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ABSTRACT

Diamond and diamond-like carbon coatings are used in many applications ranging
from biomedicine to tribology. A wide range of dopants have been tested to modify the
hydrophilicity of these surfaces, since this is central to their biocompatibility and
tribological performance in aqueous environments. Despite the large number of
experimental investigations, an atomistic understanding of the effects of different
dopants on carbon film hydrophilicity is still lacking. In this study, we employ ab initio
calculations to elucidate the effects of B, N, and O dopants in several mechanisms
that could modify interactions with water molecules and thus hydrophilicity. These
include the adsorption of intact water molecules on the surfaces, minimum energy
pathways for water dissociation, and subsequent interactions of hydrogenated and
hydroxylated surfaces with water molecules. We find that all of the dopants
considered enhance hydrophilicity, but they do so through different means. Most
notably, B dopants can spontaneously chemisorb intact water molecules and increase

its interactions in H-bond networks.
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1. INTRODUCTION

Carbon-based coatings, such as diamond-like carbon (DLC) are widely researched in
fields ranging from biomedicine [1,2] to tribology [3,4], due to their high
biocompatibility, ultra-hardness, low-friction, and high wear resistance capabilities.
They are now utilised in numerous industrial applications such as artificial joints [1,2]
and engine components [3,4]. In aqueous or humid air environments, the interaction
of DLC surfaces with water molecules may modify or even determine its tribological
properties [5]. At low relative humidity, hydrophobic DLC films protected by a self-
assembled monolayer showed lower adhesion and friction compared to hydrophilic
DLC films [6]. One the other hand, hydrophilic DLC films generally show lower friction
at high relative humidity [7]. Ab initio calculations have shown that this is because such
surfaces favour the formation of a wetting layer that prevents the formation of covalent
bonds across the opposing sliding surfaces and makes them slippery [8-10], thus

reducing friction in humid conditions.

The wettability of DLC surfaces is a complex phenomenon, affected by macroscopic
properties such as surface energy [11], as well as atomic-scale factors including
polarity, dangling bonds, sp®/sp? ratio [12] and surface hydrogenation [13].
Experimental studies of the wettability of DLC coatings show a wide range of values
depending on the surface roughness [14], texture [15], and deposition methodology
[16]. These competing factors has complicated the fundamental understanding of DLC
wettability and has prevented the systematic development of coatings with improved
performance. A popular approach to increasing the hydrophilicity of DLC is doping it

with other elements in order to increase surface energy or polarity [17-20].

As well as increasing the wettability, the doping of DLC with non-metallic elements
such as boron, nitrogen, oxygen, and silicon is performed to improve other properties
[21], such as biocompatibility [22,23] and electrical conductivity [23,24]. Several
studies have been devoted to investigating the effects of dopants on friction and wear
[3]. Large decreases in the friction coefficient of boron-doped DLC (0.04) compared to

undoped DLC (0.22) have been reported in humid air [3]. More recent studies have
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shown that low concentrations of boron (2.6 at.%) in DLC resulted in better friction
performance (at the cost of slightly higher wear rates) than undoped DLC in ball-on-
disk tribometer experiments at high relative humidity (32-56 %) [25]. However, it has
also been shown that the wear rate of micro- and nano-crystalline diamond increases
linearly (by a factor of three) with boron concentration (between 0.6 and 2.8 at.%) in
ball-on-disk experiments in humid air [26], whereas friction was similar in all cases.
Nanoscale atomic force microscopy (AFM) [27] and ball-on-disk [28] found no
correlation between nitrogen dopant concentrations in DLC and the friction coefficient,
but high concentrations deteriorated wear resistance. On the other hand, improved
friction performance of DLC with a relatively low N/C ratio (0.08) has been reported
compared to undoped DLC at high relative humidity (40-45 %) [29]. While oxygen-
containing DLC films have been linked with increased wettability and wear rates [30],
as well as increased hardness due to a raised ratio of aromatic to olefinic sp2 C=C
bonds [31] compared to nondoped DLC, their tribological performance has not been
widely studied. However, silicon and oxygen co-doped DLC have shown excellent

tribological properties [32,33].

Several experimental studies have investigated the interactions of doped and undoped
DLC coatings with water interfaces. DLC has a typical water contact angle (WCA) of 80°
[34-36], although hydrogen-free tetrahedral amorphous carbon (fa-C) can display a
lower angle of ~60° [34]. Surfaces with WCA greater than 90° are generally regarded
as hydrophobic, while those with lower WCAs are hydrophilic [37]. Wettability of boron-
doped DLC has been shown to change nonmonotonically with dopant concentration
[25]. An increase in the hydrophilicity (WCA increased from 60° to 68°) was observed
moving from undoped DLC to 2.6 at. %, which was largely attributed to the formation
of polar B-C bonds. At intermediate dopant concentrations (9.2 at.%,), the WCA
increased to 72°, attributed to the appearance of less polar B-H and C-H bonds. When
the boron concentration was further increased (25.8 at.%), a much higher
hydrophilicity of the surface, with a WCA of 35° [37], was associated with B-O bonds
that could enhance hydrogen-bonding. Most experiments have shown that higher
nitrogen concentration lead to increased hydrophilicity. A 5.3 at.% nitrogen
concentration reduced the WCA of DLC from 80° to 74° [38], while higher

