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Abstract

This work describes recent research into the mechanisms behind tribocharging and the influence of triboemission. The term 
tribocharging is a type of contact-induced electrification and refers to the transfer of charge between rubbing components. The term 
triboemission, on the other hand, refers to emission of electrons, ions and photons generated when surfaces are rubbed together. The 
understanding of tribocharging is of wide interest for several industrial applications and in particular the combination of tribocharging 
and triboemission may be important in lubricated contacts in the formation of boundary lubricant films. We report the use of a unique 
vacuum measurement system that enables to measure surface charge variations while simultaneously recording triboemission events 
during the sliding of a diamond tip on silica specimens. Results show for the first time that tribocharging and triboemission behavior 
are linked and depend on the surface wear. The contribution of contact-induced electrification to the charging of the surface is then 
described by means of density functional theory (DFT). Results give insight into the transfer of charge from the SiO2 amorphous surface 
(silica) to the C(111) surface (diamond ) and into the variation of charging during simulated sliding contact. 
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1	 Introduction

The term tribocharging refers to the transfer of charge 
between rubbing components. A wide range of factors influences 
the transfer and the generation of charge, at macroscopic and 
atomic level. For instance, material stress can cause bond 
scission that results in a rearrangement of the charge of the 
surface and the release of ions and electrons [1]. The importance 
of tribocharging has led to the development of new nanoscale 
techniques and theoretical analysis [2] to study this phenomenon 
and to better understand its fundamental mechanisms. In 
industry, tribocharging is employed in many applications 
including sliding [3] and dry bearings [4], pharmaceutical [5, 
6], space [7] and green energy harvesting [8, 9] and it has the 
potential to be at the forefront of technological innovations. In 
particular, in lubricated contacts in the formation of boundary 
films and in certain cases in their degradation tribocharging and 
a phenomenon known collectively as triboemission they have 
been suggested as playing a key role. Triboemission consists of 
emission of charged particles such as electrons, protons, positive 

and negative ions and also acoustic emission that occur when 
hard, solid surfaces are rubbed together [10-17]. If a lubricant is 
present, these particles may promote chemical reactions that lead 
to both degradation [18], and formation of protective films on the 
surface of components [19]. Previous studies, on tribocharging 
effects, have shown the occurring of various tribochemical 
reactions during wear due to contact potential differences on the 
worn surfaces [20]. It has been found that the electrical potential 
of the materials can differ due to tribologically generated phase 
transformed regions and that nanoscale wear causes chemical 
and structural changes to the material surfaces [21, 22]. Under 
lubricated conditions the voltage of the surface induced by 
frictional contact was found dependent on the movement of 
charge and influencing the friction and the type of wear [23-
25]. Other studies have reported the influence of combination 
of tribocharging and triboemission in both dry and lubricated 
contacts [26-28]. These studies showed that lubricating oil 
molecules are excited and decomposed by the emission of 
electrons accelerated by the tribocharging-electric filed both 
inside and outside of the sliding contact. 
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Despite years of research these two phenomena are not 
yet well understood because of the limits of experimental 
techniques at atomic level and because of lack of theoretical 
studies. This study aimed at elucidating the underlying 
mechanisms of tribocharging and triboemission by combing 
experimental and theoretical methods. A recently developed 
measurement system is used to obtain information of the 
charging of the silica and emission events during the sliding of a 
simulate asperity contact. A theoretical approach based on first-
principles methods is, instead, used to provide insights into the 
contribution of contact-induced electrification to the charging of 
the surface.

2	 Research methods

2.1	 Experimental method
The experimental part of this study was conducted by using 

a unique high vacuum in-house built tribometer [12, 13, 29], 
schematically represented in Fig. 1. It consists of: i) a system of 
microchannel plates (MCPs, i.e. arrays of electrons multipliers), 
coupled with a phosphor screen to detect and visualize the 
emission, respectively; ii) a loading system comprising of a 
dead-weight arrangement and a diamond tip of radius 100 
μm to produce the sliding contact; iii) and a PCS Instruments 
encoder device used to record the rotation of the disc. A high-
speed camera located above the experimental setup was used to 
record the emission as they appeared on the phosphor screen. 
In addition, simultaneously with the emission detection, an 
electrometer coupled with a 10 × 5 mm metal sheet electrode 
attached underneath the specimen was used to inductively 
measure the accumulation of the charge on the specimens. 

