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Abstract

Phosphorene, a single layer of black phosphorus, is attracting interest for several applications, among which tribology. Here,
we investigate its possible use as a solid lubricant for iron-based materials by comparing its friction-reduction properties
with MoS, and graphene. Through first-principle calculations, we predict that phosphorene adheres more strongly to the
native iron surface than the other considered 2D materials. The higher adhesion suggests that a stable and durable coverage
of reactive surface regions can be obtained with phosphorene. Furthermore, our simulation uncovers the peculiar behavior of
phosphorene to exfoliate into two atomic-thin layers upon interface intercalation. This capability makes phosphorene reduce
the nano-asperity adhesion very efficiently thanks to the simultaneous passivation of the surface and countersurface. These
results suggest that better performances could be obtained by phosphorene than other solid lubricants at low concentrations.
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Introduction

According to the International Energy Agency, the most
impacting technologies to reduce CO, in the near future
should be related to end-use energy efficiency [1]. It has
been estimated that 23% of the world’s total energy con-
sumption is due to friction, and this considerable energy
waste can be reduced up to 40% in the next 15 years by
improving the tribology technologies. Nowadays, these
technologies are based on materials; thus, the design and
development of lubricant and coatings to reduce friction and
wear in machine components is of paramount importance for
energy efficiency and CO, emission reduction on a global
scale [2].

Two-dimensional (2D) materials, thanks to the weak
interlayer interaction and surface chemical stability, present
exceptional lubricant properties. In recent years, signifi-
cant advances have been made in the scientific research and
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industrial applications of 2D materials on metallic substrate,
for anti-friction, anti-wear, and energy storage applications
[3-5].

Among the most recently considered 2D materials,
phosphorene—a single layer of black phosphorus [6—10]—
has shown very promising properties for reducing friction.
Superlubricity has been observed using treated black phos-
phorus nanosheets in an aqueous solution for a wide range
of sliding velocities, additive concentrations, and applied
pressures [10]. Even if phosphorene flakes undergo ambient
degradation, they seem to maintain their lubricating prop-
erties [7] thanks to the strong interactions between P-OH
groups and water molecules [6]. Superlubricity of phos-
phorene has also been identified at the nanoscale, where a
perpendicular orientation of the layers has been shown to
reduce the interlayer-binding energy and the shear strength
by one order of magnitude compared to the standard layer
orientation [11]. Phosphorus is also a key element for
extreme-pressure additives included in the engine oils. As
shown by in situ spectroscopy analysis, the capability of
organophosphorus additives to reduce the friction coefficient
of steel-on-steel is related to the tribologically induced for-
mation of iron phosphite [12, 13]. The P-rich tribofilm is
formed thanks to the release of elemental phosphorus by
the dissociative chemisorption of the molecules [13], pro-
moted by the tribological conditions, as shown by ab initio
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molecular dynamics simulations [14, 15]. The lubricating
effect of adsorbed phosphorus resides in its ability to form
P-P bonds that reduce the reactivity of the iron substrate,
especially at high coverage [16].

The above findings suggest that phosphorene may be a
good lubricant for steel. Here, we use first-principles cal-
culations to explore the capability of phosphorene to chem-
isorb on iron and reduce its adhesion and friction. A similar
analysis is performed for MoS,, a well-known solid lubri-
cant, which can also lubricate steel as a product of tribo-
chemical reactions involving lubricant additives, such as
molybdenum dithiocarbamates [17-19].

We compared the results with the lubrication of graphene,
which we have previously shown to be able to reduce iron
adhesion and shear strength efficiently [20, 21], in agreement
with the experimental evidence [22-24].

Using density functional theory (DFT) calculations, we
show that phosphorene chemisorbs on iron more strongly
than MoS, and graphene [21]. Moreover, phosphorene can
outperform these two well-established solid lubricants at low
coverage conditions. The reason resides in the ability of the
single phosphorene layer to split into two separate atomic
planes once intercalated at the iron interface. Such peculiar
behavior, governed by the interplay between the Fe—P and
P-P interactions, is particularly advantageous for obtain-
ing the simultaneous passivation of the substrate and the
countersurface, with a consequent drop of adhesive friction.