concentrations of nitrogen (12.7 at.%) showed a lower WCA of 63° [36]. However,



reports are unclear whether this is mostly due to an increase in the polar [34] or the
dispersive [38] component of surface energy. O doping has been shown to increase
DLC hydrophilicity, with low WCA (63°) having been reported at high oxygen
concentrations (11 at.%) [20]. Infrared spectroscopy indicated the presence of
carbonyl oxygens, although there were no reports on the chemical state of the residual
oxygens in the DLC after etching [20]. It is also noteworthy that extremely hydrophilic
DLC films, with WCA as low as 3°, have been produced using piranha treatments [6].
This was attributed mainly to the formation of oxygen containing hydroxyl, carbonyl

and epoxy groups on the surface [6].

Despite this large number of experimental studies, a molecular-scale understanding
of the physicochemical mechanisms driving the increase in hydrophobicity by different
dopants is still lacking. This could reconcile the differences between experimental
results, as well as facilitate the design of improved coatings. Previous investigations
have shown that the preference of water molecules to physisorb or chemisorb on
different types of DLC coatings determined their friction coefficient in non-lubricated
contacts as a function of water vapour pressure [39,40]. Thus, understanding the role
of dopants on water adsorption mechanisms could further explain their effect on

tribological properties.

Several ab initio studies by Righi and co-workers [9,10,41,42] have revealed many
molecular-scale details of the interactions between water and diamond surfaces,
which are locally representative of DLC. A recent density functional theory (DFT) study
by Kajita and Righi [43] found that Si doping of DLC lowered the energy barrier for
water dissociative adsorption, which was proposed as a mechanism for increased
wettability through the surface hydroxyls interacting with water molecules. Subsequent
ab initio molecular dynamics (AIMD) simulations [8] studied this process in water
molecules confined between sliding diamond surfaces. These AIMD simulations
supported experimental observations that water molecules can form a thin layer
between the passivated surfaces and act as a boundary lubricant [44]. The
fundamental mechanism of silicon atoms acting as catalytic sites for hydroxylation was
also consistent with experimental observations of superlow friction coefficient of

silicon-doped DLC in humid environments [45].



The role of other non-metal dopants on the interactions between DLC and water have
been less widely studied with ab initio methods. Previous AIMD simulations [46]
suggested that the hydrophilic character of boron-doped diamond depends on the
surface termination. Surfaces covered in carbonyl oxygens presented strong
interaction with water molecules, while hydrogenated ones were markedly
hydrophobic. Mixtures of hydroxyls and hydrogen on the surface, which could be
formed from the dissociative adsorption of water molecules, recovered some of the
hydrophilicity. However, these simulations for boron-containing systems were not
compared to undoped DLC. Moreover, the dopants were embedded in inner layers
and as such, their direct effect on water adsorption was not studied. Other ab initio
studies have highlighted the local effects of dopants on chemical environment and
adsorption energies for other molecules on diamond surfaces [47—49]. One of these
studies suggested that the hydrophobicity of boron-doped DLC surfaces increases as
the boron atom is closer to the surface [47]. However, this observation disagrees with

the more recent experimental results discussed above [25].

In this study, we will use ab initio methods to investigate the nature and strength of the
interaction between B-, N-, and O-doped diamond (BDD, NDD and ODD, respectively)
surfaces and water molecules. The B, N, and O dopants are located at the most
energetically stable, exposed substitutional sites, which were identified by screening
several possibilities in the outer layers. A similar protocol to that recently employed by
Kajita and Righi for Si dopants [43] will be followed. We will employ DFT to investigate
the effects of the different dopants, located in the outer layers, on the molecular and
dissociative adsorption of water molecules, dissociative adsorption, and the role of
dissociated hydrogens and hydroxyls on hydrogen bonding with further water
molecules. As we focus on substitutional sites, the O will be located in an epoxy
configuration, as opposed to the more often studied carboxylic locations; similar epoxy
configurations have been previously studied [50]. Through these calculations, we
uncover the distinct roles of the different dopants in altering the wettability of carbon-

based films.

2. METHODOLOGY

We employ a supercell consisting of a 10-layer thick (001) slab with a 4 x 3 in-plane

size (120 atoms) and a vacuum region of ~14 A between each periodic replica in the



[001] direction. The surfaces of the slab present a 2 x 1 dimer reconstruction [51] that
results in alternating rows and trenches of sp?- and sp*-bonded carbon atoms. This
surface has frequently been used in ab initio studies as a simple model for hydrogen-
free DLC [43,46]. It is representative of the sp? layers often present at the surface of
DLC coatings [52].