The tests were conducted in vacuum conditions at a 
pressure of ~10-3 Pa. The detection of negative particles (i.e. 
10–85% of 0.01–50 keV [30] ) was obtained by applying 1.5 kV, 
and 5 kV to the input MCP and output MCP, respectively, with 
the phosphor screen being grounded. A sliding velocity of 50 
mm/s and a load of 0.5 N were set for all the tests. The encoder, 
the frame rate of the high speed camera and the electrometer 
acquisition were synchronized at 125 Hz. The specimens used 
were silica amorphous discs (diameter of 46 mm and a thickness 
of 6 mm). Prior to each test the discs were cleaned with toluene 
followed by isopropanol in an ultrasonic bath (15 minutes for 
each chemical). The surface analysis of each specimen was 
conducted by using the Veeco Wyco NT9100 optical profiler. 

2.2	 Computational method
The theoretical part of this study was conducted by 

employing first-principles calculations based on Density 
Functional Theory (DFT) as implemented in the Quantum 
ESPRESSO package to describe the transfer of the electrons 
between silica and diamond. We adopted local density 
approximation (LDA) as parameterized by Perdew-Zunger 
(PZ) to describe the exchange-correlation term [31]. The kinetic 
energy cut-off of the plane wave expansion was set to 35 Ry. 
An orthorhombic cell of 9.83 × 17.03 × 35.00 Å dimensions 
including a vacuum region of 10 Å and gamma-point 
centered Monkhorst–Pack k-point grid [32] was used in all the 
calculations. The dimension of the system can be considered 
big enough to take in account the silica amorphous correlation 
length (4 – 8 Å [33]) and to mimic bulklike features of the 
respective slabs. 

The silica bulk was prepared by classical MD in a periodic 
9.83 × 17.03 × 10.79 Å cell with 48 O and 96 Si atoms. The 
variable-charge interatomic potentials used for the classical 
MD simulation are the charge-optimized many-body (COMB) 
potential for Si/SiO2 [34] as implemented in the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
software [35]. The initial α-quartz structure was heated from 
300K to 3000K for 100ps at a constant temperature and pressure 
allowing the shape and the size of the simulation box to change. 
The silica melt was then maintained at 3000K at a constant box 
volume for 100ps to ensure a complete melting. The silica melt 
was then quenched at 300K for 100ps [36]. The final density 
and cohesive energy of the amorphous silica thus obtained 
are 2.36 g/cm3 and -19.22 eV in agreement with experimental 
measurements [37]. The average values of Si-O and O-O bond 
length and O-Si-O bond angle obtained are 1.57 Å, 2.71 Å and 
106.5°, respectively. These are in agreement with experimental 
values of 1.6 Å, 2.6 Å and 109.28° [38].

The diamond slab was constructed from (4 × 7)-C(111) 
surface, with the vacuum side Pandey reconstructed, resulting 
in a slab of 320 carbon atoms distributed on five bi-layers, 
corresponding to a thickness of 8.77 Å. This geometry consists 
of planar zig-zag carbon chains extended at different quotas. 
The outermost chain displays C-C length of 1.44 Å, instead 
the lower chain is characterized by C-C bond length of 1.5 Å, 
corresponding to that associated with sp3 coordination [39]. 
While the other horizontal C-C bonds have same length (in 
consistency with the literature which reported no dimerization 
on the chains [40-42]), the C-C bonds below the top bilayer are 
characterized by an alternation of shorter and longer length. 
The Pandey reconstruction was chosen because of its most 
stable termination not only of the (111) surface but also of all 
the low-index diamond surfaces. At the interface, instead, the 
diamond slab was cut perpendicular to the [111] direction, 
generating unreconstructed C(111) surface, allowing the carbon 
atom dangling bonds to interact with the silica surface. The 
size of the diamond slab was chosen in order to minimize the 
mismatch with the silica. 

