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Friction Regimes of Water-Lubricated Diamond (111): Role of Interfacial Ether Groups
and Tribo-Induced Aromatic Surface Reconstructions
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Large-scale quantum molecular dynamics of water-lubricated diamond (111) surfaces in sliding contact
reveals multiple friction regimes. While water starvation causes amorphization of the tribological interface,
small H,O traces are sufficient to preserve crystallinity. This can result in high friction due to cold welding
via ether groups or in ultralow friction due to aromatic surface passivation triggered by tribo-induced
Pandey reconstruction. At higher water coverage, Grotthuss-type diffusion and H,O dissociation yield
dense H/OH surface passivation leading to another ultralow friction regime.
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Exceptional mechanical properties, high chemical stability,
and thermal conductivity make diamond an ideal candidate
for applications where a material has to withstand severe
tribological conditions. Examples of such applications
include the machining of rocks [1] and nonferrous materials
[2], the mechanical polishing of diamond gems [3], and
bearings that operate in highly abrasive environments [4].
Facilitated by the advancement in growth [5,6] and polishing
techniques [7,8], the use of diamond films is spreading to
disparate applications, like coatings for seals [9] or micro-
electromechanical systems [5], where low friction is crucial.

The friction properties of polycrystalline diamond films
have been studied under various experimental environ-
ments [10-14] and shown to be sensitive to preparation
and environmental conditions. Surface roughness, relative
humidity, gases, and lubricants can alter the friction
coefficient by orders of magnitude. However, smooth
diamond films are able to exhibit ultralow friction in
common environments [12—-14]: little water vapor in air
can drop the friction coefficient to 0.01 [13].

In general, a precondition for ultralow friction is the
absence of strong chemical bonds between the sliding
surfaces [15]. Diamond surfaces are usually H/OH passi-
vated, due to contact with environmental molecules prior
to sliding [14,16]. Mechanical rubbing can produce surface
dangling bonds (DBs) and C—C bonds across the sliding
interface. A fast surface repassivation is necessary to
reestablish the conditions for ultralow friction.

Two repassivation mechanisms were proposed for
the ultralow friction of diamond: rehybridization [11,17]
and chemical termination [12—14]. In the former case, low
friction is ascribed to graphitization at the sliding interface.
It was argued, however, that the s p3-to-s p? rehybridization
can be the result of shear-induced amorphization [18,19]
and does not contribute to lubrication [12]. The latter
mechanism is less controversial and supported by many
experiments and simulations. Friction and wear of diamond
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are lower in humid environments than in dry air or ultrahigh
vacuum [12]. Density-functional theory (DFT) molecular
dynamics (MD) simulations [20] showed that water mol-
ecules confined between sliding diamond (100) surfaces
undergo dissociative chemisorption, thus passivating the
surfaces.

In this Letter we report the results of large-scale density-
functional tight-binding (DFTB) [21,22] MD simulations
of diamond surfaces in contact with water and provide
validation of the results by DFT calculations when neces-
sary. Instead of modelling the (100) surface orientation
[14,20], we focus on the (111) surface. The latter is known
to be the natural cleavage plane of diamond, not prone to
extensive mechanical amorphization [ 18], and thus likely to
be found on diamond films. The computational efficiency
of DFTB allows us to extend the ~10 ps [20] time scale of
DFT-MD to ~0.2 ns and to perform a systematic study of
friction for increasing quantities of water. As a result, our
relatively simple model provides deep insight into the
surprisingly diverse atomic-scale mechanisms governing
friction of diamond under dry and humid conditions.