In each supercell, one dopant atom was located at a substitutional lattice site in the
outer layers. While B [53] and N [54,55] atoms are known from previous studies to
favour substitutional sites, it is not clear whether this is also the case for O atoms. IR
absorption spectra of O-containing DLC films often indicate the presence of carbonyl
oxygens [20] (C=0), but other studies found O incorporation in bridge positions (two
C-O bonds) to be more stable [46], or have suggested the presence of epoxy groups
[6,50]. We tested the stability of O in substitutional sites, to maintain consistency with
the other dopants. The preferred position for all dopants, as detailed below, is in the
surface heterodimer. One dopant atom is added to each system, which corresponds
to a dopant concentration in the outer layer of 8.3 at.%. This concentration falls within

the ranges employed in the experiments discussed in the Introduction.

DFT calculations are carried out using the plane-wave software QUANTUM
ESPRESSO [56]. Quantum ESPRESSO has been used extensively to study a wide
range of material properties and processes [57]. We employ the generalized gradient
approximation developed by Perdew, Burke and Ernzerhof (PBE) [58] for the
exchange-correlation functional in structural relaxations. After testing, we found that it
better represented the bulk properties of diamond compared to the local-density
approximation (LDA) [59] and Perdew-Wang [60] (PW91) functional. Nonetheless, van
der Waals (vdW) contributions are expected to play a significant role in molecule-
surface interactions. To account for them, the most stable PBE-relaxed geometries
were subsequently further relaxed with DFT-D2[61,62] and DFT-D3[63] dispersion
corrections, as detailed throughout the text. Although both corrections are expected to
yield similar values, the inclusion of both DFT-D2 and DFT-D3 results could serve as
an extra benchmark given the semiempirical, non-electronic nature of the corrections
and sparse implementation in similar systems. All of the calculations include spin
polarization. The electronic wave functions are expanded on a plane-wave basis set

with a cutoff energy of 30 Ry, and the ionic species are described by ultra-soft
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pseudopotentials [64]. The k points in the Brillouin zone are sampled by means of a 2
x 3 x 1 Monkhorst-Pack grid [65]. A Gaussian smearing with a 0.01 Ry spreading
value was applied for Brillouin-zone integration. The convergence threshold for
geometry optimization was 10 Ry for the total energy and 103 Ry/Bohr per atom for

ionic forces. Visualisations were made using the OVITO software [66].

The adsorption energy of a water molecule on the surface was calculated as E, ;5 =
Eiot — Esurf — En,0, Where E.o, Eq, s and Ey o are the energies of the adsorbate
system, surface slab and water molecule, respectively. E;,, and Eg,,r are calculated
using the above described supercell, while the water molecule energy was calculated
using a cubic cell with a length of 12 A. A recent study of fluorine-terminated diamond
surfaces has shown that the contact angle of a water droplet (from classical MD
simulations) is inversely correlated with the adsorption energy of a single water
molecule (from DFT calculations) [67]. Thus, we expect the calculated adsorption

energies to give a direct indication as to the wettability at larger scales.

All computational parameters were optimised in convergence tests. The converged
diamond lattice parameter with our setup (obtained by fitting the Birch-Murnaghan [68]
equation of state) is 3.577 A. This is in close agreement with the experimental value
of 3.567 A [69] and with a similar accuracy to that provided by more expensive
methods such as hybrid functionals [70]. The diamond lattice was used to build the
slab as described above, which was then relaxed; the positions of the atoms in the
bottom layer were then fixed to resemble the bulk for all subsequent calculations. The
final setup yields converged values for E, ;s that are within ~0.01 eV of our most
accurate benchmarks, and a surface energy of 4.67 J/m?, which agrees closely with

values previously reported in the literature [71,72].

Reaction paths for the transition between water adsorption and dissociative
chemisorption were obtained with the nudged elastic band (NEB) method within the
climbing image scheme to determine the transition state [73,74] with PBE calculations.
The NEB method determines the intermediate steps for the transition between two
stable states corresponding to the minimum energy path (MEP), and correspondingly

determines the energy barrier of such transition. 8 images were employed for each



reaction path, optimized with a broyden scheme and a string constant of 0.7 in Hartree
atomic units. The reaction path was first converged without the climbing image

scheme, and then the method was implemented to obtain accurate energy barriers.

3. RESULTS

3.1 Preferred incorporation sites for dopants
First, we identify the most favourable locations for the different dopants by comparing
the stability of different substitutional sites in the exposed first (a), second (b) and third

(c) outer layers, as shown in Fig. 1.
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+4.24 eV +0.44 eV

Figure 1. Energy differences (PBE) are relative to the most stable configuration, which

happens to be in the top layer dimers (a) for all dopants considered.

