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ABSTRACT

Knowledge of intrinsic wettability at solid/liquid interfaces at the molecular level perspective is significant
in understanding crucial progress in some fields, such as electrochemistry, molecular biology and earth
science. It is generally believed that surface wettability is determined by the surface chemical component
and surface topography. However, when taking molecular structures and interactions into consideration,
many intriguing phenomena would enrich or even redress our understanding of surface wettability. From
the perspective of interfacial water molecule structures, here, we discovered that the intrinsic wettability of
crystal metal oxide is not only dependent on the chemical components but also critically dependent on the
crystal faces. For example, the (1102) crystal face of -Al, O3 is intrinsically hydrophobic with a water
contact angle near 90°, while another three crystal faces are intrinsically hydrophilic with water contact
angles <65°. Based on surface energy analysis, it is found that the total surface energy, polar component
and Lewis base portion of the hydrophobic crystal face are all smaller than the other three hydrophilic
crystal faces indicating that they have different surface states. DFT simulation further revealed that the
adsorbed interfacial water molecules on each crystal face hold various orientations. Herein, the third crucial
factor for surface wettability from the perspective of the molecular level is presented, that is the orientations
of adsorbed interfacial water molecules apart from the macro-level chemical component and surface
topography. This study may serve as a source of inspiration for improving wetting theoretical models and
designing controllable wettability at the molecular/atomic level.
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INTRODUCTION

The intrinsic wettability of the solid/liquid interface
is a critical factor in fabrication of functional ma-
terials and devices [1-6]. From a general point of
view, wettability difference is explicated as an aver-

(CA) near 65°, compared with others around 90°
[17,18]. Hence, it can be seen that analysis from the
perspective of molecular interactions at liquid/solid
interfaces may reveal more intrinsic properties con-
cerning the wettability of solid surfaces [19-23].
Metal oxides are widely used in the modern

age effect of surface chemical components and sur- .
industry, such as electrode materials for energy-

face topography [7-11]. However, to further reveal . )
storage devices, substrate materials for optoelec-

tronic devices, and catalysts [24-26]. Detailed
knowledge to understand and control the surface
properties of metal oxides is a prerequisite for many
industrial applications. Generally, clean metal ox-

the intrinsic wettability differences, molecular inter-
actions at the liquid/solid interfaces should be ad-
dressed, with the possibility of uncovering new phe-
nomena [ 12-14]. Anintriguing example is that from
the view of molecular interaction, the limitation of -
hydrophilic and hydrophobic surfaces is addressed ide surfaces are treated as hydrophilic because of
ataround 65° rather than 90° [15,16]. Detailed stud-

ies by surface force apparatus revealed that the long-

their high surface energy [27,28]. For example, it
has been reported that clean alumina is hydrophilic
because of the empty (3p) orbitals of the valance

range attraction force between two solids in wa-
& band at the solid surface, which acts as Lewis acid

ter disappears for surfaces with water contact angle
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Figure 1. Macroscopic wettability differences of different a-Al,05 crystal faces and schematic diagrams to illustrate the
mechanism at the molecular level. (a) Polycrystalline alumina is highly hydrophilic, while a-Al,05 crystal faces with (1120),
(1070) and (0001) orientations are hydrophilic, but the (1102) crystal face is hydrophobic (inset shows the optical image of a
mirror flat single crystal a-Al,03 sample). Schematic diagrams show the composite structure of adsorbed interfacial water
molecules and the exposed solid atoms. The orientations of water molecules will result in two typical statuses offering two
lone pair electrons (b—d) or one hydrogen atom (e) at the topmost position.

sites [29]. However, different arrangements of in-
terfacial atoms can change the surface properties
on each crystal face significantly [30,31]. Calcula-
tions using density functional theory (DFT) indi-
cate that the surface energy of the Al, O; crystal face
can even be negative as a result of the dissociated
water molecules on the surface [32]. So, the inter-
facial water molecules may have a critical role in the
wettability of atomically flat solid surfaces. It is well-
known that there are various kinds of crystal faces
for Al, O3. Hence, to further reveal the intrinsic wet-
tability at the molecular level, we chose four crystal
faces of Al, O3, namely (1120), (1010), (0001) and
(1102) as typical examples for further studies.
Herein, we report crystal face dependent wet-
tability differences of a-Al,O; resulting from the
different orientations of adsorbed interfacial water
molecules. It is found that the water CA of the
(1102) crystal face is around 90°, while three other
crystal faces, namely (1120), (1010) and (0001), are
intrinsically hydrophilic, with water CAs <65°. De-
tailed analysis of these crystal faces found that the to-
tal surface energy, polar component and Lewis base
portion of hydrophobic crystal faces are relatively
lower than those of hydrophilic faces. DFT simu-
lation revealed that the adsorbed interfacial water
molecules are in a vertical position and dissociative
state on the (1102) crystal face. In this case, wa-
ter molecules at the three-phase contact line are ea-
ger to form inner hydrogen bond networks rather
than interfacial hydrogen bond networks, which re-
sults in a relatively hydrophobic state. Furthermore,
different laser engraving patterns were fabricated
on hydrophobic (1102) crystal faces showing that
the CA decreases gradually with increasing exposure

