new type 

of telegraph receiver [1]. This device which he termed the 

“electromotograph” [2] was based on the observation that 

the passage of electricity through the sliding contact between 

a lead pin and the surface of paper moistened with potassium 

hydroxide, changed its kinetic friction so that variations in 

electric field could be converted very rapidly to mechanical 

motion. Edison thus claimed:

A moving surface in contact with a yielding vibra-

tor, through which pulsations of electricity are passed 

when such surfaces in contact are of such a character 

that the friction will be varied by the electrical condi-

tion

In subsequent years, many other scientists and engineers 

have studied the influence of applied electrical potentials 

on rubbing contacts and shown that quite small potentials 

can produce significant changes in both friction and wear. 

However, the literature is very disparate, not least because, 

as will be described in the next section, electric fields can 

be applied in various ways to many different tribological 

systems, so that it is difficult to extract a coherent picture 

of what has been achieved and how this knowledge can be 

applied. The aim of this paper is to review past research on 

the application of electrical potentials to lubricated contacts 

and to try to extract from this research an understanding of 

when and how such potentials can change the tribological 

performance of these contacts.

This review is stimulated in part by the imminent pros-

pect of motor vehicles propelled by internal combustion 

engines (ICEs) being generally superseded by electric vehi-

cles (EVs) powered by batteries and electric motors (an 

Fig. 1  Schematic diagram of electrolytic cell
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advance predicted somewhat prematurely by Thomas Edison 

himself in 1902 [3]). The lubricated contacts in EVs are per-

haps more likely to be exposed to stray currents than those 

in ICEs, while the ready availability of electrical energy in 

EVs provides an opportunity for its use to promote desirable 

interactions, or to suppress undesirable ones.

The reader will note that historically the bulk of published 

research has reported the behaviour of lubricants based on 

aqueous salt solutions, reflecting their high ionic conduc-

tivities that enable electrochemical kinetic methods to be 

applied reliably. However, research on aqueous systems, as 

well as having direct relevance to water-based lubricants, 

also provides useful insights into possible effects in non-

aqueous lubricants, such as mineral oils. Thus, although 

the main objective of this review is to summarise electri-

cal effects in organic liquid lubricants, research on aqueous 

systems is also surveyed.

There have been a few previous reviews of the application 

of electrical potentials in tribology, usually focussed on a 

particular aspect of the field. In 1970, Waterhouse outlined 

electrochemical research on aqueous systems related to tri-

bology, with an emphasis on corrosion [4]. This was fol-

lowed in 1980 by a more detailed review of research to date 

by Guruswamy and Bockris, again confined to water-based 

lubricants and in which the authors first coined the term 

“Triboelectrochemistry” [5]. In 2012, Lvovich examined 

the application of electrochemical impedance spectroscopy 

to study industrial lubricants [6], while in 2015 Xie et al. 

considered the very wide range of phenomena possible when 

charged surfaces were generated in lubricated contacts [7]. 

Very recently, Jiang et al. have considered the impact of 

electric and magnetic fields on the main lubrication regimes 

from a primarily mechanistic point of view [8], while Krim 

has used a series of case study examples to describe how 

applied electrical and magnetic fields can be used to control 

friction actively [9].

The current review is concerned primarily with the effects 

of applied electrode potentials on the interaction of lubri-

cants and additives with rubbing surfaces and consequent 

friction and sliding wear behaviour, together, in Sect. 6, with 

an outline of their use to assess lubricant degradation. Elec-

tric fields and their effects can impact tribological systems 

in many other ways, for example via arcing across contacts 

to cause surface damage, especially in bearings [10, 11], 

streaming potentials [12], electrorheological response [13], 

bubble formation and damage therefrom [14, 15], tribo-

charging [16] and triboemission [17]. They can also be used 

to measure both lubricant film thicknesses and the extent of 

asperity contact in mixed lubrication conditions [18, 19]. 

Although important, these are not discussed in the current 

paper.

2  Basic Electrochemical Concepts 
and Methods

Before reviewing research carried out to study the impact 

of applied potential on lubricant behaviour, a few basic con-

cepts and methods used in electrochemistry must be out-

lined. More detailed information on electrochemistry can 

be found in [20].

2.1  Electrochemical Cells

A diagram of a very simple electrolytic cell is shown in 

Fig. 1. Two electrodes are immersed in a liquid electrolyte. 

A potential difference is applied between the electrodes 

making one, the anode, positive, while the cathode is nega-

tive. If the electrolyte is only weakly ionically conducting, 
Fig. 2  Two-electrode cell; a schematic arrangement; b electrical 

potential drop across contact. Adapted from [21]

Fig. 3  Three-electrode cell; a schematic arrangement; b potential 

drop across contact. Adapted from [21]
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a supporting electrolyte (an ionic salt) can be dissolved in 

the electrolyte to enhance electrical conductivity. This mini-

mises the ohmic potential drop within the electrolyte itself 

so that potential drop between anode and cathode occurs 

primarily at the electrode | electrolyte interfaces. During 

operation, if suitable reagents are available and the poten-

tial differences between the electrodes and the electrolyte 

are large enough, a reduction half-reaction involving gain 

of electrons occurs at the cathode, e.g.

while oxidation, involving loss of electrons, occurs at the 

anode by reactions such as:

It should be noted that even in the absence of an applied 

electrode potential (at open circuit), a metal electrode will 

possess a rest or equilibrium electrode potential relative to 

a standard (usually a standard hydrogen electrode (SHE), 

based on reaction [2] above) reflecting the ease with which 

it gains or loses electrons relative to the standard.

In practice there have been two main arrangements of 

experimental cell to study the influence of applied electri-

cal potentials on rubbing, lubricated contacts, as shown 

schematically in Figs. 2 and 3, in which an electronically 

(1)3Fe
2
O

3(s) + 2H
+(l) + 2e

−
→ 2Fe

3
O

4(s) + H
2
O(l)

(2)2H+(l) + 2e− → H2(g)

(3)RSSR(l) + 2e
−
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−
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[
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]

2
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conducting sphere is rubbed against an electronically con-

ducting flat, both immersed in lubricant (electrolyte).

The simplest case is shown in Fig. 2a, in which a DC 

voltage is applied across the lubricated contact. This was 

the system used by Edison and has been employed by some 

other researchers when studying the influence of potential on 

the behaviour of oil-based lubricants. As discussed later in 

this review it may also be the most practical arrangement for 

applying potentials to influence friction and wear in realistic, 

oil-lubricated systems.

The key advantage of this arrangement is simplicity but it 

has two main limitations. The first is that one of the rubbing 

components becomes the cathode and the other the anode. 

This means that different interactions with the lubricant are 

likely to take place within the same contact. This asymme-

try is compounded if one surface is stationary and the other 

sliding, since in this case different overall response would 

be expected depending on the direction of the electric field 

resulting from the applied potential difference. A more fun-

damental limitation concerns the way that the potential drops 

between the two electrodes, as shown in Fig. 2b. Reactions 

at an electrode are determined by the difference in potential 

between the electronically conducting electrode surface and 

the ionically conducting electrolyte immediately adjacent to 

it. However, because current flows between the electrodes, 

the potential falls in an indeterminate way between them and 

the critical potential difference at the electrode surface is not 

well defined. The fact that lubricant films are very thin and 

thus might provide limited resistance even when using low 

electrical conductivity lubricants may mitigate this problem 

to some extent, although, as discussed later in this review, 

it may also result in intermittent metal–metal contact and 

thus shorting.

This second limitation can be addressed in triboelectro-

chemical research by using a three-electrode cell in which 

the two rubbing surfaces are coupled together as the working 

electrode and a separate counter electrode and, importantly, 

Fig. 4  a Nature of electrical 

double layer with aqueous 

electrolytes; b Variation of 

potential across the double layer 

to reference electrode
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a third reference electrode are introduced, as shown in 

Fig. 3a. The resistance of the reference electrode part of the 

circuit is very large so that all the current flow is between 

the working and counter electrode, but the actual potential 

of the lubricant relative to the working electrode is con-

trolled by the reference electrode, as shown in Fig. 3b. This 

arrangement is the mainstay for determination of the kinetics 

and mechanisms of electrochemical processes at individual 

working electrodes, enabling measurement of current and 

hence, according to Faraday’s law, reaction rate as a function 

of applied potential. Another advantage in terms of tribol-

ogy is that, as shown in Fig. 3, both of the rubbing surfaces 

are subjected to the same potential and so should interact 

similarly with the lubricant. Alternatively, this arrangement 

can be used to study the influence of applied potential on 

the tribological properties of a metal component as work-

ing electrode rubbing against an insulator, such as ceramic, 

glass or polymer. There are still considerable problems in 

three-electrode cells with very low conductivity fluids such 

as hydrocarbon oils, which will be discussed in Sect. 5 of 

this review.

2.2  Electrical Double Layers

To understand the impact of applied electrode potential 

on friction and wear, it is important to appreciate how this 

potential influences the nature of the electrode | electrolyte 

interface. Figure 4a shows a schematic model of an elec-

trode at an oxidising potential immersed in aqueous elec-

trolyte. Immediately adsorbed on the electrode surface is a 

layer of water dipoles, oriented in the electric field and also, 

depending on the solution composition, chemically adsorbed 

ions. This is the “inner Helmholtz plane”. Beyond this is the 

“outer Helmholtz plane”, the locus of approach of hydrated 

ions of opposite charge to that of the electrode surface and to 

which they are attracted to the surface by electrostatic forces. 

These layers create a charge imbalance in the electrolyte, so 

outside this is “diffuse layer” with a preponderance of ions 

of opposite charge, thermally dispersed into the solution to 

a distance known as the “Debye length” that is inversely 

dependent on the square root of the ionic strength. Beyond 

this layer the solution becomes balanced with equal density 

of cations and anions. The two Helmholtz planes and the 

diffuse layer make up the “electrical double layer”.

Figure 4b shows how the potential varies from the elec-

trode out to the reference electrode in an aqueous three-

electrode electrochemical with a relative applied electrode 

potential, E = ϕA – ϕREF, which, depending on its value, 

may drive electron transfer across the electrode | electrolyte 

interface.