Specifically, starting from a dry diamond-diamond con-
tact and increasing the amount of confined water, we
observe the following (Fig. 1): (I) cold welding of the
two surfaces via C—C bonds followed by mechanical
amorphization, (II) cold welding via C—O—C bridges
without amorphization, (III) aromatic passivation via
Pandey surface reconstruction [23], (IV) water dissociative
chemisorption and H/OH surface passivation, and (V)
formation of water layers between the H/OH-passivated
surfaces. These results unveil previously unreported
atomic-scale friction mechanisms of water-lubricated dia-
mond surfaces. First, interfacial ether groups play a crucial
role as they can either cause cold welding or trigger the
Pandey surface reconstruction. Secondly, the passivation of
the surfaces does not necessarily rely on chemical H/OH
termination and can occur via water-induced Pandey
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FIG. 1. (a) Frictional shear stress ¢ = ((F)/ll,) and friction
coefficient y = (6/Py) as a function of ny,o and py,o =
(nw,0/1l,) for two initially nonreconstructed diamond (111)
surfaces with /, and [ being the lateral periodic box size in and
perpendicular to sliding direction, respectively. After 0.1 ns, the
friction forces F () are averaged during time intervals ¢, = (,/v).
Red circles represent averages over five 7, periods and error bars are
corresponding standard deviations. Panels (b) to (f) show repre-
sentative snapshots for regimes I-V at £ = 0.1 ns (with ny,o =
1,3,2,10 and 25, respectively). Gray, red, and cyan spheres
represent carbon, oxygen, and hydrogen atoms, respectively.

reconstruction. Such aromatic structure can sustain high
loads (>5 GPa) even under dry sliding and lean water
lubrication, thus suggesting aromatic passivation as an
alternative explanation for diamond’s ultralow friction
under boundary lubrication. Finally, at higher water cover-
age, chemical passivation is accomplished by dense H/OH
surface terminations, which frequently rely on Grotthuss-
type diffusion [24] of H;O™ and OH™ ions in water. These
tribochemical reactions and the resulting surface structures
are relevant to a broad range of tribological systems and are
important ingredients to generate realistic surface models
for large-scale, nonreactive MD simulations of water-
lubricated covalent materials [25-28].

To build our model systems, we start from the unrecon-
structed diamond (111) surface with one DB per topmost
carbon atom [29]. Two diamond slabs (each composed of
12 layers with 12 carbon atoms per layer and a hydrogen-
terminated outermost layer) are brought into sliding con-
tact. The terminating H atoms and the two outermost layers
of the top and bottom slabs are held rigid. The rigid layer of
the upper slab is moved at a constant velocity v = 100 m/s
under a normal pressure Py, = 5 GPa. The system temper-
ature T is kept constant at 300 K using a Langevin

thermostat [30] (see Supplemental Material [31] for further
details).

First, we perform sliding simulations of two nonrecon-
structed (NR) diamond (111) surfaces in contact with an
increasing number of water molecules (ny,o = 0-25).
Interestingly, the frictional shear stress o strongly varies
with ny,o [Fig. 1(a)] and five friction regimes can be
observed. The friction regimes -V can be distinguished by
characteristic structural patterns in the diamond-diamond
and diamond-water-diamond interfaces [see representative
configurations at t = 0.1 ns in Figs. 1(b)-1(f) and supple-
mental movies [31]] and can be divided into two classes
[dashed horizontal dividing line in Fig. 1(a)]: regimes with
cold welding (CW, i.e., I and II) and regimes without
interfacial covalent bonding [not cold welding (NCW)
regimes II-V].

For ny,o <2 (corresponding to a water surface density
0 =4 nm~2) C—C bonds and C—O—C groups form
between the surfaces before the onset of sliding. During
sliding, amorphization occurs at the interface [regime I,
Fig. 1(b)]. These results are consistent with MD simula-
tions [18] that also showed amorphization for ny,o = 0 and
a frictional shear stress of the order of 10 GPa. Regime I
results in the highest friction among all the five regimes.
Also for ny,o = 3 and 4 initial cold welding is observed.
However, only ether groups connect the two surfaces and
no amorphization is detected [regime II, Fig. 1(c)]. While
the presence of only ether groups at the sliding interface
slightly reduces the friction, the shear stress is still of the
order of 10 GPa.