of hydrophilic crystal faces. These findings demon-
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strated that orientations of adsorbed interfacial wa-
ter molecules are the third crucial factor for surface
wettability from the perspective of molecular level,
apart from chemical component and surface topog-
raphy at the macro-level, which are critically impor-
tant in improving wetting theoretical models and
wettability manipulation at the molecular/atomic
level for single-atom catalysis.

RESULTS AND DISCUSSION

The surface wettability of metal oxide is critically de-
pendant on its crystal faces, which can be clearly seen
in Fig. la on o-Al,O3. An X-ray diffraction tech-
nique was used to confirm that these a-Al,O; are
all phase pure (Supplementary Fig. 1). To maintain
the original surface property of o-Al,O; surfaces
with clean crystal faces, these underwent a two-step
cleaning procedure consisting of polishing and
sonication. Before cleaning, water CAs of a-Al,O;
single crystal faces were high, as a result of adsorp-
tion of hydrocarbons and particles (Supplementary
Fig. 2). This effect has been shown previously
for a variety of rare-earth oxide and metal oxide
materials, including Holmia, Ceria, zirconium and
titanium dioxide [29]. As shown in Fig. la, af-
ter cleaning, the CAs of (1120), (1010) and
(0001) crystal faces decreased to 50.0 £ 3.1°,
543 £+ 4.7° and 604 £ 3.0°, respectively.
Surprisingly, the (1102) surface retained a
relatively high CA of 902 £ 2.5°. As these
surfaces are mirror flat (optical inset image of
Fig. la) with similar chemical composition, the
results indicated that the wetting behaviors of
a-Al, O; single crystal faces are critically dependent
on the crystal faces. It is suggested that these



Natl Sci Rev, 2021, Vol. 8, nwaa166

@ 100
—l— Water
904 —@— Formamide
Diiodomethane

= 80+
o
2
S 70+
k]
o]
€ 60
<]
o

50

40

T T ! _
(1120) (1010) (0001) (1102)
Crystal face
(©) o0
-Polar surface energy

50 I:lDispersive surface energy
E
p4
E 40
>
2
2 304
)
®
o
£ 204
=
(%]

104

0 T T T T
(1120) (1010) (0001) (1102)
Crystal face

(b) 52
o
48+ [ |
E \I\O
2 e
E 44 ~
5 "
& 40- A
5 A——A
2 \\
& 36 |
@ ~l- OWRK method
32 —@ — Wu'’s harmonic Mean method
A — van Oss-Good-Chaudhury method
Equation-of-State method
28 — T T 0
(1120) (1010) (0001) (1102)
Crystal face
(d) 0
I:l Total surface energy
50 | [ ] LW interaction
[ Lewis base
g \:| Lewis acid
> 40+ — e
£ ] —
>
2 30 A
19}
c
9]
8 20
h =
@
10
0 — —_ —
(1120) (1010) (0001) (1102)
Crystal face

Figure 2. Detailed surface energy analysis based on various calculation methods. (a) CAs of three probe liquids were mea-
sured, revealing that the (1702) crystal face showed the largest CA compared with the other three. (b) Calculation based on
CA measurements with four different methods was applied to estimate the total surface energy. (c) The polar and dispersive
components of each crystal surface were analyzed by the OWRK method. (d) Lewis acid/base portions of each crystal surface

were analyzed by the van Oss-Good-Chaudhury method.

wettability differences may result from the com-
posite structure of adsorbed water interfacial
molecules and the arrangement of solid atoms at
the surface. As shown in Fig. 1b-e, the adsorbed
interfacial water molecules lying on the solid surface
can offer four hydrogen bond interaction sites,
namely two hydrogens and two lone pair electrons
from the oxygen atom to interact with the bulk
water molecules of water droplets. Based on the
orientation of adsorbed interfacial water molecules,
there are two typical situations. One is the oxygen
atom at the top offering two lone pair electrons.
In this case, water will form more hydrogen bonds
with the solid surfaces to form interfacial hydrogen
bond networks, resulting in hydrophilic behaviors
(Fig. 1b-d). The other is a hydrogen atom at the
top. In this case, water molecules will form more
inner hydrogen bond networks within the liquid
droplets rather than strong interactions with the
adsorbed interfacial water molecules at the solid
surface, which results in hydrophobic behaviors
(Fig. le). Therefore, it is inferred that the wettability
changes of different -Al, O; crystal faces may result
from the orientation of adsorbed interfacial water
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molecules, i.e. with a decrease of interaction sites
between free water molecules of water droplets and
adsorbed interfacial water molecules at the solid
surfaces, the crystal faces of a-Al, O3 become more
and more hydrophobic.

