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Tribochemical reactions are chemical processes, usually involving lubricant or environment molecules,

activated at the interface between two solids in relative motion. They are difficult to be monitored in situ,

which leaves a gap in the atomistic understanding required for their control. Here we report the real-time

atomistic description of the tribochemical reactions occurring at the interface between two diamond films

in relative motion, by means of large scale ab initio molecular dynamics. We show that the load-induced

confinement is able to catalyze diamond passivation by water dissociative adsorption. Such passivation

decreases the energy of the contacting surfaces and increases their electronic repulsion. At sufficiently

high coverages, the latter prevents surface sealing, thus lowering friction. Our findings elucidate effects of

the nanoscale confinement on reaction kinetics and surface thermodynamics, which are important for the

design of new lubricants.
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An important class of frictional phenomena occurring at
the buried interface between two solids in relative motions,
usually referred to as tribochemistry phenomena, is repre-
sented by the tribologically induced chemical modifica-
tions of the surfaces interacting with lubricants or other
molecules present in the environment surrounding the
sliding media [1]. These modifications can dramatically
change the adhesion and friction of the materials in con-
tact. Therefore, it is highly desirable to understand how
they take place at the microscopic level. Our knowledge of
the reaction kinetics and mechanisms at the open surface is
not sufficient for this aim, since the tribological conditions
can alter the rules of the game. These conditions include
the dissipation of frictional energy, molecular confinement,
shear strains, and high pressures. Usually, the reaction rate
is observed to increase, a phenomenon referred to as
‘‘mechanical catalysis’’ in the field of mechanochemistry,
where chemical and materials syntheses are achieved with
the application of mechanical forces, as by grinding in ball
mills [2,3]. Mechanosynthesis has seen a huge upsurge of
interest in recent years driven by the quest of solvent-free
reactivity in a number of areas [4]. However, fundamental
understanding of many aspects of mechanochemistry as
well as tribochemistry remains scarce due to the difficulties
in directly probing the interface: the a posteriori charac-
terization of the reaction products gives no insights into the
pathways that lead to them [5,6]. Improving our under-
standing of the kinetics and mechanisms of tribochemical
reactions is important to find solutions for the problems of
wear and friction in many applications, such as the design
of new, environmental friendly lubricants and represents an
intriguing basic science problem by itself.

The use of high wear resistant and low friction coatings,
such as diamond and diamondlike carbon, has been iden-
tified as the most popular strategy for green lubrication

[7,8]. Smooth, highly sp3-bonded, nearly hydrogen-free
carbon films, like ultra or nanocrystalline diamond
(UNCD/NCD) and tetrahedral amorphous carbon (ta-C),
possess mechanical properties, such as hardness, similar to
those of single crystal diamond and can exhibit extremely
low friction and wear in the absence of any liquid lubricant
[9,10]. These materials are being used in many applica-
tions ranging from MEMS/NEMS [11] to engine compo-
nents [12]. However, their widespread use has been limited
by the difficulty in controlling the tribological properties in
different environments: poor performances are obtained in
vacuum or dry atmospheres compared to environments
containing passivating species like hydrogen, water mole-
cules or -OH containing lubricants [13–20]. On the basis of
surface spectroscopy performed after the tribological test
in humid environments, it has been pointed out that the key
mechanism for ultralow friction in carbon films is surface
passivation [17]. Results of first principles calculations are
in line with this hypothesis: the calculated adhesion [21,22]
and intrinsic resistance to sliding [19,23] of passivated
diamond surfaces are very low, and become greater with
the increase of the concentration of carbon dangling bonds
(DBs) [24]. This latter result was also obtained by MD
simulations of hydrogenated sliding surfaces [25–28]. On
the basis of these experimental and theoretical clues, a
tribochemical mechanism consisting in the balancing
between (i) DBs formation by sliding and (ii) their passi-
vation by adsorption of gaseous species, water in particu-
lar, has been hypothesized to explain diamond tribology
[17,20], but actually not yet directly observed. Here we
elucidate such mechanisms and also provide information
on the kinetics of tribochemical reactions. Beside being
strategic for tribological applications, water at diamond
interfaces represents, in fact, a well-defined system, where
fundamental aspects of tribochemistry can be investigated.
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We perform ab initio molecular dynamics (MD) based
on the Car Parrinello method [29]. In this way we fully take
into account the electronic structures of the surfaces and
molecules. This is important for an accurate description not
only of chemical reactions, but also of water under con-
finement in general [30]. We considered five different
systems constituted by partially hydrogenated and clean
diamond surfaces interacting with interfacial water mole-
cules in different amounts. The simulations covered time
intervals ranging from 5 to 12 ps. The water molecules
were initially positioned in the configuration that we have
identified as the most stable for physisorption both on the
clean and the partially saturated surfaces [31]. Deuterium
mass is assigned to hydrogen atoms to allow longer time
steps and to yield numerically more stable simulations.
Dynamical events involving H atoms may be slowed by
this choice. Yet, we observe a large variety of processes
involving H atoms within the simulated time scale, show-
ing that this choice does not prevent obtaining useful and
novel insights. The large number of atoms included in our
system (up to 478) and the simulated time intervals render
our simulations computationally very demanding, in par-
ticular they required a vast amount of resources (about
400 k cpu hours on highly parallel supercomputers), which
points out the importance and the complexity of the current
work. Further computational details are available as
Supplemental Material [32].