Interestingly, some of the simulations with 2 < ny,o < 4
result in the Pandey reconstruction [23] of one of the two
diamond (111) surfaces [regime III, Fig. 1(d)]. In regime
II1, no interfacial covalent bonds form within the simulation
time due to the threefold graphitelike coordination and
aromatic z-bonded chains on the Pandey-reconstructed
(PR) surface [23]. As a result, friction is 2 orders of
magnitude lower than in the CW regime in spite of the
small amount of water.

For 5 < ny,o < 12, two partially or fully H/OH-passi-
vated surfaces are in sliding contact [regime IV, Fig. 1(e)].
The H/OH surface termination coverages 6y/oy are 0.42,
0.58,0.83, and 1.00 after 0.1 ns, for ny,o = 5,7, 10 and 12,
respectively [44]. In agreement with previous works
[12,13], H/OH surface termination promotes an ultralow
friction regime. The lowest friction coefficient in regime IV
is 0.02 for ny,o = 10 (quantitative justification of this
value is given in Supplemental Material [31]). For
ny,o > 15, both surfaces are almost completely H/OH
terminated and a nanoscale water film forms between
the surfaces [regime V, Fig. 1(f)]. In this regime, friction
increases slightly—presumably due to stick slip caused by
lubricant submonolayer coverage [45] or other viscous
effects [46].
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FIG. 2. Examples of surface passivation via proton transport
mediated by (a) H;O" and (b) OH™ ions. The two ions are
encircled in each middle panel. Green and yellow spheres
represent the oxygen and hydrogen atoms involved, respectively.

Regimes IV and V are a result of water dissociative
chemisorption. We observe two possible mechanisms for the
H/OH surface passivation: (i) direct dissociative chemisorp-
tion of H,O and (ii) long-range H,O dissociation mediated
by the transport of hydrated H;O™ and OH™ ions [24].
While the former has already been suggested [10,18], the
latter has not been reported yet in a tribological context.
Figure 2 shows examples of surface passivation via transport
of H;O™ (Grotthuss mechanism) and OH™ ions. The H;O™-
based mechanism begins with the chemisorption of a H,O
molecule [Fig. 2(a)] via its O atom. Another H,O molecule
abstracts a proton from the chemisorbed H,O, resulting in a
H;0™" ion. The excess proton then is transferred to the lower
surface. Conversely, the OH™-based mechanism begins with
the proton transfer from a H,O molecule to an upper surface
C atom [Fig. 2(b)]. The resulting OH™ takes a proton from a
chemisorbed H,O that subsequently becomes an OH ter-
mination on the lower surface. Surface passivation via ionic
transport becomes essential as Oy,on increases on both
countersurfaces and the presence of two neighboring DBs
becomes less likely. In this case, direct dissociative chemi-
sorption is strongly suppressed and a Grotthuss-type trans-
port is essential as it bridges the gap between distant DBs.

Interestingly, surface chemical termination is not always
necessary for establishing a low-friction, NCW regime.
This is the case for regime III, which is unexpected and
deserves a deeper investigation. Upon tribological load,
a small amount of water can trigger the Pandey
reconstruction of the diamond surface. This leads to
ultralow friction even at extremely low water coverages.
The detailed mechanism can be explained by looking at
the time evolution of ¢ and the interfacial structure for
ny,o = 3 [Fig. 3(a)l. At the beginning of sliding, two
surfaces are chemically bonded via C—O—C bridges
(similar to regime II). After 35 ps, two C atoms of the
upper surface are pulled out from their lattice sites
(reminiscent of an onset of amorphization in regime I)
and the C dimer bridges the two surfaces. Subsequently,
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FIG. 3. (a) Evolution of frictional shear stress ¢ and friction

coefficient u for ny,o = 3. Insets show characteristic configura-
tions (supplemental movie S3 [31]). (b) Probability for the
transition from the NR to the PR diamond (111) surface as a
function of the hydrogen coverage 0. The transition is triggered
by pulling a second-layer carbon atom (inset). (c) Energy differ-
ence AE = Exg — Epg between the NR and PR surfaces as a
function of .