Surface energy analysis was applied to study
the wettability difference of these a-Al,O; crystal
faces with CA measurements of three probe liquids
and further calculation to estimate the total surface
energy, polar/dispersive components and Lewis
acid/base portions. As shown in Fig. 2a, CAs of the
(1120), (1010) and (0001) crystal faces are similar
for each kind of liquid, while the CA of the (1102)
crystal face remains relatively high. To further reveal
the detailed difference concerning the total surface
energy, four different methods, the Equation-
of-State method, Owens-Wandt-Rabel-Kaelble
(OWRK), van Oss-Good-Chaudhury method
and Wu’s harmonic Mean method, were applied
(Supplementary Tables 1-4). Results show that
surface energy tendencies of (1120), (1010) and
(0001) crystal faces are similar in each method, but,
in contrast, the (1102) crystal face has the lowest
surface energy (Fig. 2b). Furthermore, surface
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Figure 3. DFT simulation performed on the relaxed geometry of «-Al,05 crystal faces.
(a—d) Simulations of a single water molecule on «-Al, 05 crystal faces were performed,
indicating that water molecules are at a dissociative state with one hydrogen atom at
the top of the (1720) crystal face, while oxygen atoms are at the top for the other three
crystal faces. (e—h) Corresponding schematic diagrams of the first water layer film on
each a-Al,0; crystal surface were drawn according to the simulation results.

polar/dispersive components were analyzed by the
OWRK method (Fig. 2¢). The total surface energy
is indicated by the height of the column, while
the upper part with blue color indicates the polar
component and the bottom part with orange color
indicates the dispersive component of each crystal
face. For the (1120), (1010) and (0001) crystal
faces, the polar component is around 47.3%, 42.9%
and 31.7% of the total surface energy, indicating that
these surfaces have an affinity to polar liquids; hence
they are more hydrophilic. In comparison, the polar
component of the (1102) crystal face is <1% of
the total surface energy, indicating that this crystal
surface has more affinity to nonpolar liquids; hence
it is more hydrophobic. On the other hand, Lewis
acid and base portions were also analyzed with
the van Oss-Good-Chaudhury method (Fig. 2d,
Supplementary Table 3). The total surface energy
and Lifshitz-van der Waals (LW) interaction for the
(1102) crystal face are slightly lower than those of
the other three crystal faces. However, the Lewis
base portion of the (1102) crystal face decreased a
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lot, indicating that there are fewer electron donors
on this crystal face compared with the other three. It
was widely believed that the aluminum atom acts as
a Lewis acid site because of the empty (3p) orbital
on the valance band [29]. However, experimental
results showed that the Lewis acid portions of all
crystal faces are very small, possibly because of the
adsorbed interfacial water molecules in ambient
environments. Herein, it is intriguing to note that
the (1102) crystal face with the same chemical
composition as (1120), (1010) and (0001) crystal
faces displays different macroscopic wettability
properties with relatively low total surface energy,
polar component and Lewis base portion.