Method

We performed DFT simulations employing the Quantum
Espresso software [25, 26]. The electronic wave functions
are expanded on a plane-wave basis set, and we used ultra-
soft pseudopotentials to describe the ionic species, including
the core electrons [27]. We employed the generalized gradi-
ent approximation (GGA) within the Perdew—Burke—Ernz-
erhof (PBE) parameterizations as exchange-correlation func-
tional [28]. We took into account London dispersion forces
by adopting the D2 scheme [29], using the value for the s
scaling factor suggested in the original paper (s, = 0.75).
This type of dispersion scheme gave very good results for
computing not only organic [30-34] but also inorganic mate-
rials properties [35, 36]. Recent investigations indicate that
more modern dispersion correction schemes are also appro-
priate for simulating the chemisorption of 2D material on
metal and ceramic surfaces [37, 38]. However, in the present
case, the interaction of the three considered layered materi-
als and iron is chemical, not physical. Furthermore, PBE-D2
provides a good description of black phosphorus and phos-
phorene interlayer energy [39]. Previous studies performed
in our group regarding the tribological properties of gra-
phene and transition metal dichalcogenides demonstrated
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that PBE-D2 could accurately describe interlayer sliding
properties [11, 21, 40-42]. For the phosphorene on iron,
the kinetic energy cut-off to expand the wave function and
the charge densities were 30 Ry and 240 Ry, respectively.
Instead, for MoS, on iron, the cut-off values were set to
40 Ry and 320 Ry, respectively. All the different systems
were constructed with at least 15 A of vacuum between ver-
tical replicas.

We considered the (110) Fe surface, which is the most
stable surface of iron [21, 43, 44]. The adopted unit cell is
orthorhombic with cell vectors equal to a and \/Ea, where a
is the iron bulk lattice parameter (body-centered cubic unit
cell) relaxed at the PBE-D2 level (a=2.85 A). We took into
consideration supercells to reduce the mismatch between 2D
materials and iron. The layer material is slightly deformed
to fit into the considered supercell, whereas the Fe lattice is
kept at equilibrium. For matching phosphorene and iron, a
3 X 44/2 iron supercell and a 2 X 5 phosphorene supercell
were adopted, where the mismatch between iron and phos-
phorene is 2.6% and 2.3% for the a and b cell vectors. A
2 x 44/2 iron supercell is instead adopted for iron for match-
ing ay/3 X 5 MoS, supercell with a corresponding mismatch
of 2.9% and 1.8% along the sides of the supercell. The iron
surface is simulated using two layer-thick slabs (one A-B
Fe layer) to reduce the computational costs as much as pos-
sible. This model simplification, already adopted in previ-
ous calculations [45], is dictated by the computational cost
of the presented calculations. The small energy difference
observed when considering two layers instead of three is just
a limited fraction (~2%) of the actual phosphorene chem-
isorption energy, which fully justifies the presented approach
(see supporting information).