All dopants preferred to incorporate in place of a C in a surface heterodimer. This can
be rationalised in terms of valence electrons and Léwdin partial charges [75]. Although
we do not expect the absolute Lowdin charges to be accurate, the differences should
be useful for interpreting physical trends. When the B dopant is added, the dimer C=C
double bond turns into a C-B single bond, such that it maintains an even number of
electrons (six) in its valence. This was observed in a relaxation of the dimer bond
length (from 1.38 A to 1.57 A) and in the fact that, in this (a) location, the B atom
presented was positively charged compared to the tetragonal, sp3-bonded (b) and (c)
sites in the second and third layers; approximately +0.3 e in (a) compared to 0.0 e in
(b) and (c)). A similar reasoning applies to the N atom, which can complete its outer
shell by forming three bonds in the (a) location, instead of having to donate electrons
to form four bonds in the second and third layer positions. A look at its corresponding
Léwdin charges shows indeed a more negative partial charge if -0.2 e in (a) compared
to 0.0 e in the (b) and (c) positions. The preference for sp? bonding of N dopants has

also been reported experimentally [76]. The O dopant has a different effect, as it only



forms two bonds when relaxed in each of the three positions. The resulting disruption
in the slab due to the bond breaking is minimized in the (a) site, in which it breaks the
dimer and adopts a bridge position between C atoms in the second layer, similar to
that observed in Ref. [46], and forms epoxy groups as suggested in Ref. [6]. The
relaxed coordinates for all dopants are reported in Fig. 2. It was found that B and N
barely disrupt the surface geometry, which can be understood, at least to a first
approximation, by considering that they have similar covalent radii as carbon [77]
(within ~20%). By contrast, Si atoms, which were found to yield sizeable deformations
to the same surface [43], have a covalent radius that is ~60% larger than for carbon.

In their relaxed configurations, the above stated Lowdin charges suggest the O and N
dopants are negatively charged, while the B dopant is positively charged. This agrees
with their Pauling electronegativities [69]: O (3.44) > N(3.04) > C (2.55) > H (2.20) > B
(2.04), as the oxygen and nitrogen are more electronegative than surrounding carbon

atoms, while the opposite is true for boron.

Figure 2. Relaxed positions of B, N and O dopants (in blue, green and red,
respectively) incorporated in the surface dimers. The oxygen can be seen to break the

surface dimer.

3.2 Effects of dopants on water adsorption

Water molecules were then directly adsorbed on the doped and undoped diamond
slabs by placing them on various probe positions and orientations to find the most
favourable configurations. The most stable conformations and corresponding
adsorption energies are shown in Fig. 3.



Undoped BDD NDD oDD

Eqgs (eV) d(A) Eqgs (€V) d(A) E,qs (V) d(A) Eqgs (€V) d(A)
PBE: -0.05 3.6 -1.15 16 -0.16 3.0 -0.28 3.0
DFT-D2:  -0.22 2.9 -1.22 16 -0.35 2.9 -0.35 2.9
DFT-D3: -0.19 2.9 -1.33 16 -0.32 2.9 -0.35 3.0

Figure 3. Relaxed water adsorption geometries with corresponding adsorption
energies (for PBE and vdW corrections DFT-D2 and DFT-D3), E,4s, and distances to
surface, d, as indicated in the images. Note that previous a previous DFT study has
shown that E, ;3 = —0.12 eV for Si-doped DLC [43]. B is shown in blue, N in green, O

in red, H in white and C in grey.

The inclusion of vdW corrections does significantly increase the molecule-surface
interactions. It should be observed, however, that the overall sorting of the energies
remains largely the same. Similarly, the overall geometries and distances to the
surface remain mostly unchanged, with the exception of the adsorption of a water
molecule on the bare DLC surface; in this case, the vdW term pulls the molecule

slightly closer to the surface above the trench between dimer rows.

In agreement with previous DFT results [43], water shows only a weak interaction with
the undoped surface (DFT-D3: -0.19 eV). The water molecules interact more strongly
with a (negatively partial charged) N dopant (DFT-D3: -0.32 eV) by pointing one of its
positively partial charged H atoms towards it. This observation agrees with
experimental results that link increased hydrophilicity to the presence of polar C-N
bonds [38] (and N-H bonds, as discussed below). It is perhaps surprising that this
conformation is not reproduced with an O dopant. The interaction strength is of similar
magnitude (DFT-D3: -0.35 eV) compared to N, despite O having slightly higher
electronegativity. This is because one of the water H atoms is pulled towards the
surface O atom, while the other is pulled towards the C in the bridge position that
results from the broken dimer. The preferential interaction of the water molecule with
the less negatively charged C atom suggests a more dispersive rather than polar

nature [38]. Previous ab initio [46] studies have remarked on the role of surface
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carbonyl O atoms on enhancing hydrophilicity via hydrogen bonding. Fig. 3 suggests
that this could also be the case for epoxy O atoms although the conformation is

somewhat different.