It should be noted from the above that as well as pro-

moting redox reactions, the applied electrode potential may 

change the surface charge of metal [22] and oxide-covered 

metal [23] surfaces, so influencing the adsorption of ionic 

and polarisable species at the outer Helmholtz plane. As 

described later in this review, this adsorption itself can have 

a significant effect on friction.

The situation in non-aqueous, low electrical conductiv-

ity liquids such as hydrocarbon lubricants is broadly simi-

lar, though less fully quantified. The outer Helmholtz plane 

comprises adsorbed, charged ions from weak electrolytes 

present [24], most commonly additives or oxidation prod-

ucts. The diffuse double layer has thickness of order of the 

Debye length, λ = (εD/σ0)
0.5, where ε is the electrical per-

mittivity, D the molecular diffusivity, and σ0 the electrical 

conductivity [24, 25]. The relative electrical permittivity of 

lubricants (the dielectric constant) is much lower than that 

of water but so is the electrical conductivity. The latter tends 

to overwhelm the former so that the diffuse layer is usu-

ally larger than for aqueous solutions. Because of their low 

electrical permittivity compared to water, the electrostatic 

Fig. 5  Cyclic voltammograms of Pt | diethyl adipate/LiClO4 with and 

without DBDS; potential scan rate 100 mV/s at 25  °C. Reproduced 

from [33], with permission from Taylor & Francis Fig. 6  Example Nyquist plot from an aqueous electrolytic cell
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forces between charged species are considerably higher, so 

that any dissolved species consisting of small ions tend to 

be predominantly in the form of ion pairs with very few 

free ions [26]. The main source of charged species in lubri-

cants is therefore often large charged entities, such as car-

bon particles or detergent micelles [26, 27], and when these 

are present they can give diffuse layers of several hundred 

nanometers thickness [26].

2.3  Electrochemical Measurements:  DC Electrode 
Potentials

Electrochemical reactions are studied most commonly by 

applying a relative electrode potential and monitoring the 

resulting current density. There are several protocols for 

doing this but two commonly used for determination of 

electrochemical kinetics are cyclic voltammetry and chrono-

amperometry. In cyclic voltammetry, the electrode potential 

of the working electrode is swept between potential limits 

at a fixed potential scan rate over one or more cycles, while 

monitoring the resulting current density. Positive and nega-

tive current densities correspond to oxidation and reduction 

reaction rates, respectively. Since it is a non-steady-state 

technique, cyclic voltammetry is not suited to explore the 

effect of electrode potential on friction and wear, but some 

studies have used it to determine the redox behaviour of 

lubricant additives [28–35]. Figure 5 compares cyclic vol-

tammograms of the ester base oil, diethyl adipate, containing 

 LiClO4 (as supporting electrolyte) with and without 2 wt% 

dibenzyldisulphide (DBDS), an extreme pressure additive 

[33]. DBDS is reduced at negative potentials to benzyl mer-

captide ions by Reaction [3] in section 2.1 above. Figure 5 

shows voltammograms of a Pt electrode, but with Fe elec-

trodes this reduction is accompanied by a large decrease in 

wear rate, presumably due to a tribofilm formed by reaction 

between the mercaptide ions and the iron surfaces [33].

In chronoamperometry a fixed potential is applied to the 

working electrode and the time dependence of the resulting 

current density is monitored. When a single, known elec-

trode reaction occurs, application of Faraday’s Law provides 

a measure of rates of reaction, whether these are diffusion 

controlled and whether surface films develop to suppress 

them. This method has also been applied in tribology 

research both to study lubricant additive response to applied 

potential in electrochemical cells and also across rubbing 

contacts, where rubbing may prevent accumulation of insu-

lating tribofilms [34, 36–39].

2.4  Electrode Impedance Spectroscopy: AC 
Potentials

Figure 2 shows a DC potential difference applied across the 

contact. However, varying frequency AC can also be applied 

and the current response monitored to determine the imped-

ance of the contact and how this depends on frequency. The 

variation of this impedance with AC frequency can then be 

analysed to determine the resistance and capacitance (or 

dielectric constant) of the contact or cell. In practice the 

impedance (or complex resistance), Z, has both real and 

imaginary components;

where R is the resistance and X is the reactance.

When a sinusoidal, low amplitude potential difference 

(typically ≤ 10 mV) is applied across the cell or contact, the 

resulting current will vary sinusoidally but generally will 

be phase-shifted. The ratio of the amplitude of the potential 

difference to the current is the resistance of the cell, R, while 

the phase shift, δ, originates from capacitance and induct-

ance components present;

A typical set of measurements from an aqueous elec-

trolytic cell are shown in Fig. 6, in the form of a Nyquist 

plot in which the reactance is plotted against the resistance 

over a range of AC frequencies.

In order to interpret these measurements, the contact or 

cell must be represented by an electrical circuit containing 

the main components believed to be present [40]. This is 

illustrated in Fig. 7, where the cathode and anode are each 

represented by a resistor, Rc and Ra (Faradaic resistances), 

in parallel with a capacitor, Cc and Ca (the capacitance of 

the double layers), and these are in series with a resistor 

representing the resistance of the electrolyte, Re.

Since a capacitor has reactance 1/jωC, the impedance 

at each electrode is;

where ω is the angular frequency (equal to 2πf where f is the 

AC frequency).

The overall impedance of the cell is then given by;

(7)Z = R + jX

(8)� = a tan

(

R

X

)

(9)
1

Zc,a

=
1

Rc,a

+ j�Cc,a

(10)Z = Z
c
+ R

e
+ Z

a

Fig. 7  Representative electrical circuit of an electrolytic cell
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By best fitting Eq. 10 to the measured cell R and X data 

over the frequency range, the values of the components 

shown in Fig. 7 can be determined.

In many cases more complex analogue circuits are 

required to represent the various components in a con-

tact or cell that contribute to the overall impedance, as 

illustrated in Sect. 6. Impedance spectroscopy is one of 

the main techniques to measure the very low electrical 

conductivity of hydrocarbon-based lubricants and has 

also, based on the double layer capacitance, been used to 

measure the presence and thickness of adsorbed films on 

electrode surfaces [33, 41]. A DC offset can be applied so 

that at low frequencies, the consequences of slow electro-

chemical processes including diffusion and redox reaction 

kinetics are evident. As will be described in Sect. 6, in 

recent years electrochemical impedance spectroscopy has 

also become widely used to monitor lubricant degradation 

and contamination [42].

3  Brief History of Triboelectrochemistry

3.1  Research on Aqueous Systems

In 1874 Edison showed that an applied potential differ-

ence across a contact could alter the kinetic friction of 

a sliding contact. He explored a wide range of materi-

als and found that some experienced a decrease in fric-

tion while with others friction increased [43]. Edison’s 

approach was highly practical and non-quantitative, but it 

was soon followed by a series of more systematic studies. 

Unlike Edison, who applied a potential difference directly 

across the rubbing contact, these all used a three-electrode 

arrangement or, until the 1950s a two-electrode system in 

which one or both of the rubbing surfaces was the working 

electrode while the counter electrode was external to the 

contact. Until the 1970s all research was based on aque-

ous solutions.

In 1879 Koch showed that when a platinum sphere was 

made into an anode its friction against a glass surface was 

increased [44], while four years later Waitz found the fric-

tion of palladium and platinum against glass decreased at 

negative potentials and increased when positive potentials 

were applied [45]. In 1889 Krouchkoll reported that the 

friction of a small platinum wire brush rubbing against 

a rotating glass plate in a dilute aqueous acid increased 

when the brush was made an anode and decreased when it 

was the cathode [42].

In the 1940s, Rehbinder found that an external potential 

difference strongly influenced the friction of a glass sphere 

against a metal surface immersed in an aqueous electrolyte 

[46]. He suggested that the interfacial tension of the metal/

electrolyte decreased the hardness of the metal leading to 

decreased friction. However subsequent work by Bockris 

and Parry-Jones in 1953 [47] found that varying the elec-

trode potential at a zinc electrode produced no measurable 

change in hardness. Instead these authors suggested the 

effect of applied potential on friction was due to its influ-

ence on surface adsorption of chemical species from the 

electrolyte.

In 1945 Clark carried out a series of experiments to 

measure friction of the contact between a rotating non-

conducting drum and a metal wire as working electrode 

[48]. Friction increased at high negative electrode poten-

tial and he ascribed this to adsorption of metal cations.

The potentiostat was developed in 1942 [49], enabling 

control of individual electrode electrolyte interfaces 

against a reference electrode and as this became generally 

available it greatly facilitated electrochemical research. In 

1950 Bowden and Young used a three-electrode system 

to measure the coefficient of static friction of platinum 

against platinum in sulphuric acid solution [50]. They 

showed that this gave low friction at both high and low 

electrode potentials with a maximum friction value accom-

panied by adhesive damage at an intermediate potential.

In 1961 Staicopolus employed a three-electrode system to 

measure effect of applied potential and electrolyte composi-

tion on the friction of copper and stainless steel against glass 

in a ball on conical cup rig [51]. He found that friction gen-

erally decreased at high and low electrode potentials, which 

he ascribed to adsorption of anions or cations, respectively, 

on surfaces to form a “lubricating” layer.

In 1969, Bockris and co-workers found that the coefficient 

of friction of platinum on platinum in perchloric acid solu-

tion reached a maximum at an intermediate potential that 

Fig. 8  Coefficient of friction vs. relative electrode potential for mild 

steel on iron in aqueous octanoic acid solution. pH adjusted to 9.2 

with sodium hydroxide. Reproduced from [62], with permission from 

IOP Publishing, Ltd
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they identified as the point of zero charge [52]. They showed 

how the friction versus potential curve could be explained 

in terms of double layer repulsion [53, 54]. In 1975, Dubois 

and Lacaze proposed measurement of the change in friction 

with electrode potential as a method for studying metal solu-

tion interfaces in electrochemistry, a technique they termed 

polaromicrotribology [55].

In the 1980s attention focussed on the effect of applied 

potential on wear and the transition from adhesive wear at 

negative applied potentials to oxidative wear when positive 

potentials were applied to promote oxide formation [41, 

56–61].