The iron interfaces were constructed using the same
supercells adopted for the surface calculations. In this case,
we included two iron slabs in the supercell. One or two lay-
ers of the 2D material were intercalated within the iron slab,
depositing each layer at an initial distance of 1.5 A from the
metal surface. The interface geometry was then allowed to
relax to the equilibrium configuration. MoS, presents two
possible different equilibrium stacking [40]. In the current
work, the 2L-R0 stacking was adopted. We also evaluate
the potential energy surfaces (PES) of the different slid-
ing interfaces. It describes the adhesion energy between
two surfaces in contact as a function of their relative lat-
eral position, y(x,y). The PES is calculated by shifting the
upper surface to different lateral positions with respect to the
lower surface, defining a grid of points with ~0.7 A spacing
along the x- and y-directions. The equilibrium separation
between the layers is obtained for every lateral position by
optimizing the z degree of freedom while keeping the x and
y coordinates fixed. The PES is calculated by interpolating
the adhesion energies at each grid point with radial basis
functions [43, 46]. On top of the PES, we can estimate the
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minimum energy path (MEP) connecting the PES minima
passing through saddle points, which constitutes the most
favorable sliding path. The ideal shear strength is then calcu-
lated along the MEP [47]. The latter estimates the maximum
shear resistance and is strictly connected to the static friction
of the sliding interface. We computed the MEP with the
simplified string method [48], as implemented in a work-
flow for throughput interfaces developed by our group [43,
46]. To understand the connection between adhesive fric-
tion and interfacial electronic properties, we evaluate the
charge redistribution occurring in the interfacial region, as
described in Ref. [19] and later in the text. The charge redis-
tribution is normalized by the average number of electrons
per atom to compare different systems.

Results and discussion
Chemisorption of phosphorene and MoS, on iron

The first step in our analysis is evaluating the adhesion of
each 2D material to the metallic substrate. To this aim, we
have deposited one layer on the Fe(110) surface at an ini-
tial distance of 1.5 A. After the structural optimization, the
adhesion of the layer to the metallic substrate is evaluated as

Eirpn) /A, ¢))

where E,, is the energy of the adsorbate system, while Ej,,,
and E,,, are the energies of the isolated layer and the sub-
strate, respectively, and A is the in-plane area of the super-
cell. Figure 1 shows the optimized structures.

The calculated binding energies and distances reported in
the picture indicate that phosphorene strongly chemisorbs
on iron, with the adhesion energy about three times larger
than graphene, which is —0.89 J/m?. The stronger chem-
isorption of phosphorene compared to graphene on transi-
tion metals surfaces has also been observed in Ref. [49]. We
noticed that upon adsorption, the distance between the two
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atomic planes forming the phosphorene increases by 4.7%
with respect to its value in the isolated layer, thus indicating
the strong interaction between the layer and the substrate
weakens the intralayer interaction. The adhesion energy of
MoS, is in-between those of graphene and phosphorene, i.e.,
—1.60 J/m?. For this material, its structure is preserved with
a vertical expansion of just 0.6% compared to the isolated
layer.

Intercalation of phosphorene and MoS, at the iron
interface, a comparison with graphene

The adhesion energies of phosphorene and MoS, on iron
indicate that both the materials can adhere to the native iron
surface and resist the peeling-off by a rubbing countersur-
face better than graphene. As a next step, we evaluated the
friction-reduction capability of the thin coatings. Therefore,
we constructed an interface composed of two iron slabs,
which mimics a nano-asperity contact, and calculated the
interfacial adhesion both in the absence and in the presence
of intercalated layers. In the latter, we first covered the sub-
strate and then the whole metallic interface. In Fig. 2, we
show the optimized structures of the considered interfaces,
where the results previously obtained for graphene [21] are
also shown for comparison. A summary of the calculated
data is also reported in Table 1 and Fig. 3.

The adhesion energy calculated for the most stable con-
figuration of the clean iron interface, corresponding to the
bulk stacking sequence, is —4.6 J/m?, i.e., twice the energy
of the Fe(110) surface. The intercalation of a layer of a 2D
material produces a reduction of the adhesion energy; see
Table 1 and Fig. 3. Interestingly, when a phosphorene single
layer is intercalated at the iron interface, it spontaneously
dissociates into two thin atomic planes that simultane-
ously passivate the two iron surfaces in contact; see Fig. 2c.
Therefore, the adhesion energy between the two P-saturated
iron surfaces becomes as low as —0.6 J/m?, corresponding
to one-eighth of the adhesion energy between two pristine
iron slabs. This dramatic decrease is linked to the ability of
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Fig. 1 Binding geometries of graphene (a), phosphorene (b), and MoS, (¢) on native Fe(110) surface. The equilibrium chemisorption distance,
dchem: is defined as the distance from the bottom atomic plane of each 2D layer to the underlying iron substrate
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Fig.2 The optimized structure of the interface obtained by mating
two native iron surfaces (a) is compared with those obtained by mat-
ing a native surface with a coated substrate (b—d) and two coated sur-