Tribochemical reactions at clean diamond interfaces.—
We consider the (001) surface of diamond, which presents
a (2� 1) reconstruction constituted of dimers where the
carbon atoms form C¼C double bonds. The interface is
composed by two self-mating surfaces identically oriented,
where the alternating dimer rows and trenches give rise to
atomic-scale roughness. A load of 10.3 GPa is gradually
applied [33] and the system temperature is kept constant at
300 K. We first consider a clean (i.e., hydrogen-free) inter-
face, then we introduce water molecules in two different
amounts. The atomic trajectories are displayed in the
Supplemental Material [32] (movies No. 1–3).

When two clean diamond films are brought into contact,
covalent bonds are established across the interface and the
two surfaces undergo a cold sealing in spite of the stable
reconstruction initially present. In a previous study we have
shown that C-C bonds across the interface can be estab-
lished for different relative lateral positions of the two clean
surfaces. The most favorable one has an associated work of
adhesion of 7:5 J=m2 (corresponding to an energy gain of
about 6 eV per (2� 1) cell due to surface sealing) [24].

The presence of water at very low interfacial coverage,
� ¼ 0:08 (� is defined as the number of molecules per
interfacial dimer), cannot prevent the formation of C-C
bonds across the interface: the molecules start their disso-
ciation in -H and -OH fragments while the surfaces
approach each other. When the space at the interface gets
too small, the OH groups undergo a further dissociation

and elemental oxygen and hydrogen remain embedded in
the diamond matrix that is formed upon surface sealing
(Fig. 1).
The situation is completely altered at higher water cov-

erage, � ¼ 0:5: while the surfaces get close, the molecules
gather at the interfacial valleys, then processes of disso-
ciative chemisorption take place and the thickness of the
interfacial water film progressively reduces until all the
molecules become dissociated. After that, the passivated
surfaces remain separated in spite of the presence of a
residual DBs concentration of 50% and of the high applied
pressure (Fig. 2). This effect is due to the Pauli repulsion
between the adsorbed fragments on the opposite sides of
the interface. The important consequence is that the two
surfaces cannot reach a small enough separation to allow
for the formation of C-C bonds across the interface, with a
large reduction of frictional forces due to adhesion. We
have, in fact, shown that the shear strength of diamond
interfaces dramatically increases when C-C bonds are
established across the interface [e.g., from tens (hundreds)
of MPa for fully (partially) passivated interfaces where
C-C bonds are not present, to tens of GPa where chemical
bonds are established across the interface] [19,24].
The observation of surface passivation through dissocia-

tive water adsorption in the ab initio simulation is in
agreement with the outcomes of combined friction mea-
surements and spectroscopic analysis performed in the
presence of water vapor [14,18–20,34]. The energetic
competition between cold sealing and surface passivation
via water adsorption was analyzed previously [35], leading
to the conclusion that high gas pressures can tip the balance
toward surface passivation. The confinement created by the
high applied load can constitute the driving force for the
observed process and also account for the reaction rates
observed in our simulations, which appear accelerated with
respect to what is expected on the basis of the calculated

FIG. 1 (color online). Configuration assumed by the clean
diamond interface at the end of the molecular dynamics simu-
lation under 10.3 GPa pressure and in the presence of a water
coverage of 0.08 molecules per carbon dimer (corresponding to 2
water molecules per supercell). The full simulation movie is
available as Supplemental Material [32].