a C atom of the lower surface is pulled upward by an O
atom, which distorts the surrounding lattice and produces
five- and sevenfold rings. This process marks the onset of
the Pandey reconstruction, which propagates over the lower
surface as Oy, on decreases [in the third and fourth inset of
Fig. 3(a), H atoms move from the lower to upper surface].
At t =75 ps, the lower surface is fully reconstructed and
unterminated while the upper surface is unreconstructed
and partially terminated by C—H, C—OH, and C—O0—C
groups. The full reconstruction prevents covalent bonds
between the surfaces and establishes a NCW regime. This
transition is accompanied by a drastic friction reduction
(fromo~20GPaatt =0 pstoo = 0.3 GPaatt = 82 ps).

An important prerequisite for the Pandey reconstruction
is a sufficient number of DBs on the nonreconstructed
(111) surface [47]. The reconstruction becomes energeti-
cally favorable when more than 70% of the DBs are
unsaturated [47]. These conditions are met by prolonged
heating at 7 > 1000 K resulting in H desorption. On the
dehydrogenated surface, the Pandey reconstruction can
already occur at 430 K [48]. Since in our simulations 7T
stays close to 300 K, surface bond breaking cannot be
thermally assisted but must be initiated by sliding—as
shown in Fig. 3(a). Thus, we hypothesize that the surface
transition is triggered by shear-induced tensile stretching of
surface C—C bonds.

To test this hypothesis, a nonreconstructed surface with a
random distribution of ny hydrogen atoms (corresponding
to a hydrogen coverage 6y) is considered as an initial
configuration. One of the second-layer carbon atoms is
randomly chosen and pulled upwards to mimic the pulling
forces exerted by the countersurface [inset of Fig. 3(b)].
Ten MD trajectories with different H positions are
generated for each 6. While low 0y leads to surface
reconstruction for all trajectories, no surface transition
occurs when 0y > 0.3 [Fig. 3(b)], in agreement with the
relative energetic stability of the two surfaces [Fig. 3(c)].
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established. However, during asperity collision, gaps might
be so small that the facets are depassivated by removal of
H/OH terminations or even by cleavage along (111)
planes. Depending on the degree of depassivation, the
corresponding tribological contacts can remain in regime
IV or undergo a transition into regimes I-III. Based on this
scenario, it is conceivable that running in would extend
Pandey-reconstructed zones on both counterbodies.

This represents the motivation for our final simulations.
The steady-state friction between two Pandey-reconstructed
surfaces interacting with different water quantities
(ng,0 = 0-25) is reported in Fig. 4(a). For all ny, o, neither
water splitting nor cold welding occur at Py =5 GPa.
Contrary to the unreconstructed (111) surfaces, low friction
is achievable even in the absence of water [Fig. 4(b)]. Small
amounts of water (1 < ny,o < 4) induce pronounced stick-
slip motion that increases friction slightly [Fig. 4(c)]. For
ny,o = 5, water layers form and stick-slip motion disap-
pears. The lowest frictional shear stress is obtained for
ny,o = 7. These results suggest that sliding of the two
Pandey-reconstructed surfaces without H/OH termination
display ultralow friction both in humid and dry conditions.

Interestingly, the Pandey reconstruction was reported as
a seed for larger aromatic structures on diamond (111)
surfaces [49], where thermal hot spots can cause graphi-
tization [11]. To estimate the frictional properties of such
structures, we consider the sliding contacts depicted in
Figs. 4(d) and 4(e). In Fig. 4(d), a dome-shaped surface
forms when some of the C—C bonds between the first and
second bilayers are broken. A Pandey reconstruction on
the second bilayer prevents the dome from going back to
the original surface [49]. In Fig. 4(e), the remaining
C—C bonds between the first and second bilayers
are broken and bilayer graphene forms between two
Pandey-reconstructed surfaces. Both structures lead to a
further friction reduction compared to two dry Pandey-
reconstructed surfaces [Fig. 4(a)].