In 1992 Brandon et al. used a three-electrode system to 

study the effect of electrode potential on the friction of mild 

steel rubbing against iron in an alkaline solution of sodium 

octanoate [62]. They found a sharp decrease in friction at 

potentials greater than the potential of zero charge of iron 

(− 0.4 V vs standard hydrogen electrode) as shown in Fig. 8. 

Parallel radiotracer and impedance measurements showed 

that this corresponded to an increase in lubricant film thick-

ness, suggested that octanoate anions were adsorbed on posi-

tively charged iron and steel surfaces.

In the following year Kelsall et al. studied the friction of 

metal and metal oxide sliding contacts while varying surface 

charge via both electrode potential and pH [63]. They found 

a maximum in friction at both intermediate applied potential 

and intermediate pH and showed that this was consistent 

with a model based on the loss of double layer repulsion 

causing the friction to increase under this condition.

Zhu et al. also studied the effect of applied potential on 

friction of a sodium octanoate solution, using IR spectros-

copy to determine the nature of surface films formed on an 

iron electrode [64], and in 1996 combined an STM/AFM 

with a miniature electrochemical cell to map the formation 

of iron octanoate tribofilm in response to electrode poten-

tial at an iron flat/Si3N4 AFM tip contact [29]. Lateral force 

microscopy was also employed in 1997 by Kautek et al. to 

study a  Si3N4 tip rubbing against silver under potential con-

trol; friction increased sharply at positive potentials in KBR 

solution but no such effect was seen with KF(aq) [65].

3.2  Research on Non-aqueous Systems

So far, this outline has been concerned only with aqueous 

solutions. The effect of applied potential on non-aqueous 

lubricated systems does not appear to have been investigated 

systematically until the 1970s and then initial work with 

hydrocarbon-based lubricants was confined to studying the 

effect of applying a potential difference directly across a 

contact [36, 66–73]. This confirmed that even quite small 

applied DC voltages could significantly affect friction, wear, 

and scuffing [36, 67]. However, results were contradictory, 

with some studies reporting lower wear when the surface 

continuously in sliding contact was made the anode and oth-

ers finding no difference or the opposite. Several studies 

found that applied potential increased or suppressed additive 

reactions at surfaces [68, 70, 71]. More recently Gangopad-

hyay et al. used a similar approach by measuring the effect 

of applying a potential difference across a sliding lubricated 

contact on the friction and wear of formulated engine oils 

[74]. There was considerable impact on wear, which was 

reduced for the cathodic surface, but little effect on friction.

In the late 1980s Tung et al. carried out a series of experi-

ments to study the influence of applied electric field on 

additive reactions on surfaces and the impact of consequent 

tribofilms on friction and wear [28, 75–79]. Using two elec-

trodes with a 15-μm gap to minimise resistance, and imped-

ance spectroscopy to estimate film properties, they showed 

that large potential differences could cause zinc dialkyldithi-

ophosphate (ZDDP) and some other additives dissolved in 

mineral oil to form films on unrubbed surfaces.

As discussed later in this review, to allow fundamental 

research using a three-electrode system, the practical prob-

lem of the very low conductivity of organic lubricants had 

to be addressed. For this, two advances in electrochemistry 

were needed; the use of supporting electrolytes soluble in 

organic solvents and the development of microelectrodes 

[80], and by the mid-1990s, these enabled three-electrode 

triboelectrochemical studies to be carried out in organic 

solvents. Initially the behaviour of ZDDP as an antioxidant 

was addressed [30, 32, 81–83]. It was found that both the 

oxidation of ZDDP and its formation of surface films were 

promoted by positive electrode potentials.

In 2000 Zhu et al. reported results of a systematic study 

of the effects of electrode potentials in non-aqueous solvents 

on friction and wear of iron [33]. They explored various 

Fig. 9  Experimental setup for creating friction distribution showing 

the current paths on the bipolar electrode when current is applied in 

the solution by a pair of stainless steel feeder electrodes. Reproduced 

from [95], with permission from Springer Nature
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supporting electrolytes in solvents ranging from propyl-

ene carbonate to diethyl adipate and measured the effect of 

potential on friction and wear of lubricant additives includ-

ing fatty acids and dibenzyldisulphide. This approach was 

extended by Xu et al., who developed supporting electro-

lytes capable of being dissolved in esters and even, to a lim-

ited extent, in hexadecane, thereby enabling the behaviour 

of ZDDP to be studied with a Pt electrode under electrode 

potential control in realistic lubricant base oils for the first 

time [84].

3.3  Recent Research on Triboelectrochemistry

The last decade has seen continued research on the impact of 

applied electrical potentials on lubricant behaviour. Ismail 

et al. studied the influence of applied electrode potential on 

the friction and wear behaviour of a sliding steel/steel con-

tact lubricated by sodium octanoate solution [39] and found 

results very similar to earlier work by Brandon [62, 85], with 

low friction and wear when the steel was anodic. Meng and 

co-workers carried out an extensive series of studies on the 

influence of electrode potential of the tribological behav-

iour of metal/ceramic contacts using aqueous lubricants 

containing sodium dodecyl sulphate additive [34, 86–88]. 

They found that the additive was effective in decreasing fric-

tion at oxidising electrode potentials. Very recently Cao and 

Meng studied the response of ZDDP in a polycarbonate/

ester blend to applied electrode potential [89]. In 2011, Xie 

et al. studied the effect of large applied potential differences 

across a steel ball on coated glass disc contact lubricated by 

various organic liquids including a hydrocarbon and vari-

ous alcohols [90]. They found an increase in film thickness 

at low speeds compared to elastohydrodynamic theory that 

they interpreted as an increase in viscosity due to the applied 

electric field.

There has been continued interest in using an AFM with 

an electrochemical stage to observe the influence of applied 

potential on friction at an atomic scale [91–94]. Nielinger 

and Baltruschat showed that the friction of a silver surface 

could be increased reversibly by depositing and dissolving 

copper on it from a sulphate solution using suitable elec-

trode potentials [81]. The impact of anion type on friction 

of a gold surface has also been studied using sulphuric and 

perchloric acid solutions [92, 94].

Another recent advance has been the use by Zhang et al. 

of bipolar electrochemistry to study the influence of elec-

trode potential on adsorption and friction [95]. In this, a 

single, rod or bar-shaped, ionically conducting electrode 

is immersed in electrolyte and a pair of driving or feeder 

electrodes located close, but not connected, to either end 

of this. These driving electrodes create a potential gradient 

within the electrolyte and this results in a potential difference 

between the electrolyte and the bipolar electrode that varies 

from one end of this electrode to the other [96]. Figure 9 

shows the setup used by Zhang et al., who applied ellipsom-

etry and friction measurement to show how adsorption and 

consequent boundary friction varied from the cathodic to the 

anodic end of the electrode [95].

An interesting development in recent years has been 

the use of ionic liquids both as base fluids and additives. 

These offer ionic conductivities that in some cases are high 

enough for potential control and, depending on the compo-

sition of their component ions, stabilities over a wide range 

of electrode potentials. Dold et al. showed that the friction 

of steel against steel lubricated by a pure ionic liquid in a 

three-electrode setup was influenced by applied potential 

[97]. Since some ionic liquids are soluble in base oils they 

may also act as supporting electrolytes in lubricants. Yang, 

Meng, and Tian have studied the effect of electrode poten-

tials on Pt with solutions of imidazoline-based ionic liquid 

in propylene carbonate using cyclic voltammetry [98, 99]. 

They found that the solutions gave low friction at negative 

potentials and high friction at positive potentials that they 

ascribed to the adsorption of the cation and anion spe-

cies, respectively. Recently, ionic liquids have also been 

studied quite extensively in the AFM/LFM to explore the 

effect of electrode potentials on the friction of gold and 

graphite surfaces [100–105]. The main focus has been on 

how applied potential controls cation and anion adsorption 

and thus friction, with the consequent possibility of active 

friction control. Most studies have used neat ionic liquids 

but recently it was shown that the friction of a silicon 

tip rubbing against gold under potential control in solu-

tions of ionic liquids in alkanes was similarly responsive 

to changes in electrical potential [105].

Another area of growing interest has been the applica-

tion of molecular modelling to model and perhaps pre-

dict the effects of applied potential on lubrication. Ma 

and Shrotiya studied the response of adsorbed surfactant 

monolayers to an applied electric field [106]. No effect 

was predicted for close-packed monolayers but with partial 

monolayers, positive electrode potentials promoted struc-

tural changes that produced lower friction. In 2015 Man-

zato et al. used molecular dynamics to explore the effect 

Table 1  Proposed mechanisms by which applied electrode potentials 

influence friction and wear

1 Rehbinder effect

2 H2 or  O2 release

3 Double layer repulsion

4 Charge-promoted adsorption

5 Molecular rearrangement

6 Redox reactions promoting formation or removal of metal oxides

7 Redox reactions promoting or suppressing additive tribofilms

8 Exo-electrons via change in work function
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of electric fields on lubrication by nematic liquid crys-

tals [107]. They predicted a decrease in friction when the 

field was applied along the sliding direction. In the same 

year Fajardo et al. employed coarse grain non-equilibrium 

molecular dynamic to model confined liquid crystal films 

film between surfaces while applying partial charges to the 

bounding substrate surfaces to simulate an applied electric 

potential [108]. They reported that the applied field pro-

duced significant structural changes with resulting large 

variations in friction.

4  Proposed Mechanisms of Friction 
and Wear Response

Although the main focus of this review is on the influence 

of applied potentials on non-aqueous organic liquids, it is 

useful first to examine the insights provided by research on 

aqueous systems, since electrochemical effects in these are 

more easily interpreted and generally more quantitative. 

In particular, studies with aqueous solutions have enabled 

identification of most of the main mechanisms by which 

applied electric potentials may influence friction and wear.

Edison appears to have spent little effort to explore 

possible mechanisms of how potential differences influ-

enced friction. Initially he suggested that evolved hydro-

gen might reduce metal oxides to reduce friction [1] but 

later observed similar behaviour with oxide-free platinum 

[2]. However since then several different mechanisms have 

been proposed to explain the effects of applied potentials 

on friction and wear in aqueous systems. These are listed 

in Table 1.