Table 1 Adhesion energies (in J/m?) of the iron—iron interface inter-
calated with one layer and two layers of 2D materials

One layer Two layers
Graphene [21] —1.0 (78%) —0.5 (89%)
Phosphorene —0.6 (87%) —0.5 (89%)
MosS, —1.8 (61%) —0.3 (93%)

The percentage reductions of the adhesion energy with respect to the
clean iron—iron interface (—4.6 J/m?) are reported in brackets

Fig.3 Adhesion energies and
shear strengths for the bare

and lubricated iron interfaces.
Lighter colors indicate single
intercalation and darker colors Fe
indicate double intercalation
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the chemisorbed phosphorous to interact not only with the
iron substrate but also to make P-P covalent bonds. The P-P
covalent bonds lead to the formation of a two-dimensional
overlayer which is responsible for the reduced metal reactiv-
ity. This effect has been quantitatively described by calculat-
ing the P-P interaction energy and the projected density of
states (PDOS) in a previous paper by some of us [16]. These
P-P chemical bonds occur only for high concentration of P
adsorbed atoms, as the cases presented in this work. The
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Fig.4 Adhesion energy profile along the perpendicular direction to the interface for (a) single and double 2D material intercalated iron-iron
interfaces, (b) double 2D material intercalated iron—iron interfaces and bare 2D-material/2D-material interfaces
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PDOS analysis shows a large broadening of both the 3s and
3p states of the P overlayer atoms compared to P isolated
atoms. This clearly points out the existence of a P-P inter-
action leading to the formation of a P band. The formation
of such band has the consequences of reducing the P-Fe
interaction in favor of the interlayer P-P interaction. This
result indicates that phosphorene has excellent potential as
a solid lubricant for iron/steel in dry conditions.

The adhesion reduction of phosphorene is more pro-
nounced than that of MoS, and single graphene layers, as
can be seen from Fig. 3. Both MoS, and graphene have a
passivating effect different from phosphorene. They do not

break apart with an overall limited structure deformation.
In this case, the coating interacts with the countersure as
it interacts with the substrate, making adhesion reduction
less efficient.

To get insights into the interaction between the coating
and pristine countersurface, we computed the adhesion as
a function of the separation of the surfaces (Fig. 4). The
energy values in the minimum correspond to the adhesion
values reported in Table 1. The adhesion-vs-separation curve
obtained for the interface with an intercalated phosphorene
layer presents a shallow minimum at a longer distance (z
>3 A), indicating that the surfaces interact by weak vdW

@ Springer
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Fig.6 Potential Energy Surface of a Fe(110)-Fe(110) interface, pas-
sivated by a monolayer of phosphorene (a) and MoS, (b), and by a
bilayer of phosphorene (¢) and MoS, (d), intercalated at the interface.
For the sake of comparison, all the PES are represented on the same
energy scale

forces. MoS, and graphene produce a deeper minimum
located at a smaller distance (z ~ 2 A), indicating the pres-
ence of chemical bonds between the 2D material and the
countersurface. Only phosphorene can prevent chemical
interaction across the interface at this level of coverage.
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The energy of adhesion between surfaces has roots
in electrons interactions. Upon interface formation, the
electronic density is perturbed due to bond formation
and/or electrostatic interactions. These effects induce
a redistribution of the electronic charge, the amount of
which is proportional to the adhesion [50]. To investi-
gate this phenomenon, we reported the charge redistri-
bution, i.e., the difference between the total charge of
the interface and the sum of the charges of the separated
surfaces, as a function of the surfaces separation, z, in
Fig. 5. The larger charge redistribution occurs at the
interfacial region, which is the most perturbed when the
two surfaces are mated. In this region, we calculated the
integral of the charge redistribution, i.e., p,,4,» Which is
reported in Table 2. This quantity well correlates with
E ., uncovering the link between the charge redistribu-
tion and adhesion [50].