An altogether different behaviour is observed in the B dopant case. As opposed to the
physisorption that occurs in the other systems, the water interacts with the B dopant
through strong chemisorption (DFT-D3: -1.33 eV). The energy gain from filling the
boron outer shell drives the water O to form a dative O-B bond. Léwdin analysis shows
that the bond formation results in a less negatively charged O (-0.4 e) compared to in
an isolated water molecule (-0.7 e). Previous DFT studies had similarly shown [47]
that there is a preference of B dopants for tetrahedral coordination in the outer layer.
However, previous ab initio studies using hydrogenated BDD surfaces [47] have
shown weaker adsorption energies (DFT-D3: -0.58 eV) for tetrahedral B atoms in the
outer layer. This highlights the importance of surface hydrogenation on the wettability
of doped DLCs.

The strong chemisorption observed for BDD suggests that a different mechanism may
govern the wettability enhancement compared to other dopants. While other dopants,
like N, O, and Si (E 45 = —0.12 eV) [43], may modify water-surface physisorption and
reaction barriers towards surface hydroxylation, B directly captures a water molecule
in a process with no energy barrier and a high energy benefit. This water molecule
could potentially participate in hydrogen bonding water molecules not directly bonded
to the surface and enhance hydrophilicity [43]. This possibility will be further discussed

in the following sections.

3.3 Effects of dopants on water dissociative adsorption

To study the effect of dopants on water dissociative adsorption mechanisms and
stability, we adsorbed hydrogen and hydroxyl fragments on neighbouring surface
atoms. Surface hydroxylation is known to attract further water molecules and increase
hydrophilicity [6,78].

A previous DFT (PBE) study for Si-doped DLC identified six stable configurations of

the dissociated water molecule (Fig. 4 a1-a6). For the N and O dopants, many of these
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configurations were found to be unstable, whereas alternative configurations (a7-a10)
where more stable. All of the analysed configurations, with a similar PBE setup to the

mentioned study, are shown in Fig. 4 and the corresponding energies are shown in

%@ %@% %&%
%@ %@@b w

EN TR TN TN

Figure 4. Water dissociative adsorption configurations considered in this study. In the

a7

image, relaxed geometries for the BDD slab. Equivalent geometries were relaxed for
undoped, NDD and ODD surfaces, although not all were stable for the latter two. All
corresponding energies are reported in Table 1. Geometries a7-10, with fragments
placed diagonally across adjacent dimers, were not calculated for the silicon dopants
by Kajita and Righi [43].

BDD NDD OoDD DLC SiDD [43]
a1l -2.57 - - -2.17 -3.74
a2 -2.94 - - -2.81 -4.51
a3 -2.52 - - -2.17 -3.63
a4 -1.20 -0.82 - -2.17 -2.10
ad -1.61 -0.76 -0.02 -2.81 -2.63
a6 -1.36 -0.66 - -2.17 -2.14
a7 -2.49 - - -2.13
a8 -1.24 -0.87 - -2.13
a9 -2.57 -2.93 -3.00 -2.13
a10 -2.84 -2.79 -2.71 -2.13
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Table 1. PBE dissociation energies (in eV) corresponding to configurations in Fig 4.
All energies are with respect to the energy of isolated slab and water molecule
systems. Configurations with a hyphen are not stable. Calculated energies for Si-

doped diamond from Ref. [43] included for comparison.

The most stable configurations for each surface were further studied with vdW

corrections. The corresponding results are reported in Table 2.

Adsorption energy (eV)

PBE DFT-D2 DFT-D3
Undoped (a2) -2.81 -3.09 -2.99
BDD (a2) -2.94 -3.19 -3.08
NDD (a9) -2.93 -3.20 -3.11
oDD (a9) -3.00 -3.21 -3.12

Table 2. Comparison of adsorption energies for the most stable dissociated
configurations obtained without (PBE) and with (DFT-D2, DFT-D3) the two vdW

corrections considered.

All of the studied configurations are stable in the boron case, with a2 being the most
favourable. N and particularly O dopants prevent some of the dissociated
configurations from being stable. No configurations that included N-OH bonds were
stable and the formation of additional bonds for oxygen was unfavourable due to its
saturated outer shell. Generally, the doped surfaces from the present study yield only
slightly more favourable energy gains compared to the clean diamond surface, by ~0.1
eV for both vdW-corrected calculations. This is in stark contrast to Si dopants, which
resulted in a significantly more stable configuration when bonded with a hydroxyl (-

4.51 eV) [43]. Some general tendencies can be observed and analysed.

Boron favours configurations where it is directly bonding with the hydroxyl group. Its
most stable associated geometry (a2) results from saturating the resulting dangling
bond in the heterodimer C with the H fragment, with a similar energy (DFT-D3: -3.08
eV) as in the equivalent undoped case (DFT-D3: -2.99 eV). Hydrogenation of B dopant
(a4-6) is energetically favourable, but is more than 1 eV less favourable compared to

hydroxylation.