4.1  Rehbinder E�ect

In the 1930s and 1940s Rehbinder proposed that the adsorp-

tion of surfactants on solids could alter the latters’ mechani-

cal properties, including their hardness. He ascribed this to 

penetration of the surfactant into ultramicroscopic cracks 

produced during deformation of the solid [109]. In 1944 he 

used Herbert pendulum type equipment to measure the effect 

of applied potential on oscillation of a glass ball on an  FeS2 

flat and found that frictional damping was maximal at inter-

mediate potentials [46]. Rehbinder interpreted his results 

in terms of a decrease in hardness at low and high applied 

potential differences. This hypothesis was controversial and 

Andrade and Randall suggested that Rehbinder’s observed 

effect resulted from variations in friction from disintegra-

tion of an oxide film [110] while Bockris and Parry-Jones 

in 1953 [47] found that varying the electrode potential pro-

duced no measurable change in hardness for zinc, while still 

giving maximal friction at intermediate potential.

The concept that surfactant adsorption can affect sub-

surface mechanical properties, now generally known as the 

Rehbinder effect, has often been considered with some scep-

ticism, without ever being wholly disproved. In 1951 Kramer 

reviewed the influence of the environment on the mechanical 

properties of metals and suggested various possible mecha-

nisms that might be influential [111]. More recently West-

wood and Lockwood have discussed possible mechanisms 

of these “chemomechanical effects” [112].

Fig. 10  Coefficient of friction versus potential for Pt on Pt in HClO. 

Reproduced from [53], with permission from Elsevier

Fig. 11  Comparison of theoretical (lines) and measured friction coef-

ficients (points) for  Al2O3 rubbing on  Fe2O3 at different pH values 

(solid diamond 2.8 MPa, hollow square = 7.8 MPa). Reproduced from 

[64], with permission from Taylor & Francis



Tribology Letters (2020) 68:90 

1 3

Page 11 of 27 90

4.2  H2 or  O2 Release

Bowden and Young studied the friction of a platinum wire 

on a platinum cylinder subject to electrical potential in dilute 

sulphuric acid [50]. They found high friction at intermediate 

potentials and lower friction at negative and high potentials 

and, based on previous work on the influence of gases on 

the friction of clean metals [113], they proposed that the 

reduced friction regions corresponded to the formation of 

monolayers of hydrogen and oxygen, respectively. However 

there appears to be no direct evidence of such monolayers 

and the authors also proposed a parallel mechanism based on 

electrical double layer repulsion as outlined below.

4.3  Double Layer Repulsion

Both Bowden and Young, and Rehbinder found that vari-

ation of applied potential often produced a parabolically 

shaped response curve, with a high value of friction at 

intermediate potentials (ca 0.4  V relative to SHE) but 

much lower values at both low and high potentials. In the 

1950s and 1960s Bockris and co-workers proposed that this 

shape resulted from the occurrence of double layer repul-

sion between the rubbing surfaces at low and high applied 

potentials that reduced the effective load in the contact, 

thereby producing decreased in friction coefficient [52–54]. 

Hence, the maximum value of friction at intermediate poten-

tial occurred at the potential of zero charge at which there 

was no such repulsion effect. They developed a series of 

models to predict the effect and obtained quite good agree-

ment between their model and experiments for platinum/

platinum sliding contacts, as shown in Fig. 10. Measurement 

of friction was even proposed as a means of determining the 

point of zero charge [54].

Although quite convincing, it was difficult to separate 

this proposed mechanisms from others that might give simi-

lar shaped response curves. However, in the early 1990s it 

received strong support from Kelsall et al., who used two 

different ways to create electrical double layers, by vary-

ing pH for rubbing ceramic contacts and varying applied 

electrode potentials for rubbing metal contacts [63]. Using 

a high frequency reciprocating rig (HFRR) with potential 

control they showed that both approaches gave similar par-

abolic-shaped friction responses, with a maximum at the 

point of zero charge in both cases and low friction at both 

low pH/negative potential and at high pH/positive potential. 

They developed a model of rough surface friction reduction 

based a combination of attractive short range van der Waal 

forces and repulsive longer range double layer forces. This 

predicted a net repulsive pressure that decreased the effec-

tive load on asperities and the consequent impact on fric-

tion agreed well with experimental data, as shown in Fig. 11 

for the friction of  Al2O3 rubbing against  Fe2O3 in  Na2SO4 

solution at various pH values [64]. Results at two loads are 

shown, indicating that, as expected, the effect was much 

smaller at higher than at lower loads. The authors calculated 

that the maximum electrostatic pressure was 2 MPa, suggest-

ing that this double layer repulsion effect is significant only 

in low pressure contacts, in the MPa range. It is noteworthy 

that most early experiments tended to use very lightly loaded 

rubbing contacts based on glassware apparatus, in which 

these electrostatic effects would be most evident.

4.4  Charge-Promoted Adsorption

The above mechanism is based on the concept that oppos-

ing double layers decrease the effective contact pressure. 

However, the adsorbed layer of hydrated ions at the outer 

Helmholtz plane may also play a role in decreasing friction 

by providing a plane of easy (or difficult) slip. In 1961 this 

was proposed by Staicopolus, who measured the friction of 

metal rubbing against glass in various salt solutions under 

electrode potential control [51]. He found that some ions, 

including most cations and sulphate anions, did not adsorb 

or affect friction, while others, including cerium cations, 

and chloride anions adsorbed and desorbed reversibly, and, 

when adsorbed acted as a lubricating layer. Interestingly, 

Staicopolus also tested two zwitter-ion compounds, glycine 

and aminophenol, that can carry both positive and negative 

charge and found that these reduced friction at all potentials. 

However, if the ability of aminophenol to form a protonated 

cation was supressed by converting it to a sodium salt, no 

Fig. 12  Effect of applied potential on friction: copper against glass, 

open triangle 1  M  Na2SO4 + 10–2  M p-aminophenol; open inverted 

triangle 1  M  Na2SO4 + 10–2  M o-aminophenol; open circle 1  M 

 Na2SO4 + 10–1 M glycine (increasing polarisation); open circle with a 

line through centre 1 M  Na2SO4 + 10–1 M glycine (decreasing polari-

sation); open square 1  M  Na2SO4 + 0.1  M o-aminophenol (Na salt). 

Reproduced from [51], with permission from IOP Publishing, Ltd.
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decrease in friction was observed at low potentials (Fig. 12). 

This result provided strong evidence that layers of adsorbed 

ions were controlling friction.

Brandon et al. also proposed that applied electrode poten-

tial could promote the adsorption of surfactant to form fric-

tion-reducing boundary films [62]. For a steel/iron contact 

immersed in aqueous sodium octanoate solution they found 

that friction decreased at applied potentials more positive 

than the potential of zero charge which, they suggested, was 

due to adsorption of negatively charged octanoate ions on 

the positively charged surfaces. More recently He et al. have 

measured a similar decrease in friction at positive potentials 

with aqueous solutions of sodium dodecyl sulphate lubri-

cating a stainless steel/ZrO2 sliding contact [88]. Based on 

parallel quartz crystal microbalance (QCM) and AFM work 

they demonstrated that positive applied potential promoted 

adsorption of dodecylsulphate anions and that the resulting 

monolayer and/or micellar film decreased boundary friction. 

This has been confirmed by Zhang et al. who combined a 

bipolar electrode with ellipsometry to show how a gradient 

of adsorption of sodium dodecylsulphate and consequent 

friction could be established across a surface via an electric 

field gradient in the electrolyte [95].

As well as adsorption of surfactants, the adsorption of 

charged nanoparticles on tribological surfaces can also be 

controlled using applied potential. Liu et al. studied the fric-

tion behaviour of nanoparticles dispersed in diethyl succi-

nate in a  ZrO2/Cu contact and found that applied negative 

potential could promote adsorption and reduce friction of 

positively charged CuS nanoparticles [114], while positive 

potential could promote adsorption and thereby reduce fric-

tion of negatively charged  MoS2 nanoparticles [115].

In recent years lateral force microscopy with an electro-

chemical system has been used quite extensively to study 

the effects of anion adsorption on the friction of silver and 

gold. At intermediate potentials, below that at which gold 

oxidises, it was found that anions that specifically adsorb 

in the inner Helmholtz layer on noble metals  (Cl−,  SO4
2−, 

OH) influence friction, while those that only adsorb in the 

outer Helmholtz layer, without chemical bonding to the sur-

face  (F−,  ClO4−), do not [65, 93]. The main difficulty in 

such studies appears to be to avoid redox processes such as 

metal oxidation/reduction that can overlay or compete with 

changes in friction solely due to adsorbed ionic species.

4.5  Molecular Rearrangement

Another way that an applied potential may influence fric-

tion is by inducing a conformational change on molecules 

between a pair of rubbing surfaces. In 1994 Kimura et al. 

reported the effect of applied DC potential differences across 

a sliding pin on steel ball contact lubricated by a thermo-

tropic liquid crystal. Their results demonstrated that as the 

magnitude of the applied difference was increased, greater 

decrease in friction resulted [116]. Similar decreases in 

friction were measured with low frequency AC (< 1 Hz). 

They suggested that the electric field was influencing an 

order–disorder transition of the liquid crystal. Recently 

Drummond has reported the impact of applied potential 

differences on adsorbed polymer layers on crossed cylinder 

surfaces immersed an aqueous electrolyte in a surface forces 

apparatus [117]. The two surfaces were immersed in an 

aqueous electrolyte. DC potential differences had negligible 

effect, but extremely low friction resulted when AC poten-

tial differences were applied up to 600 Hz, above which the 

effect was lost. Drummond proposed that rapid movement of 

counter-ions in solution in response to applied AC potential 

differences caused stretching and bending of the polymer 

chains that had the effect of eliminating the interpenetration 

of opposing layers. The effect was lost when the polymer 

could not response fast enough to its changing environment.