We estimated the considered 2D materials capability
to reduce the resistance to sliding by calculating the ideal
interfacial shear stress, i.e., the static friction force per
unit area. The interface failure against sliding most likely
occurs along the MEP. The calculated PESes are reported
in Fig. 6 of the supplementary materials, while the maxi-
mum resistance force alongside the MEP, Toneps is reported
in Table 2 and Fig.3. Our results indicate that a single
layer of 2D material can effectively reduce the iron sliding
resistance by screening the metal-metal interaction. The
presence of the coating keeps the mated iron surfaces at
non-bonding distances.

We then considered two layers of material interca-
lated at the iron interface to mimic a lubricated contact
where the solid lubricant covers both the substrate and
the countersurface. In these conditions, the adhesion
energies are further reduced, see Fig. 3, and the adhe-
sion-vs-separation curves resemble those of isolated
bilayers of 2D materials, see Fig. 4b. This effect is due
to the full passivation of iron surfaces, with an inter-
facial separation of at least 7 A and weak interaction
between them. The charge redistribution occurring at
the interface is strongly reduced, as well as the adhesion
energy, see Fig. 5.

The adhesion reduction obtained by including a second
phosphorene layer between two iron surfaces is smaller
compared with MoS, and graphene, see Fig. 3 and Fig. 4a.
Indeed, as mentioned before, thanks to its structure, a
single phosphorene layer can provide two separated
atomic-thin coatings to passivate almost completely both
the surfaces at the interface, making the additional coat-
ing of the countersurface not necessary. The ideal shear
strength 7,,,, follows the trend of the adhesion energy. The
most efficient in lubrication is graphene, with 7,,,, equal
to 0.17 GPa [21].

ep
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Table2 Comparison of the R
dey (A 2 2 GP ;
tribological figures of merit ea (A) Eqan Jm?) AE,;, (J/m”) Tmep (GP2) flr:)dg o
of the selected lubricant A3)
coatings. Fe-X—Fe and
Feg)é—xl;lFe_ stand 11?0{ single . Fe-Fe 2.1 —4.60 1.60 9.20 21
and double intercalation, wit
X = P, MoS, and G. P stands Fe-P-Fe 6.8 —0.60 0.24 1.18 0.26
for Phosphorene, and G for Fe-P-P-Fe 12.5 -0.46 0.10 0.59 0.22
graphene Fe-MoS,-Fe 7.1 —1.81 0.27 3.18 0.90
Fe-MoS,-MoS,-Fe 10.2 -0.34 0.11 0.57 0.04
Fe-G-Fe 4.6 —-1.00 0.10 0.24 0.97
Fe-G-G-Fe 7.3 —-0.50 0.08 0.17 0.20
Conclusion permitted by statutory regulation or exceeds the permitted use, you will

Our results uncover promising properties of phosphorene as
a solid lubricant for iron/steel. Phosphorene strongly chem-
isorbs on native iron surfaces, presenting higher binding
energy than MoS, and graphene [21]. The higher the adhe-
sion between the lubricant and the substrate, the more stable
the surface passivation is, which can resist the peeling-off
produced by rubbing. Furthermore, our simulations indicate
that a single layer of phosphorene can passivate both the
substrate and countersurface, thanks to its peculiar structure
that splits into two atomic-thin layers upon intercalation. In
this way, we expect phosphorene to reduce adhesion more
efficiently than other well-established solid lubricants at low
concentrations. The performances of phosphorene as lubri-
cant additive have been studied in Ref. [51] and compared to
those of graphene and MoS,. The results show that at very
low concentrations, phosphorene performs better than the
other solid lubricants. This experimental result is in very
good agreement with the outcome of our simulations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40097-022-00478-1.
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