13



As for nitrogen, its complete valence shell causes the hydroxyls to detach when
relaxed on top of it. It can adsorb hydrogens, on the other hand, by breaking the
heterodimer bond, albeit with significantly less favourable energies than in the
equivalent undoped geometries. The two most stable N-doped configurations, (a9-10),
do not present any fragment adsorbed on the dopant itself, yet show a more favourable

energy (PBE: -0.8 eV) compared to their equivalent undoped geometries.

The oxygen in the bridge position remains non-reactive and does not bond with either
of the fragments. Instead, it promotes water adsorption through the dangling bonds it
introduces in its neighbours, favouring the geometry a9 and, to a lesser extent, a10. A
similar effect happens for the B and N cases, which show high adsorption energies in
the (a9) and (a10) configurations. This set of configurations is approximately 1 eV

more stable than their undoped counterparts.

None of the dopants studied in this contribution yield an energy gain as favourable as
previously observed for Si, which show differences of almost 2 eV. The large radius of
Si complicates the 11 overlapping required for the double bond in the heterodimer,
which is then disrupted, and hence favours sp® bonding to a hydroxyl; this in turn
results in a saturated, highly stable configuration (a2). That mechanism is missing with
the N and O dopants, which instead favour adsorption through the dangling bonds on
the disrupted surface reconstruction. In the case of B, although direct OH bonding (a2)
is energetically favourable, the covalent radius is similar to C, so there is less

disruption and less subsequent stabilisation by adsorption.

3.4 Reaction path for water dissociation

We also obtained the corresponding energy barriers for dissociation by finding the
MEP using the NEB method [73,74], in this case only for PBE calculations. We
consider as initial states of the reaction the stable water adsorption configurations
shown in Fig. 3. The final states are those most stable for each system and dopant,
namely a2 for the clean and BDD surfaces and a9 for the NDD and ODD cases. The

results are summarised in Fig 5.
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Figure 5. Reaction paths and energy barriers AE for water dissociation according to

NEB calculations (PBE). The values of AE are reported relative to the corresponding

initial adsorbed states. In contrast, the energies of the MEPs are plotted as differences

to the desorbed configurations, to visualize the effect of adsorption energies (see Fig.

3) on the whole process from capturing a water molecule to a dissociated state. Inset

images show the reaction path for water dissociation on ODD.

Undoped DLC showed the lowest barrier for dissociation (0.48 eV), whereas ODD
(0.54 eV) and BDD (0.69 eV) showed a slightly increased barrier height. In both of
these cases, however, when also considering the energy gain for water molecular
adsorption, the transition state is at a lower relative energy than on clean DLC. NDD,
on the other hand, cause a large increase in the dissociation barrier (1.37 eV) despite
ending in the same configuration (a9) as the O dopant case. We explain this behaviour
by inspecting the transition state in the oxygen dopant case. We find that the hydrogen
is pulled apart from the water molecule by the dopant, which results in a O-H---O H-
bonded transition state, with the H atom equidistant from both O atoms (about 1.2 A).
At the same time, the water oxygen begins bonding with a surface carbon atom (inset
of Fig. 5). This process results in a lower barrier than that present in the nitrogen case,
which is less electronegative and forms weaker H-bonds. Therefore, for nitrogen,
dissociation of the O-H bond in the water molecule occurs before the hydroxyl is

subsequently available to bond in the surface, resulting in a larger barrier.
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The processes for water dissociation for the dopants in the present study once again
differ from that of the Si case [43]. When silicon was present, it was found that not only
were the final energies for dissociative adsorption more stable as opposed to the ones
studied here by ~2 eV (see Table 1), but the barrier for water dissociation (0.24 eV)
was lowered to half of that seen for th e undoped case (0. 48 eV). This was the crucial
step in subsequently observing an increase of surface hydroxylation in sliding-wall
AIMD simulations [8], and is a mechanism that does not appear to be applicable to

boron, nitrogen, or oxygen dopants.

3.5 Effect of chemisorbed water and water fragments on surface hydrophilicity
We have studied the role of different dopants on water molecular and dissociative
adsorption pathways. We have found boron to spontaneously chemisorb water
molecules, without need of dissociation to increase wettability. The adsorbed
hydrogen, hydroxyl, and intact water molecules are expected to enhance the
interaction with further water molecules through hydrogen bonding [43]. This is
expected to be a major atomic-scale driving force for the increased hydrophilicity of
boron- [25], nitrogen- [38], and oxygen-doped [20] DLC surfaces compared to
undoped surfaces. Therefore, we studied the interactions of the most stable hydrogen-
, hydroxyl-, and water-containing BDD, NDD, and ODD structures with further water

molecules.