It has also recently been shown that applied potential can 

have a large effect on the friction measured in AFM con-

tacts immersed in NaCl solution, with high friction at nega-

tive potentials relative to a silver quasi reference electrode, 

and low friction at positive potentials [118, 119]. This was 

ascribed to the formation of a highly viscous or solid-like, 

nanometer-thick, ordered multilayer of water molecules on 

hydrophilic surfaces hydrogen bonded to the surface at nega-

tive potential.

The above mechanisms can be considered as primarily 

physical in nature since they do not involved redox reactions 

or chemical bond-breaking stimulated by applied poten-

tial differences. The following three possible mechanisms 

involve oxidation or reduction reactions driven by the elec-

trode potentials at electrode/solution interfaces. For clarity, 

Fig. 13  Load cell output, proportional to the friction force, during an 

industrial wire drawing test. Reproduced from [121], with permission 

from Elsevier
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redox reactions are divided into two types; (i) those in which 

applied electrode potentials drive oxidation/reduction of 

the electrode itself, in particular oxide formation at posi-

tive potentials and oxide reduction at negative potentials and 

(ii) when the applied electrode potentials oxidise or reduce 

components in the solution to form or remove tribofilms.

4.6  Redox Reactions Promoting or Removing Metal 
Oxides

Metal electrodes in aqueous solutions are oxidised with 

increasing electrode potentials and reduced at decreasing 

electrode potentials, possibly in parallel with water oxidation 

or reduction depending on the particular metal’s reactiv-

ity. This explains why most early research on the impact of 

electrical potential on friction employed platinum electrodes 

which did not oxidise over the potential range of interest.

Throughout the 1980s several studies were made of the 

influence of applied potential on the oxidative wear of met-

als, generally with the aim of reducing this type of wear in 

both sliding and fretting conditions, though sometimes, for 

example in electrolytic grinding, of increasing the rate of 

material removal. The work, which has been summarised 

by Pearson, demonstrated that as the applied potential is 

increased from a highly negative value, initially an oxide 

film forms, which may be a passivating layer but may be 

removed mechanically, accelerating wear rate [61]. Pearson 

concluded that applied electrode potentials could provide 

cathodic protection, eliminating corrosion and some fretting 

wear, but he also noted the undesirability of applying such 

negative potentials as to cause hydrogen evolution which 

might promote embrittlement.

In 1994 Zhu et al. measured the effect of electrode poten-

tial on the friction and wear of iron sliding on iron and used 

IR spectroscopy to analyse iron surfaces under potential 

control [64]. As potentials were increased they measured 

both a decrease in friction and a large increase in wear, cor-

responded to the conversion of  Fe3O4 to FeOOH. However, 

at very high potential, wear decreased due to the formation 

of a compact and hard FeOOH passivating layer.

Even noble metals can oxidise if the electrode potential is 

sufficiently high and this can produce a large change in fric-

tion. With silver on silver, Kautek et al. found a very large 

decrease in friction when the electrode potential was high 

enough to form silver oxide [65], but in studies using gold, 

researchers found that friction increased when the oxide was 

formed [94].

If surfactants are present, oxidation or reduction of metal 

electrode surfaces can change the interaction of those sur-

factants with such surfaces. Zhu et al. studied the influence 

of applied potential on the friction of a reciprocating iron/

iron contact lubricated with aqueous octanoic acid solution 

[64] and used IR spectroscopy to characterise the surface 

film formed. At positive electrode potentials, iron oxidised 

to form a surface film of iron(II) carboxylate, with a conse-

quent decrease in friction.

In 1997 Su studied whether applied potential could be 

used to improve the process of copper wire drawing lubri-

cated by an O/W emulsion containing fatty acids to provide 

boundary lubrication [120, 121]. Su showed that the fatty 

acids could form a friction-reducing film only if the cop-

per was coated with a thick copper oxide film, and that an 

applied positive electrode potential enabled such an oxide 

film to form rapidly enough to be effective at wire-drawing 

speeds. Figure 13 shows how friction varied with applied 

potential in an industrial wire-drawing machine.

4.7  Redox Reactions Promoting or Suppressing 
Additive Tribo�lms

Applied potentials also may influence tribofilm formation 

and thus friction and wear by directly oxidising/reducing 

additives present in the electrolyte to promote or inhibit tri-

bofilm formation. However, except for the suggestion that 

hydrogen and oxygen generated from water at very high 

and low potential may reduce friction, this does not appear 

to have been explored in aqueous lubrication, although, as 

described later in this review, there has been some research 

in non-aqueous systems, especially with respect to ZDDP.

4.8  Exo-electrons

When dry surfaces are rubbed together in dry and bound-

ary lubrication conditions, several studies have shown that 

electrons may be emitted [122, 123]. If lubricant is present 

it has been proposed that these electrons may initiate radical 

reactions with the base oil or additives to promote tribofilm 

formation [105, 106]. For metals, the energy required to emit 

electrons is the work function. Shor [67, 68] and Morizur 

and Briant [71] have suggested that the application of a posi-

tive electrode potential will decrease this work function by 

providing a greater availability of electrons at the surface 

and this will, in turn, promote additive reactions. Essentially 

this represents a coupling between mechanical forces and 

applied potential to stimulate surface oxidation reactions. It 

should be noted that there is little if any direct evidence for 

this mechanism to date so it remains conjectural.

4.9  Summary of Mechanisms of Electrode Potential 
E�ects on Friction and Wear

From the above it is evident that there are several possi-

ble mechanisms by which applied potentials can influence 

friction and wear. Some, the Rehbinder effect,  H2/O2 evo-

lution and exo-electron emission remain unproven in this 
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context and will not be considered further in this review. 

Double layer repulsion to reduce effective load is unlikely 

to be relevant to high pressure, oil-based lubricated con-

tacts. However the remaining mechanisms, charge-promoted 

adsorption, electrochemically driven oxide or additive film 

formation and field-induced molecular rearrangement may 

all play a significant role in controlling friction and wear and 

are likely to be equally applicable to controlling friction and 

wear in non-aqueous systems as they are in aqueous systems.

5  Non‑aqueous Triboelectrochemistry

As described in Sect. 3, research on the influence of applied 

potential on oil-based lubrication falls into two halves. In the 

1970s to 1980s studies were based on simple two-electrode 

systems in which electric potential differences were applied 

directly across lubricated contacts. While little fundamen-

tal understanding emerged from this work, it did show that 

applied potentials could influence friction, wear and tribo-

film formation. Morizur and Briant [71] and Wang et al. [28] 

showed that applied potential differences could promote 

ZDDP film formation, while Yamomoto and Hirano showed 

that tricresylphosphate formed a tribofilm preferentially on 

oxidised steel surface [36].

From the 1990s most researchers have used a three-elec-

trode arrangement, in which both contacting surfaces were 

working electrodes (or just one if the other was non-conduct-

ing) and an electrical potential was applied against reference 

electrodes outside the contact. Such three-electrode meth-

odologies will be described below, but first the advances 

that make it possible in organic lubricants will be outlined.

5.1  Electrical Conductivity Problem

Aqueous solutions containing a dissolved salt as a support-

ing electrolyte have high ionic conductivities, e.g. ca. 8.5 S 

 m−1 for 1 M  Na2SO4, so that, as shown in Fig. 3b most of the 

electrical potential drop occurs between the working elec-

trode and the OHP, with little between the double layer and 

the reference electrode. The potential drop over path length 

d is Δ� = i.d∕� where i is the current and σ is the electrical 

conductivity. Consequently, for aqueous solutions with large 

σ, the electrode potential that drives reactions at the elec-

trode is well-controlled and well-defined. By contrast, most 

lubricant base oils are organic liquids with low dielectric 

constant and very low electrical conductivity, as such they 

are often termed dielectric liquids. A highly refined mineral 

base oil has electrical conductivity ca  10–14 S  m−1 at 100 °C 

[124] while formulated oils tend to lie in the range  10–10 to 

 10–8 S  m−1, with the precise value depending on the polar-

ity of the base oil, the presence and concentration of polar 

additives and contaminants, dissolved water and temperature 

[124–126]. Electrical conductivity increases very rapidly 

with temperature, primarily in response to decreasing vis-

cosity and consequent increased mobility of charge-carrying 

species present, and there is a well-known inverse correla-

tion between viscosity and electrical conductivity known as 

Walden’s rule. Unless mitigated somehow, this low electri-

cal conductivity means that the potential variation between 

electrodes occurs mainly in the bulk of the fluid so that there 

is negligible drop at the working electrode surface itself.

Bond and Mann [80] have described the two main 

approaches to solve this problem in electrochemical systems; 

(i) the use of secondary electrolytes soluble in organic sol-

vents and (ii) micro/nanoelectrodes.

5.2  Secondary Electrolytes

Water itself has low electrical conductivity but this is 

greatly increased by dissolving salts or ion-producing com-

pounds such as acids. Supporting electrolytes perform a 

similar role in non-aqueous solvents. Unfortunately few 

ionic compounds are soluble in organic liquids and even 

fewer in highly non-polar liquids such as esters and hydro-

carbons. For this reason, most conventional non-aqueous 

electrochemical research has used polar organic solvents, 

most commonly acetonitrile (AN), propylene carbon-

ate (PC), dimethylformamide (DMF) and tetrahydrofuran 

(THF). These solvents have also been employed in studies 

of lubricant additive behaviour under electrode potential 

control as outlined below. Supporting electrolytes must be 

soluble in these solvents as well as being stable to reduc-

tion and oxidation over the potential range to be studied. 

To be soluble such electrolytes tend to have a large anion or 

cation (or both), with typical examples being  LiClO4,  LiBF4, 

Fig. 14  Effect of supporting electrolyte concentration of electrical 

conductivities of non-aqueous solvents at 25  °C. DEA is the ester 

diethyl adipate. Reproduced from [33], with permission from Taylor 

& Francis
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 Hex4NClO4,  Bu4NBr,  NaPh4B. Figure 14 shows how electri-

cal conductivity varies with secondary electrolyte concen-

tration for some organic liquids at 25 °C [33]. Xu suggested 

that  10–4 S  m−1 is the lowest conductivity at which quantita-

tive electrochemical measurements can be made usefully in 

a microelectrode cell [127].