The wettability difference was further stud-
ied with DFT simulation at the molecular level.
First principle calculations were performed on
relaxed geometries of «-Al,O; surfaces with one
water molecule. Surface energies were calculated
based on our model and compared with previous
works, which verified the reliability of our results
(Supplementary Fig. 3) [33-35]. As shown in
Fig. 3a-d, when water molecules approach the
(1120), (1010), (0001) and (1120) a-Al, Oj; crystal
faces, two typical water structures can be obtained
for the final relaxed structures. Water molecules on
the (1120), (1010) and (0001) crystal faces interact
strongly with the surface and keep a small distance
from the exposed solid atoms. As shown in Fig. 3e—g,
the oxygen atom is at the topmost position (also
refer to the schematic diagram in Fig. 1b-d), which
can offer two lone pair electrons to interact with the
free water molecules from water droplets forming
interfacial hydrogen-bond networks. Hence the
three-phase contact line is eager to spread, and the
solid surface is hydrophilic. While water molecules
on the (1102) crystal surface showed different
behaviors compared with the other three (Fig. 3h).
One hydrogen atom showed strong interaction with
the top layer oxygen atom of the crystal surface, indi-
cating that the adsorbed interfacial water molecule
is in a dissociative state. At the same time, another
hydrogen atom of the same water molecule is at
the topmost position above the oxygen atom and
the first hydrogen atom. There is only one hydroxyl
group offering one interaction site for the free water
molecules from water droplets to interact (also
refer to the schematic diagram in Fig. le). In this
case, the free water molecules from water droplets
tend to form inner hydrogen bond networks rather
than interacting with the adsorbed interfacial water
molecules. The three-phase contact line is easily
pinned, and the solid surface is relatively hydropho-
bic. Based on these simulation results, it can be seen
that the adsorbed interfacial water molecules on
different -Al, O; crystal faces typically possess two
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statuses. One is the hydrophilic state with an oxygen
atom at the top to form interfacial hydrogen bond
networks. In this case, the three-phase contact line
will spread rather than pinning. The other is the
hydrophobic state with one hydrogen atom at the
top. In this situation, free water molecules from bulk
water droplets at the three-phase contact line tend
to form inner hydrogen-bond networks, and the
three-phase contact line is eager to pin rather than
spreading.

Wealso carried out DFT calculations for dual wa-
ter molecules on the (0001) and (1102) crystal faces
of a-Al,O3. The results revealed that the orienta-
tion of the water as well as the charges of the sys-
tem are critical components in interpretation of the
CA at the macro scale. The water structure on the
(0001) crystal face agrees well with the previous re-
port (Supplementary Fig. 4) [36]. The structure is
roughly hexagonal, with each of the H, O molecules
located at a similar position above the Al atoms.
Furthermore, Supplementary Fig. 5 shows the side
and top view of the charges and water structures
of the optimized two water molecules adsorbed on
the (1102) surface. As we can see, when two H,0
molecules are added to the (1102) surface, one of
the H,O remains at a similar configuration and lo-
cation to the case of single H,O which sits above
and between Al and O. The H,O is distorted with
OH attached to the Al and the other H close to O of
the Al, O3 (Supplementary Fig. 5). Interestingly, the
second H, O molecule is positioned above and be-
tween two Al atoms, and no distortion is observed.
Various studies have already shown that charge is
an important component in determination of the
CA [37-39]. By accounting for the positions of the
charges for different surfaces, differences in the sur-
face dipole can be created and, as such, induce a dif-
ference in the dipole of the H,O molecules on top
of the surface. The resulting dipole of the molecules,
in turn, changes the way water interacts with it-
self (i.e. changing its shape). The difference in the
CA between the (0001) and (1102) directions can
be explained by the difference in their total dipole
of the dual H,O molecules in the out-of-plane di-
rection, —0.776 vs. —0.007 Debye, indicating that
the (1102) direction surface can only weakly inter-
act with additional H,O molecules (Supplementary
Figs 6 and 7).

The impact of surface roughness and the hy-
drophilic crystal faces were evaluated by generating
laser engraved hole patterns on «-AL O3 (1102)
crystal faces. As shown in Fig. 4a—c, the diameter
of the laser mark dot is around 20 wum, while
the inter-pore distances are 100 um and 0 pum,
respectively. Water CA measurements were applied
(insets in Fig. 4a—c). It is interesting to note that
when the inter-pore distance is decreased, the
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water CAs will increase at first from 90.5 £ 2.4°
to 96.2 & 2.0° and then decrease from 96.2 £ 2.0°
to 62.5 £ 2.9°. It is assumed that this intriguing
phenomenon may result from competition between
surface roughness and the exposure of hydrophilic
crystal faces. When the inter-pore distance is
100 pm, an air cushion may form below the water
droplet resulting in a Cassie-Baxter state. Compar-
atively, when the inter-pore distance is 0 pm, the
air cushion can be removed, and the wetting state
changes from Cassie-Baxter state to Wenzel state. In
this case, the wettability contribution of hydrophilic
crystal faces becomes dominant for the macroscopic
wettability rather than the air cushion induced
by surface roughness. Besides, a similar crystal
face dependent wettability difference can also be
found on other metal oxides such as TiO, and ZnO
(Fig. 4d). Based on this principle, it is inferred that
the wettability of crystal surfaces would be defined
more precisely with crystal face and environmental
conditions concerning the orientation of adsorbed
interfacial water molecules as long as the exposed
solid atoms at the surfaces.