The two slabs were placed together at a distance of ~2 Å 
with the silica amorphous slab at the bottom and the C(111) slab 
above as shown in Fig. 2, the atoms were allowed to relax to 
achieve the equilibrium configuration which resulted in a total 
slab height of 22.25 Å.

In order to simulate the variation of the distance between 
the two surfaces that occurs during sliding the two slabs were 
separated by moving the upper slab in discrete steps along the z 
direction and letting the system to relax after each step [43]. For 
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Fig. 1 Schematic of the high vacuum tribometer
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the atomic relaxations the top two bi-layers of the C(111) and 
the SiO2 atoms up to 3.45 Å in the z direction were kept fixed at 
bulklike distance, whereas the intermediate atoms were allowed 
to fully relax. The separation of the slabs was initiated from 
the equilibrium and to simulate a realistic separation only the 
topmost rigid C(111) layers were moved in discrete steps of 0.1 
Å in the positive z direction. 

3	 Results and discussion

3.1	 Experimental outcomes 
3.1.1	 Charge and emission measurement during sliding test 

without fracture
Sliding tests where no fractures were observed on the 

surface (an example is shown in Fig. 5 (d)) generate positive 
charge of the surface and low negative emission. The cumulative 
value of the charge of the surface and the cumulative value of 
the average intensity of each phosphor screen image are plotted 
as function of the time in Fig. 3 (a).

The surface charge measurements and the simultaneously 
average of emission intensity show a correlation between 
charging and emission. It can be seen that the silica charges 
positively in accordance with the triboelectric series [44-46] 
and previous studies [47-49] while the intensity of the emission 
increases over time. Observations of the resulting linearity of 
surface charge and the emission intensity curve leads to the 
conclusion that the emission of negatively charged particles 
contributes to the positive charging of the silica specimen. 

The discretization of both charge and emission measurements
is presented in Fig. 3 (b). This shows that both the charge and 
the emission intensity are characterized by numerous high 
peaks which begin to occur simultaneously at the start of the 
sliding. These results support the theory that emission is due 
to the wearing of the surface as previously observed [50-53, 28] 
and that in turn the wear influences the charge of the surface. A 
clear correlation between the charge and the average emission 
intensity is evident when observing the zoomed in Fig. 3 (c). 

Slab 
Height

Fixed 
layers

Fig. 2 Orthorhombic cell, (4 × 7)-C(111) Pandey reconstructed 
slab (top) and amorphous SiO2 slab (bottom) 

(a)

(b)

(c)

Fig. 3 (a) Average intensity of each phosphor screen image and surface charge vs. time (cumulative values); (b) Average intensity of 
each phosphor screen image and surface charge vs. time, (instantaneous values), (c) Zoom of the period between 40 s and 60 s, 
during sliding test without fracture
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Here, a correspondence can be seen between peaks of positive 
charges and peaks of negative emission. This again suggests 
that negative particles leaving the specimen result in an increase 
of positive charge on its surface. The periodic repetition of the 
charge signal and its negative peaks may be caused by the non-
uniformity of the surface due to wear and by the fact that the 
glass specimens used in these experiments were not made from 
a uniform single crystal but were instead amorphous materials 
containing random defects [54, 55]. These charge measurements 
agree well with recent studies about the non-uniformity of the 
charge of the surface during contact [56], the transfer and re-
transfer of electrons and the transfer of material between the 
surfaces in contact [1, 57].

3.1.2	 Charge and emission measurement during sliding test 
with fracture

In tests when fractures were observed on the sliding 
surface, the comparison between surface charge and the average 
intensity of the emission reveals a different trend. Figure 4 
(a) shows the accumulation of charge on the surface and the 
cumulative average emission intensity of each phosphor screen 
images as a function of time. 

Initially, as expected, the surface charges positively due 
to the emission of negative particles. However, in the period 
between ~80 s and ~100 s, the sudden increase of the emission 
results in the abrupt drop of the charge suggesting an inversion 
of the surface charging.