In 2004 Xu synthesised a range of secondary electrolytes 

based on  R4N+Ph4B−, with some solubility in esters and 

hydrocarbons [128], enabling her to investigate the electro-

chemical behaviour of lubricant additives in these solvents. 

Oil-soluble ionic liquids are also potential supporting elec-

trolytes and Yang et al. recently reported effects of electrode 

potential on the ability of solutions of ionic liquids in PC to 

control friction and wear [98, 99].

5.3  Micro- and Nanoelectrodes

The resistance of a fluid film separating two parallel elec-

trode surfaces varies inversely with the gap between the sur-

faces, d, i.e. the thickness of the film, so one way to reduce 

the resistance of the film, and thus the ohmic potential drop 

is to reduce this gap. However, another, complementary 

approach is to make the working electrode very small, since 

this will decrease the current, so decreasing ohmic potential 

drops as well as overcoming issues of relatively slow diffu-

sion in viscous liquids [127]. In practice it is often easier to 

fabricate sub-micrometre diameter electrodes than to pro-

duce a sub-micron gap; hence, micro-electrodes based on the 

flat ends of wires of diameter 0.1 and 10 microns are widely 

used in non-aqueous electrochemical systems. In the 1980s, 

ultra-microelectrodes were developed and more recently 

nano-electrodes have become quite widely used. In 2000 

Zhu combined an AFM with an electrochemical cell to study 

the behaviour of solutions of fatty acid in PC under electrode 

potential control [33]: nowadays electrochemical cells are 

available as attachments to many commercial AFMs.

5.4  Three-Electrode Systems in Non-aqueous 
Lubricants

The development of supporting electrolytes able to dissolve 

in organic liquids to raise their electrical conductivity into 

the  10–4 to 1 S  m−1 range was the key to enabling fundamen-

tal research on lubricant and lubricant additive behaviour 

under electrode potential control. This has been applied in 

two way: (i) to study lubricant additive response to electrode 

potentials using electrochemical kinetic techniques; (ii) to Fig. 15  HFRR with electrolytic cell. Reproduced from [33], with per-

mission from Taylor & Francis

Fig. 16  Effect of electrode potential on HFRR friction and wear for fatty acid solutions in polycarbonate with (Et)4NBF4 supporting electrolyte. 

Reproduced from [33], with permission from Taylor & Francis
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study the effect of electrode potentials on the ability of lubri-

cants to reduce friction and wear.

Initial research focussed on applying conventional elec-

trochemical methods including cyclic voltammetry to study 

the behaviour of ZDDP in solutions in polar organic sol-

vents [30, 32, 81–83]. The primary interest was the role 

of ZDDP as an antioxidant, although Ozimina et al. also 

carried out parallel 4-ball wear measurements with ZDDP 

solutions [63], while Jacob et al. used ex situ AFM to image 

the film formed [30]. Blankespoor found that at highly posi-

tive potential ZDDP in AN was oxidised to the disulphide, 

although a secondary ZDDP was then oxidised further Based 

on a study of ZDDP in DMF, Stereryanskii et al. proposed 

a dissociation reaction to form the DDP anion which then 

dimerised to the disulphide [82];

Ozimina [83] and Jacob [32] focussed on cathodic reac-

tions. Using AFM Jacob identified small nodules of Zn 

formed on the electrode by ZDDP in DMF, while Ozima 

studied a range of metal DDPs in AN, and found that their 

4-ball wear behaviour correlated with the ease with which 

they were reduced to metal.

In 2002 Xu et al. studied the electrochemistry of ZDDP in 

diethyl-sebacate with  LiClO4 as supporting electrolyte [84]. 

Like Stereryanskii they found disulphide formation under 

oxidative conditions, and this correlated with decreased 
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friction and wear. This work was extended in 2007 using 

a more effective secondary electrolyte and both platinum 

and iron working electrodes [35]. The authors identified 

oxidation of iron followed by that of ZDDP as the electrode 

potential was increased.

In all of this research it was found that the ZDDP oxi-

dation reaction was irreversible, with an insoluble product 

forming on the anode, which made it difficult to perform 

more than one or two voltammetric cycles. This highlights 

a limitation of the approach which is that ionic species 

formed during redox reactions will tend to be insoluble in 

non-aqueous liquids and, unless removed physically, will 

tend to block the electrochemical processes.

A possibly more fruitful approach has been to study 

the influence of electrode potential on friction and wear in 

three-electrode systems. As the surfaces are rubbing this (i) 

may remove tribofilms enabling electrochemical, processes 

to continue or (ii) allow other drivers of film formation to 

proceed in parallel, so, for example the electrode potential 

may influence adsorption but the tribochemical reaction be 

driven by the rubbing action itself.

In 2000 Zhu et al. used a three-electrode system in a high 

frequency reciprocating rig (HFRR) as shown in Fig. 15 to 

measure the influence of potential on friction and wear of 

lubricant additives including fatty acids and dibenzyldisul-

phide in non-aqueous solvents [33].

Figure 16 shows how friction and wear of iron on iron 

varied with electrode potential for a series of fatty acids in 

PC solution with (Et)4NBF4 supporting electrolyte. Fatty 

acids reduced friction and wear only at negative poten-

tials and friction decreased with increasing chain length. 

Electrochemical impedance spectroscopy also indicated 

the presence of a 5–10 nm film at negative potentials but 

negligible film was formed under oxidising potentials. In 

interpreting these results, it is important to note that the fric-

tion coefficient values at negative potentials were close to 

those expected in the absence of an applied potential, sug-

gesting that friction and wear were simply those prevalent 

at the rest potential (− 0.1 V as marked with a dotted line). 

Thus it appears that the friction-reducing effect of the fatty 

acids was not improved by applying negative potentials, but 

rather diminished by positive electrode potentials. This may 

reflect fatty acid molecules not adsorbing well on positively 

charged surfaces, or the iron being oxidised and the fatty 

acid forming a metal carboxylate that was not an effective 

friction modifier in HFRR conditions. Briscoe et al. have 

found considerable differences between the friction prop-

erties of fatty acids and fatty acid metal soaps [129]. It is 

interesting to note that the wear actually increased to a value 

higher than that of the solvent for long chain fatty acids at 

oxidising electrode potentials. Long chain fatty acids are 

more soluble in organic solvents than short chain counter-

parts and this may reflect corrosive wear resulting from the 

Fig. 17  Dependence of friction on applied solution for sodium dode-

cyl sulphate solution in water. Reproduced from [88], with permis-

sion from Springer Nature
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formation of semi-soluble iron carboxylates followed by 

their dissolution.

This dependence on electrode potential is in interesting 

contrast to studies in aqueous solution by Brandon et al. 

[62], Zhu et al. [64] and recently by He et al. [88] who found 

friction to decrease sharply at positive electrode potentials 

for surfactant solutions. The latter is shown in Fig. 17 and 

was ascribed by the authors to a threshold of adsorption 

of negatively charged sulphate anions on the surfaces [88].

Ogano used as working electrode the steel ball in a ball 

on glass disc optical rig and employed optical interferometry 

to measure the effect of electrode potential on film thickness 

[21, 130]. He found that an oxidising electrode potential 

promoted thick boundary film formation by hexadecanoic 

acid solution in PC at low sliding speeds. In conjunction 

with HFRR results this may suggest that, while a friction-

reducing, adsorbed monolayer forms at reducing electrode 

potentials, at oxidising potentials a semi-soluble salt is 

formed that cannot withstand severe boundary lubrication 

conditions but does contribute to enhanced entrainment in 

rolling-sliding conditions.

Three-electrode equipment has also been employed 

to study the friction and wear properties of antiwear and 

extreme pressure additive behaviour. Zhu et al. used the 

HFRR apparatus shown in Fig. 15 to study the effects of 

applied potential on dibenzyldisulphide (DBDS) solution on 

DEA/LiClO4 [33]. They found that the DBDS was effective 

at reducing wear only at highly negative electrode poten-

tials and, by combining this with results from cyclic voltam-

metry, suggested that under this condition the disulphide 

was reduced to a benzylsulphide radical that then reacted 

with the reduced iron surface to form iron mercaptide. By 

contrast Xu et al. found that ZDDP was most effective at 

highly oxidising electrode potentials, at which voltammetry 

showed that it formed the disulphide [35, 127]. ZDDP was 

moderately effective in decreasing wear at all potentials, so 

the authors suggested that this indicated that its reaction to 

form tribofilms was not primarily electrochemical in nature 

[35]. In 2018, a similar study by Cao and Meng of ZDDP 

solutions in a blend of PC and diethylsuccinate also found 

friction and wear to be decreased at oxidising potentials [89].

6  Applications of Triboelectrochemistry

6.1  Aqueous Lubricants

The primary practical application of applied electrical 

potentials in aqueous systems to date has been to the field of 

material cutting and polishing, including electrolytic grind-

ing (ELG) [131], triboelectrochemical polishing (TEMP) 

[132], electrolytic in-process dressing (ELID) [133] and 

electrochemical-mechanical polishing (ECMP) [134]. In 

ELG and ECMP the metal workpiece is made the anode 

so that applied oxidising potentials produce metal oxides 

that are easily removed by abrasion. In ELID and TECP the 

workpiece is non-conducting but the polishing tool contains 

a metal, and so is conducting. In ELID an applied potential 

difference oxidises transferred metal that would otherwise 

reduce the effective wheel roughness, while in TEMP it 

forms an oxide to modify the pad’s polishing properties.

It has also been suggested that applied electrical poten-

tials may be used to prevent corrosive damage to cutting 

tools [135], reduce torque at the drilling mud-drill string 

interface [136], help release stuck drill-pipes [137], reduce 

energy consumption in wire drawing [120, 121], improve 

chemical mechanical planarisation of microelectronic wafers 

[9] and even reduce plough/soil friction [138]. There are, no 

doubt others, but the extent to which any of these have been 

implemented in practice is not clear.

6.2  Non-aqueous Lubricants

To date, the practical application of applied electrode poten-

tials to oil-based systems has been almost entirely towards 

measuring and monitoring film thickness and oil degradation 

and contamination rather than towards control of tribological 

performance.