In summary, crystal face dependent intrinsic wet-
tability of metal oxide surfaces was investigated, typ-
ically (1120), (1010), (0001) and (1102) crystal
faces of -Al, O5. Itis intriguing to find that, for these
atomic flat surfaces with similar chemical composi-
tions, water CAs of these crystal faces change from
hydrophilic to hydrophobic. The unique wettabil-
ity difference was analyzed concerning surface en-
ergy with various methods, and it was found that the
(1102) crystal face has the lowest total surface en-
ergy, polar component and Lewis base portion com-
pared with the other three. Furthermore, DFT sim-
ulation reveals that the wettability difference can be
explicated concerning orientations of adsorbed in-
terfacial water molecules, which determines whether
the three-phase contact line tends to spread or
pin from the perspective of molecular level. This
work demonstrated that the adsorbed interfacial
molecules have a significant role in macroscopic wet-
tability, which can serve as another critical factor for
atomic flat surfaces. The properties of solid surfaces
(atoms structures, surface unsaturation electrons,
functional groups, polar and dispersive components,
Lewis acid/base portions, etc.) will firstly affect the
orientation of adsorbed interfacial molecules and
then determine the macroscopic wettability.

METHODS

Materials and cleaning process

a-Al, O; crystal faces with (1120), (1010), (0001)
and (1102) orientations were purchased from
Shanghai Institute of Optics and Fine Mechanics,
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Figure 4. Optical images of laser engraving patterned (1702) crystal faces (scale bar is 100 wm) and further CA measurements
of other metal oxide surfaces. (a) Plane «-Al, 05 (1102) crystal face with water CAs of 90.5 + 2.4°. (b) Laser engraving patterns
of 20 wm dots with 100 wm inter-pore distance and water CAs of 96.2 + 2.0°. (c) Laser engraving patterns of 20 um dots
with no gap and water CAs of 62.5 + 2.9°. (d) CA measurements of crystal face dependent wettability difference for Ti0,,

Zn0 and «-Al, 0.

CAS. They had an inside length of 10 mm and
were 0.5 mm thick, polished on one side with <S A
roughness on average. The water used was of high
purity with resistivity of 18.2 M2 c¢m and surface
tension of around 72.6 mN/m at 22°C. Acetone
was purchased from Beijing Shiji. Formamide was
purchased from Sigma-Aldrich. Diiodomethane was
purchased from Alfa Aesar. All reagents were used
as received without further purification.

a-Al, O; crystals were polished again on silk sur-
face with acetone, rinsed with acetone, sonicated in
deionized water, and then dried in a stream of high
purity N,. CA measurements were carried out im-
mediately after the cleaning procedure.

Surface characterizations

CA:s for the three probe liquids of deionized water,
formamide, and diiodomethane were measured
using an SCA 25 machine (Data-Physics, Germany)
at ambient temperature. CAs were taken as an av-
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erage of three measurements on different positions
of crystal surfaces. Drops of 2 4L at room temper-
ature were deposited by a micro-syringe pointed
vertically down onto the sample surface. The surface
energies of AL, O3 single crystals were calculated
using the Equation-of-State method, Owens-
Wandt-Rabel-Kaelble method, van Oss-Good-
Chaudhury method and Wu’s harmonic Mean
method. All single crystal samples were character-
ized by X-ray diffraction (GBC-MMA) over 26
angles in the range 10-90° using CuKo radiation
(1.54059 A).

Computational method

In this work, first-principle calculations were per-
formed using density functional theory (DFT)
implemented using the CASTEP package [33-35].
The exchange-correlation function used to de-
scribe the exchange-correlation interaction was the
General Gradient Approximation (GGA) with the
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Perdew—Burke-Ernzerhof (PBE) formulation [40],
avan der Waals (vdW) correction (DFT-D) imple-
mented by Grimme was added [41]. Structures were
optimized using the Broyden—Fletcher-Goldfarb—
Shanno algorithm BFGS [42].

Surface morphology fabrication

Surface morphologies were fabricated using a UV
laser engraving machine (Han’s Laser Technology
Co., Ltd) with a wavelength of 355 nm. The laser
beam was finally focused by a lens. The maximum
mean power of the laser system was S W in a
Gaussian beam mode with a beam quality factor
M? < 1.3. The opto-acoustical Q-switch commu-
tator controlled the cavity output in continuous
and in pulsed mode, generating a pulse range of
80-260 ns with a frequency range of 1-40 kHz.
The machining process was controlled by the diode
pump current intensity (in relation to peak power),
pulse frequency, scanning speed and fill spacing. The
relationship between the laser power and the current
intensity was determined by measuring the power
at different levels of current intensity. The values of
the average power were measured at different lev-
els of current density when pulse frequency was 1,
3 and 5 kHz, respectively. The scanning speed was
40 mm/s.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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