In all the simulations of Fig. 4(a), the Pandey-recon-
structed surface is found to be surprisingly stable at
Py =5 GPa. While many studies documented the quality
of DFTB for equilibrium properties of C—H—O systems
[8,31,50], an assessment of its accuracy for these high-
pressure conditions is needed. We thus study the stability of
two Pandey-reconstructed surfaces separated by ny,o = 0,
1, and 6 H,O molecules with DFT (details in Supplemental
Material [31]). Figure 4(f) shows Py as a function of the
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FIG. 4. (a) Frictional shear stress ¢ and friction coefficient u as a
function of ny, o for a Pandey-reconstructed diamond (111) surface
with Py =5 GPa. Snapshots at ¢ = 0.1 ns for (b) ny,o = 0 and
(c) 1. Snapshots of graphitized surfaces: (d) dome-shaped surfaces
[49] and (e) a bilayer graphene. (f) Normal pressure as a function of
the surface separation for ny,o = 0 (blue), 1 (red), and 6 (green)
by DFT calculations. Symbol shapes distinguish the interfacial
configurations: squares, no structural change; circles, water split-
ting; diamonds, cold welding.

surface separation. For ny,o =0, a NCW regime (blue
squares) can be observed for amazingly high pressure
(Py < 120 GPa) followed by CW at Py > Pcw =
120 GPa (blue diamonds). For ny,o = 1 and large surface
separation, the H,O molecule is confined between the two
surfaces with neither dissociation nor chemisorption (red
squares). When the two surfaces get closer, the H,O
molecule splits into H and OH (red circles). The critical
pressure Pg for splitting an isolated H,O molecule is 6 GPa.
The two Pandey-reconstructed surfaces cold weld via an
ether group at Py > Pcw = 28 GPa (red diamonds). For
ny,o0 = 6, Py increases to 48 GPa and cold welding occurs
at Py > Pcw = 125 GPa. Even in the presence of water
the Pandey reconstruction prevents water splitting for
Py <6 GPa or CW for Py < 28 GPa. This result vali-
dates the high stability of sliding Pandey surfaces at
Py =5 GPa in our DFTB simulations. Given that Pcywy
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is significantly larger than experimentally observed contact
pressures (1-5 GPa) [51], the Pandey-reconstructed surface
is likely to play an important role in reducing friction
between asperities in both humid and almost dry conditions.

In conclusion, this Letter reports hitherto unknown
friction regimes for diamond (111) surfaces. Most regimes
are transferable to other diamond surface orientations
(Supplemental Material [31]), polycrystalline diamond,
diamondlike carbon (DLC), and even to other covalent
materials (e.g., silicon): Regime I is characterized by
mechanical amorphization or rehybridization, which occurs
on all diamond surfaces [18], H-free DLC films [52], and
silicon surfaces [53]; regimes II, IV, and V are general
consequences of the oxygen divalency and can be found on
any covalently bonded surface; Grotthuss-type mechanisms
for long-range H/OH transport should occur on any
reactive water-splitting surface.

Only regime III is special, since the Pandey reconstruction
is unique to diamond and silicon (111) surfaces [54].
However, Pandey-reconstructed silicon (111) surfaces lack
aromaticity. Accordingly, they cold weld without external
loads (Supplemental Material [31]) and therefore friction
reduction by tribo-induced aromatic Pandey reconstruction is
a unique feature of the diamond (111) surface. Nevertheless,
other tribo-induced aromatic terminations could lead to a
generalized regime III” (aromatic regime) resulting in friction
reduction between sp> amorphous carbon layers supported
by diamond [18] or H-free DLC [52].
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