 When comparing the instantaneous values of the charge 
of the surface with the instantaneous values of the emission 
intensity during fracture (Fig. 4 (c)) a correspondence between 

peaks of negative charge and peaks of negative emission can be 
noticed. This suggests that, unlike the case of sliding without 
fractures, even if significant negative emission is detected, 
the particles escaping the surface during fracture are mainly 
positively charged. This causes the negative charging of the 
silica surface, in contrast with the triboelectric series predictions.

To analyse the cause of this unexpected change of emission 
intensity, the phosphor screen images were evaluated. During 
the highlighted period of Fig. 4, the phosphor screen revealed 
emission events of different intensity, shape and size compare 
to the emission events recorded at the beginning (Fig. 5 (a)) and 
at the end (Fig. 5 (c)) of the test. An example of these images 
is shown in (Fig. 5 (b)). The events are brighter and extensive. 
The subsequent scans of the surface, an example of which is 
reported in (Fig. 5 (e)) showed fractures at the areas where this 
type of emission was detected, suggesting that high emission 
intensity events occur at the moment when the tip causes 
fracture of the surface.

The analysis of the wear track in case of fracture reports an 
average depth and width of 14 μm and 89.87 μm, respectively 
which is, indeed, significantly higher than the depth and width 
of the wear track in case of sliding without fracture (~0.19 μm 
and ~36 μm, respectively). 

The experimental outcomes show that the emission 
of negative particles due to the rubbing contributes to the 
positive charging of the silica specimen. Conversely, during 
the occurrence of fracture, the emission generated causes the 
silica to charge more negatively, suggesting that this emission 
consists mainly of positive particles. Overall, it can be suggested 
that both tribocharging and triboemission are influenced by the 

(a)

(b)

(c)

Fig. 4 (a) Average intensity of each phosphor screen image and surface charge vs. time (cumulative values); (b) Average intensity of 
each phosphor screen image and surface charge vs. time (instantaneous values), (c) Zoom of the period between 80 s and 100 s, 
during sliding test with fracture
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wear and that the emission of charged particles influences the 
charging of the surface. 

3.2	 Theoretical outcomes 
In both the experimental tests reported above silica 

specimens have been subjected to conduct-induced electrification. 
The contribution of this is here investigated theoretically by 
examining the difference of charge density at the interface. This 
is calculated via 

ρdiff = ρC(111) ⁄ SiO2 − (ρC(111) + ρSiO2)

where ρC(111) ⁄ SiO2 is the charge density of the interface and 
ρC(111) and ρSiO2 are the charge density of the isolated slabs. 
Figures 6 (a) and (b) show such charge-density differences at 
the interface between C(111) and amorphous SiO2, respectively. 
It can be noticed a significant electron charge accumulation 
at the C(111) side of the interface which results in a loss of 
electron charge at amorphous SiO2 interface side. To observe 
how the charge is displaced across the interface, the charge-
density difference is integrated in the xy planar dimensions. 
The resulting ρdiff (z) = ∫ ρdiff dxdy along the z axis is shown in 
Fig. 6 (c) for a limited region around the interface, where the 
zero indicates the diamond surface. This shows a significant 
depletion at the silica interface side and a transfer of charge 
towards the diamond slab. 

This analysis supports the outcomes of the sliding test 
reported in the previous sections. In particular, it confirms that, 
also at atomic level, silica loses electrons, i.e. charges positively, 
when in contact with diamond. Moreover, it gives insights into 
the electronic properties of contact-induced electrification.

The influence of the sliding to the charge transfer was 
simulated by separating the two slabs using discrete steps of 0.1 
Å, starting from the equilibrium configuration. The comparison 
of the integrated charge density difference at the interface 
between three different slab heights (22.25 Å (equilibrium), 

0 15080 100
Time[s]

(a) (b) (c)

(e)

(d)

Fig. 5 Triboemission events (a) at the beginning, (b) during 
fracture and (c) at the end of the test; White Light 
Interferometry (WLI) scan of the surface at (d) rubbing 
area (e) at fracture area
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23.25 Å and 24.25 Å), the total charge of the silica slab and the 
binding energy between the C(111) slab and SiO2 slab during 
the separation are reported in figure a, b, c, respectively.