PRL 111, 146101 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

4 OCTOBER 2013

146101-2



energy barriers for water dissociation on the clean surface
[31]. We have, in fact, seen that both at low and medium
coverages, the dissociation of all the molecules occurs
almost immediately (i.e., on 0.5 ps time scale) after the
load is increased to 10.3 GPa. To further investigate the
role of the load, we repeat the simulation at � ¼ 0:5 cover-
age, now keeping the load constant at the lower value of
2.5 GPa until the end of the simulation. As it can be seen
from the atomic trajectories (movie No. 4 in the
Supplemental Material [32]) and from the number of
adsorption events as a function of time reported in Fig. 3,
the processes of molecular dissociation take place through-
out the 12 ps of the ab initio simulation, and few water
molecules still remain undissociated at its end. The average
interfacial separation for this second simulation is 26%
larger than in the simulation at higher load, suggesting
that upon interface compression at high loads, the volume
per molecule may become too small for the molecular
phase to remain stable. This is consistent with the results
of previous classical [36] and ab initio [37] MD simula-
tions of water under pressure.

Tribochemical reactions at partially hydrogenated dia-
mond interfaces.—Hydrogen surface termination and bulk
content can highly influence the tribological properties of
diamondlike carbon and diamond [19,38–41]. When
hydrogenated, the C(001) surface maintains the (2� 1)
periodicity, with the carbon atoms involved in dimers
forming single C-C bonds and polar CH bonds. We study
the dynamics of a partially hydrogenated interface, con-
taining a DB density of 17%, under the effects of an
applied pressure of about 19.3 GPa and a lateral force
that produces the relative motion of the two surfaces.
The atomic trajectories are displayed in movie No. 5 of
the Supplemental Material [32]. During sliding, the dis-
tance between the two surfaces does not remain constant
due to the atomic scale roughness: the external applied
vertical force is instantaneously counterbalanced by the
interfacial repulsion; therefore, the separation increases
whenever the CH bonds of the top surface move over the
CH bonds of the underlying surface. We have not detected
the formation of any C-C bond across the interface during
the simulation, which lasted 9 ps. Rather, we have identi-
fied numerous events of H diffusion across the interface,
always occurring at the minimum surface separation
(one of such H diffusion events is represented in Fig. 4).
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FIG. 3 (color online). Number of water fragments (H and OH)
adsorbed at the clean diamond interface during the dynamic
simulations at different applied loads (movies No. 3 and 4 in the
Supplemental Material [32]). The number is incremented when-
ever a water fragment (H or OH) attaches to one of the two
facing surfaces.

FIG. 2 (color online). Snapshots (subsequent in time from left to right) acquired during the molecular dynamics simulation of a clean
diamond interface under 10.3 GPa pressure and 0.5 water molecules per carbon dimer confined at the interface (corresponding to 12
water molecules per supercell). The width of each snapshot is slightly larger than the lateral supercell extension, the latter is indicated
by dashed lines. The full simulation movie is available as Supplemental Material [32].

FIG. 4 (color online). Process of hydrogen diffusion across the
interface observed during sliding of hydrogenated diamond
interface under 19.3 GPa load (the full dynamics is available
as a movie in the Supplemental Material [32]). The arrows
indicate the H atom and the carbon dangling bond involved in
the diffusion process.
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In particular, we observe that H diffusion causes the num-
ber of partially saturated dimers to decrease during the
simulation and favor the formation either of fully saturated,
or clean dimers. To rationalize the result, we calculate the
energy cost for H removal either from a partially, or fully
hydrogenated dimer, taking into account different termi-
nations of the neighboring dimers. We find that H detach-
ment from a partially saturated dimer requires 35% less
energy than that required to detach a H atom from a fully
hydrogenated dimer (1.44 eV versus 2.23 eV, averaging on
the different considered terminations of the neighboring
dimers) because the product of the first reaction involves a
clean dimer which is stabilized by C¼C double bonding
[42]. For the same reason, the detached H prefers to fully
saturate an already partially saturated dimer than to disrupt
the stability of a clean C¼C dimer. This analysis elucidates
the driving force for the process of H diffusion across the
interface, brought out by our simulations. Experiments
have not detected this phenomenon yet; possibly an ex-
periment where the two sliding surfaces are terminated one
with hydrogen and the other with deuterium may be able to
detect the transfer a posteriori by spectroscopic analysis.
The exchange of H atoms can play a role in energy dis-
sipation. In fact, the H that transfers from one surface to the
other is transiently creating a three-center two-electron
chemical bond between the two surfaces (Fig. 4).
Furthermore, the process of H diffusion observed in our
simulations leads us to suppose that the number of DBs can
increase, a process that has been hypothesized by experi-
ments [20,41], but cannot happen in our simulations where
the number of atoms is locally conserved due to periodic
boundary conditions.