First, either hydrogen or hydroxyl fragments were relaxed on atoms in the outer layer.
As expected from the previous section, only some of the adsorbed configurations were
stable; namely, the ones involving hydrogen atoms bonded on carbon, boron or
nitrogen atoms, and the hydroxyls bonded to carbon or boron. Although B-H and N-H
bonds are not among the most favourable configurations shown in Table 1, they are
included in this section for further investigation. Once these configurations were
relaxed, a water molecule was placed on top of them on several geometries to
calculate the interaction with the fragments using PBE. Similarly to previous steps, the
most stable configurations were then relaxed with DFT-D2 and DFT-D3. The
corresponding adsorption geometries, energies and relevant partial charges are

presented in Fig. 6 a-e.
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DFT-D3: -0.37 1.8 -0.24 2.0 -0.84 1.5

Figure 6. Relaxed configurations for water adsorption on adsorbed hydrogen (a-c),
hydroxyl (d-e) and chemisorbed water (f). Only the stable systems are shown (e.g., a
hydroxyl fragment is not stable adsorbed on an O dopant). Distances between the
water oxygen and the hydrogen in the adsorbed fragment are shown (in angstrom) for
the PBE geometries, as well as the Lowdin charges of the latter. B is shown in blue,

N in green, O in red, H in white and C in grey.

As in the case of water adsorption on clean surfaces, it can be observed that, while

the PBE results underestimate the adsorption energies compared to the vdW-
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corrected ones, they qualitatively agree in sorting the strength of the different

interactions.

In general, the systems in which the surface H atom is more positively charged interact
more strongly with the water molecules. This observation is expected due the primarily
electrostatic nature of the hydrogen bonds. The system with the weakest H-bonding
is the one with the hydrogen adsorbed on the B dopant (Fig. 6b). B has a similar
electronegativity to H [69], meaning that the B-H bond is nonpolar, and its interactions
with water are very weak (DFT-D3: -0.10 eV). It is the only system where the water
molecule is relaxed with the O atom in the water molecule facing away from the
surface H atom. Table 1 shows that hydroxylation (a1-3) is much more energetically
favourable compared to hydrogenation (a4-6), meaning that when the surface
contacts water it is likely to become more hydrophilic (rather than hydrophobic). For
the hydrogen-terminated DLC surface (Fig. 6a), since C and H have more different
electronegativities, the interaction is slightly stronger (DFT-D3: -0.16 eV) than for BDD.
These observations suggest that B-dopants are only likely to increase hydrophilicity

(as has been observed experimentally [25]) in hydrogen-free carbon surfaces.

Only the hydrogen atom adsorbed on nitrogen (Fig. 6¢) interacts more strongly with
water molecules (DFT-D3: -0.47 eV) than its undoped counterpart. In this system, the
surface dimer is broken as the N outer shell is saturated with three bonds when adding
the hydrogen. It presents the highest interaction energy of all hydroxylated or
hydrogenated systems, interestingly even higher than water-hydroxyl interaction (Fig.
6d, DFT-D3: -0.37 eV) on a clean surface. While hydroxylation is often linked with
enhanced hydrophilicity [8,43,46], we see the high difference in electronegativities
between nitrogen and hydrogen induces a polarity that makes the latter participate in
hydrogen bonding. Indeed, the experimental decrease in contact angle of N-DLC has
been linked to the presence of N-H bonds [38] (and the C-N bonds mentioned in

previous sections).

We also studied the interaction of the boron-chemisorbed water molecule on further
water molecules (Fig. 6f). It is found to pull the molecule closer and draw a stronger
interaction (DFT-D3: -0.84 eV) than the dissociated fragments (Fig. 6e, -0.19 eV), to

an extent that the interaction can be considered a strong hydrogen bond [79]. This
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further supports the prospect of boron providing a mechanism for increasing
hydrophilicity without an energy barrier through a two-step process: first, there is a
large energy gain for spontaneous water chemisorption; then there is a strong
hydrogen bond interaction between said molecule and a water interface. Together,

both mechanisms result in an energy benefit of approximately 2 eV.

4. DISCUSSION

Direct interaction between dopants and intact water molecules (see Fig. 3) results in
increased adsorption for all of the dopants compared to undoped DLC in the following
order; NDD ~ ODD < BDD according to vdW-corrected calculations, although PBE
calculations indicate NDD < ODD. The higher electronegativity of N compared to C
results in a polar bond with a negative partial charge on the N atom that attracts the
water H atom (DFT-D3: -0.32 eV). This also occurs for O, but the dominant interaction
occurs between the water molecule and the dangling bonds of the carbon in the broken
heterodimer. The adsorption energy for ODD (DFT-D3: -0.35 eV) is comparable to the
undoped hydroxylated surface (Fig. 6d, DFT-D3: -0.37 eV). For BDD, the water O
atom donates electrons to a dative covalent bond (DFT-D3: -1.33 eV), which directly
traps the molecule into the surface with no energy barrier. In all cases, the energy gain
is more favourable than with clean and hydrogenated undoped surfaces (DFT-D3: -
0.19 eV, Fig. 3a and -0.16 eV Fig. 6a, respect.). As a result, all of the doped surfaces
posed an increased water interaction strength compared to their undoped
counterparts, prior to any potential hydroxylation. This observation is in agreement
with previous experiments showing increased hydrophilicity of boron- [25], nitrogen-

[38], and oxygen-doped [20] surfaces compared to undoped DLC.