Fig. 18  Impedance spectra for 

fresh and oxidized oils meas-

ured at 120 °C. Reproduced 

from [42], with permission from 

Elsevier
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In the 1980s, Kauffman and Rhine developed a remaining 

useful life of a lubricant evaluation technique (RULLET) 

based on cyclic voltammetry [139–141]. In this, extracted 

oil samples were diluted with acetone-containing electrolyte 

 (LiClO4) and organic base, in which a Pt electrode was used 

for cyclic voltammetry. They showed that the technique was 

capable of performing formulation-independent remaining 

useful life evaluations of used gas turbine engine lubricating 

oils and a commercial remaining useful life evaluation rig 

(RULER) was designed. This method estimates primarily 

the amount of antioxidant remaining in the lubricant and is 

now the basis of several ASTM standards [142–144].

The second main application area has been to monitor 

the degradation and contamination of lubricants by meas-

uring their electrical impedance. Since the resistance of a 

lubricant decreases with the presence of polar contaminants, 

while its capacitance tends to increase, in recent years such 

measurements have become a valuable way to assess of the 

extent of degradation of lubricants [145–148]. In practice 

the approach can be applied at various levels of complexity, 

with perhaps the simplest being just to compare the tangent 

of the phase shift, tan δ (the ratio of real to imaginary com-

ponents of the impedance) of a used oil with that of the fresh 

lubricant at a chosen AC frequency [149]. By contrast, in 

electrochemical impedance spectroscopy (EIS), impedances 

are measured between two Pt electrodes over several decades 

of AC frequency [42]. Figure 18 shows impedance spectra in 

the form of Nyquist plots of a fresh and an oxidised indus-

trial lubricant in a cell [42]. After oxidation, both resistance 

and reactance decrease. In this study high frequency spans 

10 MHz to 10 Hz, medium frequency 10 Hz to 0.1 Hz and 

low frequency 100 mHz to 1 mHz. The responses at differ-

ent frequencies correspond to various components in the 

oil responding with different time constants; in this case 

polarisation of molecular dipoles, adsorption on surfaces 

and diffusion processes, respectively. The authors proposed a 

quite complex equivalent circuit based on a series of parallel 

capacitors and resistors to represent the cell.

The electrical capacitance of a lubricant film depends on 

its dielectric constant and originates from the polarisability 

of the molecules therein contained. In general, the larger 

the concentration of polar species such as water, ethanol 

and oxidation products, the greater the dielectric constant 

and thus the capacitance. However, dielectric constant also 

varies with AC frequency and the variation of dielectric 

constant of a lubricant with frequency can provide informa-

tion about the concentration and rotational mobility of its 

polar and polarisable molecules. The study of how dielectric 

constant varies with frequency is termed dielectric spec-

troscopy (DES) [150], which can be used to characterise 

base oil composition as well as oil degradation [151–153]. 

In practice, EIS and DES are closely related.

EIS and simpler types of electrical impedance measure-

ment are potentially powerful tools for monitoring lubricant 

degradation, with the ability to monitor various forms of 

lubricant contamination [154–156]. While they can be used 

off-line [157], primary interest in recent years has been to 

develop on-line sensors that can monitor oil degradation in 

operating machinery and engines, e.g. [149, 158–164]. Their 

main practical limitation lies in difficulty of interpretation, 

since most lubricants are complex blends of polar additives 

that even without degradation provide a complicated imped-

ance spectrum, which can be interpreted fully only if the 

formulation composition is already known. The addition of 

ill-defined degradation products such as oxidation products 

adds to this complexity so that some developers are applying 

machine-learning and other expert systems to interpret and 

correlate electrical measurements with lubricant composi-

tion [152, 153]. While this difficulty of interpretation limits 

the value of EIS and related measurements as research tools 

to study lubricants per se, it does not detract from their value 

as empirical ways to monitor changes in lubricant electrical 

properties resulting from ageing during use and that provide 

a measure of lubricant condition.

The above are not strictly applications of triboelectro-

chemistry since they are not concerned with understanding 

or controlling the impact of applied potential on tribological 

performance. One suggested application that does meet this 

criterion is the use of applied electrode potentials to actively 

control friction of rubbing contacts. Control of tribologi-

cal performance using electronics has been given the name 

tribotronics [165]. In the context of triboelectrochemistry it 

is proposed that the rapid response of boundary friction to 

applied potential can be employed to provide active feed-

back to maintain desired friction values under the chang-

ing conditions present in many lubricated contacts. To date 

only highly idealised systems based on neat ionic liquids and 

ionic liquid solutions in AFM contacts have been studied 

[103, 105]

7  Discussion

7.1  Adsorption Versus Reaction

From the above review it appears that, except at very low 

loads at which electrostatic repulsion may be significant in 

decreasing the effective contact pressure, applied electrical 

potential can influence friction in wear in two main ways: (i) 

by driving redox reactions that promote or suppress the for-

mation of tribochemical films and (ii) by altering the charge 

of rubbing surfaces so as to encourage or hinder adsorption 

of tribologically active, polar additives.

Historically most research has tended to focus on the first 

of these mechanisms. In aqueous systems the main interest 
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has been in using applied electrode potential to oxidise or 

reduce rubbing metal surfaces so as directly to change fric-

tion and wear properties or, at least aspirationally, to alter 

the way that the surfaces interact with additives. In non-

aqueous systems, most interest has been in controlling the 

reaction of additives such as ZDDP, both to help determine 

the reaction paths by which these additives form tribofilms 

and also to provide active control of additive response. In the 

authors’ view the practical value of the former may be quite 

limited since it is questionable whether the route by which 

additives react to form tribofilms under applied electrode 

potential conditions is the same as that which occurs during 

rubbing in the absence of applied potentials. Non-aqueous 

electrochemical measurements have focussed mainly on 

ZDDP solutions and have shown that these form the disul-

phide under oxidising electrode potentials. Using NMR 

analysis some disulphide has been identified in strongly 

heated ZDDP solutions [166], but this route is not generally 

considered to be involved in tribofilm formation, although 

the disulphide is formed when ZDDP acts as an antioxidant 

[167].

In terms of providing active control of additive reactions, 

applied potentials have been shown to influence friction and 

wear of lubricant additive-containing solutions but to date 

only a very limited number of additives, primarily fatty acids 

[33, 62], organosulphate salts [34, 88, 99], ZDDP [33, 35, 

89] and DBDS [127] have been studied in this way. Per-

haps this is surprising since outside of tribology a series of 

studies by Dubois et al. has shown that applied electrode 

potentials can control the reaction of many chemicals at sur-

faces, including polymerisation of acetate to polyethylene 

[168], acrolein to polyacrolein [169] phenols to polyphenyl 

oxides [170] and anilines and vinylcarbazoles to organic 

polymers [171, 172]. The main aims of Dubois’s research 

were to explore the underlying polymerisation processes and 

to develop ways to form thin (sub 100 nm) organic films on 

surfaces for electronic devices, so it was not directed delib-

erately towards tribology. However in much of the work, film 

formation was monitored by measuring changes in friction 

coefficient.

Several researchers have studied the influence of applied 

electrode potentials on the adsorption of surfactants, primar-

ily in the context of detergency and flotation [173–178], but 

only recently have the possibilities of using this to control 

friction been clearly recognised [88]. Most friction studies 

have been in aqueous systems, but quite recently the fric-

tion properties of solutions of ionic liquids in non-aqueous 

solvents have been shown to depend on applied potential due 

to adsorption of their cations (at reducing potentials) and 

anions (at oxidising potentials) [98, 99, 105]. In some ways, 

the use of applied potentials to actively control friction and 

wear by promoting adsorption might be more practicable 

than its use to promote chemical reactions, since the former 

may be reversible and also likely to require lower potentials. 

However the amount of research in non-aqueous systems to 

date specifically aimed at the effects of applied electrode 

potential on adsorption, and thus friction, is quite limited.

7.2  Two-Electrode Versus Three-Electrode 
Electrochemical Measurements

It should be evident from this review that in non-aqueous 

triboelectrochemistry research, there is a something of a dis-

connect between early research that simply applied a poten-

tial difference across a rubbing contact (a two-electrode 

system) and more recent research based on three-electrode 

systems. In the latter the potential difference between sur-

face and fluid can be controlled relative to a suitable ref-

erence electrode and the same potential can be applied to 

both tribo-surfaces. However, to be applicable to organic 

lubricants, this approach has required the use of secondary 

electrolytes to raise the electrical conductivity and/or the 

use of microelectrodes. While three-electrode systems may 

be valuable to establish how lubricated contacts respond to 

applied potentials, it is difficult to envisage how they may 

Fig. 19  a STM/substrate system used to explore influence of elec-

trode gap on cyclic voltammetry. b Current/potential behaviour of 

Pt/0.045 M ferrocene + 0.022 M DBDS in 20% DEA and 80% hexa-

decane with 0.001  M  LiClO4/Pt-Ir tip as a function of substrate/tip 

gap. Scan rate = 1  V/s, temperature = 25  °C. Reproduced from [33], 

with permission from Taylor & Francis
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be applied to macro-scale, oil-based lubricated contacts 

present in actual machine components. Very few secondary 

electrolytes are soluble in hydrocarbon-based lubricant and 

those that are tend themselves to be surfactant-like and thus 

likely to adsorb and block access of other additives to the 

surface. Also most practical lubricated components are of 

macro rather than micro-scale dimensions.

One key question that then arises is the extent to which 

two-electrode systems, in which a potential is applied 

directly across the two electronically conducting surfaces of 

a lubricated rubbing contact, possibly informed from three-

electrode measurements, may be feasible and useful in terms 

of controlling additive behaviour and thus friction and wear. 

In such contacts, at least where boundary friction and wear 

are of practical importance, the gap between rubbing sur-

face is in the range 1 nm to 10 μm, which should ensure a 

relatively low resistance and thus low ohmic potential drop. 

The limited amount of such work carried out in the 1970s 

to 1990s certainly indicates that lubricant behaviour can be 

influenced by applied potential, but unfortunately this work 

tended to be quite empirical and contact conditions were 

rarely well-defined.