We consider the presence of water at low coverage,
� ¼ 0:08, confined within the above described partially
hydrogenated interface in sliding conditions, with
10.3 GPa applied load. During the simulation (movie
No. 6 in the Supplemental Material [32]) we observe the
almost instantaneous dissociation of the water molecules,
whose fragments saturate part of the DBs present at the
interface. Both keto and hydroxyl groups are formed and
transform one into the other during the simulation. A
process of COH transformation into the less cumbersome
CO group is shown in Fig. 5. We can see that it occurs when
an incoming saturated dimer belonging to the above sur-
face reduces locally the interfacial space. To understand
this behavior, we calculate the reaction energy associated
to the process of hydroxyl transformation into a keto group
on a partially hydrogenated diamond surface. The process
is exothermic by 0.33 eV if H detachment from the OH
group complete the passivation of a dimer. On the contrary,
it is endothermic by 0.49 eV if a partially passivated dimer
is created upon H transfer from OH to a clean dimer.
Interestingly, we find that the presence of an hydrogenated
countersurface under 10.3 GPa pressure is able to change
these reaction energies. In particular, the energy gain in the

first reaction increases to 0.72 eVand the energy cost in the
second reaction decreases to 0.23 eV. This indicates that
the confinement condition reduces the stability of the
COH group more than that of the CO one, most likely
due to the higher steric hindrance of the former adsorbate
(see the details of the calculation in the Supplemental
Material [32]).
Our results can be compared with the available experi-

ments of diamond-on-diamond tribochemistry. In particu-
lar, a recent study which correlates the surface chemical
modifications with the tribological performances of self-
mated UNCD as a function of the relative humidity and
load, shows that the conditions to achieve low friction and
wear are sufficiently high relative humidity (RH) and/or
sufficiently low loads. The spectroscopic analysis revealed
that worn regions present a higher concentration of oxygen
than the unworn ones, indicating that when the original
hydride termination is not maintained, the surfaces are
passivated by dissociated water molecules [20]. These
findings are in very good agreement with our simulations,
which show that water molecules compressed between
H-depleted diamond surfaces promptly dissociate and pas-
sivate the surfaces. The Pauli repulsion between the so-
formed fully saturated bonds, as CH and COH, can stand
the applied load and prevent the two facing surfaces from
reaching distances in the range of the C-C interaction.
However, a high enough concentration of water molecules
is necessary to achieve this condition: our simulations
show that surface sealing cannot be avoided at low water
coverage, in agreement with the measured increase of
friction and wear at low RH levels. The a priori passiva-
tion, as hydrogenation, is an efficient method to reduce the
adhesion and favor the relative surface sliding, as observed
in nanotribological experiments on UNCD after exposure
to atomic hydrogen [40]. H diffusion occurring during
sliding of partially hydrogenated surfaces is also predicted.
Our simulations show that the tribological conditions

alter the surface kinetics and thermodynamics. We find
that the relative stability of different surface terminations
under confinement is influenced by factors, such as the
steric hindrance, that are irrelevant at the open surface.
Moreover, we demonstrate that confinement under pres-
sure is the driving force for molecular dissociation and

FIG. 5 (color online). Process of COH transformation into CO
illustrated trough MD snapshots, observed after water dissocia-
tive adsorption at a partially hydrogenated diamond interface in
sliding conditions. The movie of the whole simulation is pre-
sented as Supplemental Material [32].
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reaction rates are functions of load. In particular, we found
that the higher the load, the more effective the surface
passivation by water dissociation is, which in turn leads
to a reduction of friction. Therefore, our theoretical findings
offer a possible explanation for a recent, counterintuitive,
experimental result: at high relative humidity (50%) the
friction coefficient for ultrananocrystalline diamond and
tetrahedral amorphous carbon is actually lower for the
higher load [20]. No such behavior is seen at low relative
humidity. While we cannot rule out that other effects, on
larger spatial scales, determine this behavior [20], the
molecular mechanism disclosed by our simulations cer-
tainly prompts further experimental investigations.
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