Compared with Si, however, doping with B, N and O does not result in a significantly
higher energy gain for dissociative adsorption. The presence of Si in a surface
heterodimer shows a unique mechanism by forcing sp® bonding that yields favourable
energy gains when saturated with hydroxyls in the silicon and hydrogens carbon of
the same heterodimer. It was shown, however, that the presence of dopants modifies
the dissociation energies even when not directly participating in any new bond (Fig. 4
and Table 1, a9-10).
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The possibility of B to adopt a tetragonal conformation and directly bond to a water
molecule provides two mechanisms for increasing hydrophilicity. Firstly, the net
energy gain from the spontaneous chemisorption (DFT-D3: -1.33 eV) offsets the
increased energy barrier (0.69 eV) for water dissociation when compared to undoped
DLC (0.48 eV). The resulting hydroxyl-water interaction is stronger than on a clean
surface. However, it may be unlikely a stabilized chemisorbed water molecule will
dissociate given the ~40% higher dissociation barrier than in undoped DLC. Moreover,
boron reduces the interaction of the directly bonded hydroxyl group with water when
compared to one bonded to carbon (DFT-D3: -0.24 vs. -0.37 eV). As such, the
observed second mechanism is perhaps more interesting; the chemisorbed water
molecule interacts very strongly with new water molecules (DFT-D3: -0.84 eV) through
strong hydrogen bonds [79]. This two-step process results in a total energy gain of
almost 2 eV with no energy barrier and could be a mechanism at play in the increased
wettability boron-doping of DLC provides in experiments [25]. On the other hand, B-H
bonds are nonpolar and, if present, are likely to decrease wettability. In the sliding-wall
AIMD simulations of Si-DLC lubricated by water by Kajita and Righi [8], Si dopants
reduced the energy barrier for water dissociative adsorption, and the resulting
increase of surface hydroxyls participated in the hydrogen bond network, dragging
along a water layer. In similar circumstances, it is expected that boron dopants drag
along a water layer through intact chemisorbed water molecules. To the best of our
knowledge, this water bonding mechanism has not been reported before and has
important implications in the design of doped coatings for tribological and biomedical

applications.

Nitrogen doping does not induce hydroxylation due to a high energy barrier (1.37 eV,
Fig 5). Nonetheless, water physisorption on a nitrogen dopant is more favourable than
in the undoped case (DFT-D3: -0.32 eV vs -0.19 eV; Fig. 3). Similarly, nitrogen-bonded
hydrogens provide a higher energy gain at a water interface than any other fragment
observed in this study (DFT-D3: -0.47 eV, Fig. 6¢). These two interactions could
tentatively explain the higher experimental hydrophilicity of N-DLC compared to
undoped DLC [38]. Indeed, the decrease in WCA in with increasing content was linked
to the formation of polar C-N and N-H bonds [38].
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Oxygen dopants in bridge positions yield the highest adsorption energies of clean
surfaces (non-hydrogenated/hydroxylated) in this study due to surface disruption and
induced dangling bonds. Despite favouring the same dissociative adsorption
configuration on the surface as nitrogen dopants, they present a mechanism that
results in a similar energy barrier to undoped DLC (0.54 eV) by participating in a O-
H---O system with the water molecule, which facilitates the O-H cleavage. The net
energy barrier of the process (that is, taking as a starting point the energy of a non-

interacting water molecule) is lower than for undoped DLC.

5. CONCLUSIONS
In this study, the effect of B, N and O dopants on the hydrophilicity mechanisms of a

(100) 2 x 1 reconstructed diamond surface were investigated with DFT, both for a
simple PBE functional and DFT-D2 and DFT-D3 vdW corrections. For all of the
dopants, the preferred substitutional positions were found to be in the surface
heterodimers. The effects of the dopants on the adsorption of intact water molecules,
the energy barrier for dissociative adsorption, and the interaction of the dissociated
fragments with additional water molecules were investigated. O and N dopants can
increase the adsorption energy of water; in the latter case, especially when an N-H
bond is present. Most notably, B can adopt a tetragonal conformation and
spontaneously capture a water molecule that strongly participates in an H-bond
network. Our findings have strong implications for the development and optimisation
of new coating systems and demonstrate how in silico experimentation at atomistic

level can be used for tuning surface properties.
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