Zhu et al. studied the influence on cyclic voltammetry 

of the gap between a working electrode and counter elec-

trode using a nanoelectrode arrangement based on an AFM 

[33]. As shown in Fig. 19a, the working electrode was a Pt/

Ir scanning tunnelling microscope (STM) tip and this was 

positioned against a Pt substrate counter/reference electrode, 

with a gap distance ranging from 5000 to 50 nm. The elec-

trolyte was a mixture of ferrocene and DBDS dissolved in 

a blend of hexadecane and ester, with  LiClO4 as support-

ing electrolyte. The ester was present to ensure solubility of 

the  LiClO4 and ferrocene and DBDS were used together to 

provide both oxidisable and reducible species. Figure 19b 

shows how the cyclic voltammograms varied with tip/

substrate spacing. It is evident that useful voltammograms 

can be acquired when the gap is 1 μm or less and that with a 

gap of 50 nm excellent response curves are obtained.

These results used a  LiClO4 supporting electrolyte, but 

Zhu et al. also showed that cyclic voltammograms could 

be obtained without any electrolyte with a 50-nm gap. This 

suggests that it should be possible to control additive reac-

tions in thin film conditions so long as separating films at 

asperities are less than about 100 nm. Clearly it is not pos-

sible to establish a significant potential difference across the 

surfaces if the fluid film resistance is too low, as would occur 

if there were effective contact between asperities or the fluid 

film experienced dielectric breakdown. Kawamura has sug-

gested that electron tunnelling, and thus effective contact, is 

negligible for film thickness above 0.5 nm and that dielectric 

breakdown under the application of an applied voltage of 

0.1 V will only occur when the oil film thickness is < 2 nm 

[179]. Thus, even a very thin separating should enable useful 

potential differences to be maintained.

Several studies have explored the electrical contact resist-

ance across sliding and rolling-sliding lubricated contacts 

and how this evolves as entrainment speed and thus lubricant 

film thickness increases [180–186]. These have all shown a 

transition from almost continuous contact and low resistance 

in very thin film conditions, through intermittent episodes 

of negligible resistance (shorting) due to asperity contact at 

intermediate film thickness, to reach continuous high resist-

ance under high speed, thick film conditions. A few studies 

have also carried out parallel film thickness measurements 

and related the fraction of time that contact resistance is neg-

ligible to the lambda ratio (ratio of film thickness to surface 

roughness) [181, 182]. Figure 20 shows the effect of lambda 

ratio on the mean contact potential difference between two 

gear teeth. In this system there was effective switching 

between the applied voltage value of 0.043 V, when full 

separation occurred, and zero when there was continuous 

asperity contact, so the mean value was a measure of the 

fraction of time during which there was asperity contact.

It is evident from Fig. 20 that even with rough gear con-

tacts (Ra = 400 nm) a potential difference can be established 

across the lubricated contact except at very low lambda 

ratios. Of course, once a tribofilm starts to develop on the 

rubbing surfaces the electrical contact resistance should no 

longer fall to zero in boundary film conditions, in which case 

a continuous potential difference can be applied.

The second problem of applying a potential difference 

across a lubricated contact to control friction or wear, as 

mentioned in Sect. 2.1 of this review, is that it inevitably 

subjects the two rubbing surfaces to different potentials, 

one positive and the other negative. This means that for a 

pair of surfaces with the same metallurgy, any adsorbed or 

reacted film driven by applied electrode potential will only 

be formed on one of the surfaces. Yamamoto and Hirano 

Fig. 20  Effect of lambda ratio on mean contact voltage. Reproduced 

from [182], with permission from Elsevier
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noted that to prevent scuffing with an oil containing the 

additive tricresyl phosphate it was preferable to apply an 

oxidising potential to the surface that was always in contact 

and thus experienced more severe rubbing conditions [36]. 

However it was also important not to apply too large a nega-

tive, reducing potential to the surface that moved relative to 

the contact so as to allow some tribochemical film formation 

on this surface.

Other ways can be envisaged to address this problem 

but do not appear yet to have been studied. One, applicable 

to the control of adsorption by applied electrode potential, 

might be to use zwitter-ion OFMs able to carry both positive 

and negative change, as indicated in the early work of Stai-

copoulos [51]. Alternatively, mixtures of OFMs or antiwear 

additives containing different molecules able to adsorb and/

or react on positive and negatively charged surfaces might 

be employed. Another approach, relevant to the systems in 

which applied potential stimulates reaction of additives to 

form surface films, might be to switch between oxidising 

and reducing electrode potentials periodically so as to stimu-

late the desired reaction on one surface and then the other 

intermittently.

Based on the above the author considers that further 

work on the application of electrical potentials across 

contacts might prove fruitful, especially if combined with 

three-electrode studies to identify the main redox and 

adsorption processes possible. Two-electrode work car-

ried out in the 1970s to 1990s was largely empirical and, 

with the exception of that of Yamamoto and Hirano [36], 

studied poorly defined base oils or formulated oils. There 

is clear scope for revisiting this approach using modern 

methods of surface analysis and experimentation, includ-

ing AFM.

7.3  Ionic Liquid Additives

An important development in recent years that has already 

been noted in this review is the growing interest in room 

temperature ionic liquids as base fluids [187, 188] and as 

lubricant additives [189]. In the former role they possess 

extremely low volatility and high thermal stability, while in 

the latter they have shown some promise in reducing fric-

tion and wear. Many publications have reported electrical 

conductivities of pure ILs and these range from more than 

1 S  m−1 down to ca  10–4 S  m−1, depending on the sizes 

of the anions and cations and viscosities [190, 191]. It has 

been suggested that a key property may be the mobility of 

the free ions or “ionicity”, so that ionic liquids in which 

the anions and cations remain closely associated have lower 

ionic conductivities [190]. However, few publications have 

reported electrical conductivities of solutions of ionic liq-

uids in dielectric fluids such as lubricant base oils. Somers 

et al. measured values of ca  10–5 and  10–7 S  m−1 for two 

phosphorus-based ionic liquids in solution in mineral oil 

[192] while Yang et al. found that solutions of 5 × 10–4 M 

imidazoline-based ionic liquids raised the conductivity of 

propylene carbonate from less than 3.10–6 S  m−1 to about 

 10–3 S  m−1, so enabling electrochemical measurements in 

these solutions.

The practical limitation of using ionic liquids to increase 

electrical conductivities of lubricants is that the factors that 

enable these to be soluble in non-polar base fluids, i.e. a high 

organic content and large size, also tend to lead to decreased 

ionicity and thus low electrical conductivities. However, it 

is possible that ionic liquids may raise the conductivity of 

hydrocarbon and ester-based oils enough to enable triboelec-

trochemical effects be driven by applied potentials differ-

ences across rubbing contacts. This may be an opportunity 

but, of course, also a risk if the driving potentials are inad-

vertent rather than being deliberately applied.

Finally, it should be mentioned that although most lubri-

cants are based on organic base fluids with low electrical 

conductivities, and in particular on hydrocarbons, some are 

water-based, including water-in-oil and oil-in-water emul-

sions and polymer-thickened aqueous solutions. In the past 

these have been used primarily as metal forming and hydrau-

lic fluids and their ability to lubricate concentrated contacts 

has been reported to be quite limited [193], but recently 

water-based transmission lubricants have been proposed 

and developed [194–196]. The potential application of the 

triboelectrochemical research outlined above to such fluids 

should be manifest.

8  Conclusion

This paper has reviewed past research on the effects of 

applied electrical potentials on friction and sliding wear, a 

topic sometimes termed “Triboelectrochemistry”. Histori-

cally most research has focussed on aqueous lubricants, 

whose relatively high electrical conductivity means that 

classical three-electrode electrochemical methods, where 

the potential at the surface/fluid interface is closely con-

trolled, can be employed. This has identified several differ-

ent mechanisms by which applied potentials can influence 

friction and wear. Of these the most practically important 

appear to be; (i) promotion of adsorption/desorption of 

polar additives on tribological surfaces by controlling the 

latters’ surface charge; (ii) stimulation or suppression of 

redox reactions at rubbing surfaces involving either oxy-

gen in air or lubricant additives.

In recent years there has been growing interest in the 

effects of applied electrode potentials on rubbing contacts 

lubricated by non-aqueous lubricants such as ester- and 

hydrocarbon-based oils. Here there have been two different 
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approaches. One has been simply to apply DC voltages 

directly across thin film, lubricated contacts. Such applied 

voltages, in the mV to V range, have been found to pro-

mote some additive reactions and to influence friction and 

wear, although little systematic exploration of the underly-

ing processes involved has been carried out and generally 

the potential difference at the interface between lubri-

cant and surfaces has not been well-defined. The second 

approach is to increase the conductance of non-aqueous 

lubricants by using micro/nanoscale electrodes and/or 

secondary electrolytes, to the extent that classical electro-

chemical three-electrode methods can be employed. This 

work has revealed some underlying mechanisms but prob-

ably has limited application in real lubricated components. 

The authors consider that combination in parallel of the 

two approaches; one to provide fundamental understand-

ing and the other applicable to actual tribological systems 

would be a fruitful approach.

A recent development has been the introduction of ionic 

liquids as both base fluids and lubricant additives. These 

have relatively high electrical conductivity and this pro-

vides enhanced electrochemical response to applied poten-

tials. The broadening use of “green”, aqueous-based lubri-

cants also enlarges the possible future scope of applied 

potentials to tribology.

It is important to note that the impact of applied poten-

tials on friction and wear in lubricated systems may be 

beneficial or harmful. If inadvertent and inappropriate they 

may enhance friction and increase wear, for example by 

supressing adsorption of additives on surfaces, oxidising 

rubbing surfaces rapidly or even generating undesirable 

species such as hydrogen. However if deliberate and well-

chosen they may lead to more effective tribofilm forma-

tion, “smart” friction control or suppression of undesirable 

processes such as corrosive wear. It is evident that, based 

on this review there is a need for considerable further 

research to explore the impact of applied potentials on 

lubricant-surface interactions and thereby on friction and 

wear.
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