The comparison of the charge density difference (Fig. 
7 (a)) shows that the separation of the C(111) slab from the 
amorphous SiO2 slab results in an higher transfer of electrons 
from the silica slab to the diamond slab compare to the 
equilibrium configuration. In support of this, the calculation of 
the Bader charges [58, 59] of the SiO2 slab reports a decrease of 
the total charge with the increase of slab height (Fig. 7 (b)). This 
is in agreement with the experimental outcomes which show 
an accumulation of positive charge on silica specimens over the 
time.

The evaluation of the binding energy between the two 
slabs shows a decrease of energy with the increment of the 
slab height (Fig. 7 (c)). This is consistent with the analysis of 
the bond lengths of the atoms at the interface which reports a 
significant stretch compare to the equilibrium configuration. 
On average, Si-O bond length in the last step is of about 1.86 
Å, thus 0.18 Å longer than the bond length at the equilibrium; 
instead C-C bond length is of about 1.65 Å, 0.08 Å longer than 
the equilibrium length. Also for the C-Si and C-O bond a stretch 
of 0.38 Å and 0.04 Å is calculated, respectively. The elongation 
of the Si-O and C-Si bonds favors the transfer of the charge from 
the C(111) slab to the SiO2 slab, which is in agreement with the 
charge density difference shown in Fig. 7 (a). 

The reduction of the binding energy and the stretching of 
the bond lengths might also promote the escape of some of 
the electrons located at the interface. Moreover, the significant 
elongation of the Si-O bond lengths suggests a probable break 
of the bonds and a consequent removal of silica layers from 
the silica slab. This will give addition information about the 
mechanism behind tribocharging, in particular about the role of 
material transfer and how this affects the charge of the surface. 

4	 Conclusions

The study here reported gives insight into the mechanisms 
behind tribocharging. Results of the influence of the emission of 
charged particle due to the rubbing and results of the influence 
of contact-induced electrification are obtained by a combined 
experimental and theoretical approach. Sliding tests on silica 
specimens rubbed with a diamond tip carried out by using a 
unique in-house built tribometer, showed that silica specimens 
charge positively during the sliding in case no fractures occur. 
In particular, the linearity between the positive charging of the 
silica and the emission of negative charges showed that the silica 
charges more positively as more electrons leave the surface. 
Contrarily, if fracture occurs the surface charged negatively, 
suggesting the emission of positive charged particles. Overall, 
the experimental outcomes showed that the surface is subjected 
to a non-uniformity of the charging which is due to the type of 
wear and the structure of the material.

The contribution of the contact-induced electrification to 
the charging of the surface was evaluated by employing first-
principles methods. The transfer of electron charge from the 
amorphous SiO2 slab to the C(111) slab was clearly shown by 
the analysis of the charge density difference at the interface. The 
isosurfaces showed the accumulation of charge at the C(111) 
slab interface and the loss of charge at SiO2 slab interface. The 
transfer charge analysis of the simulated sliding showed, in 
agreement with the experimental outcomes, an increase of the 
transfer of the charge from the SiO2 slab to the C(111) slab with 
the increase of the slab height. This was supported by the Bader 
charge analysis which resulted in a reduction of the total charge 
of the silica slab, the reduction of the binding energy between 
the two slabs and the elongation at the interface of the Si-O and 
C-Si bond lengths. This last outcome, in particular, suggested 
the possibility of breaking of the bonds and material transfer 

Silica Diamond
ee--

(a)
(b)

(c)

Fig. 7 (a) Integrated charge-density difference along the cell height for free different slab heights; (b) Bader charge 
measurements of SiO2 slab vs slab height; (c) Binding energy between C(111) slab and SiO2 slab vs slab height
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from the silica to the diamond surface. 
This combined study shed a light on the understanding 

of the mechanisms behind tribocharging at macroscopic and 
atomic level. Moreover, the theoretical approach gives the 
possibility to gain additional information at the atomic level of 
a phenomenon that is of high interest for established industrial 
fields as well as for new advance technologies.
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