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Abstract: The nature of solid-liquid interfaces is of great significance in lubrication. Remarkable advances have
been made in lubrication based on hydration effects. However, a detailed molecular-level understanding is still
lacking. Here, we investigated water molecule behaviors at the TiO,—aqueous interfaces by the sum-frequency
generation vibrational spectroscopy (SFG-VS) and atomic force microscope (AFM) to elucidate the fundamental
role of solid-liquid interfaces in lubrication. Combined contributions of water structures and hydration effects
were revealed, where water structures played the dominant role in lubrication for TiO, surfaces of varying
hydrophilicity, while hydration effects dominated with the increasing of ion concentrations. Superior lubrication
is observed on the initial TiO, surfaces with strongly H-bonded water molecules compared to the hydrophilic
TiO, surfaces with more disordered water. The stable ordered water arrangement with strong hydrogen
bonds and the shear plane occurring between the ordered water layer and subsequent water layer may play a
significant role in achieving lower friction. More adsorbed hydrated molecules with the increasing ionic
concentration perturb ordered water but lead to the enhancement of hydration effects, which is the main reason
for the improved lubrication for both TiO,. This work provides more insights into the detailed molecular-level
understanding of the mechanism of hydration lubrication.
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1 Introduction

The solid—aqueous interfaces [1, 2] are ubiquitous
and play a crucial role in numerous scientific
fields [3-5], such as lubrication, corrosion, absorption,
electrochemistry, and catalysis. In the field of tribology,
the usage of water to improve lubrication properties in
engineering can be traced back to around 2400 before
Christ (BC) in Egypt [6], and has significant implications
ranging from biomedical devices to maritime military
[7-10]. Then hydration lubrication [11-14], guided by
strong hydration effects and electrostatic double-layer
forces as theoretical paradigms, provided a new
model for the achievement of ultra-low friction in the
aqueous medium. And a remarkable progress has

gradually gained in a number of hydration lubrication
systems under the microscale [15-17] and macroscale
conditions [18-20] over the subsequent years.
Although the role played by surface forces in
hydration lubrication has been proposed early
[15-20], the detailed molecular-level understanding
of interfacial water or hydrated layer structures at the
interfaces between solid and aqueous solutions is still
in its infancy. The strong repulsive force of hydration
lubrication is conventionally considered to originate
mainly from the hydration shells in nanoconfinement,
in which water molecules surround and are tightly
bound to charges or charged surfaces in aqueous
electrolytes [12, 16, 21-24]. Many efforts [25] have
been made to explore the behaviors of water and
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hydrated layer at the surfaces and interfaces, which is
elementary to understanding the origin and underlying
mechanism of hydration lubrication.

Recently, many computational simulations and
experimental techniques with superior resolution
and sensitivity [26-31] have been rapidly developed
to address the issue of molecule structures at solid—
aqueous interfaces. Especially, the sum-frequency
generation vibrational spectroscopy (SFG-VS) has
attracted a lot of attention, as a powerful and versatile
technique that is well-suited to elucidate the interfacial
water structures in situ at the molecular level. With
the help of SFG, intensive investigations have been
carried out on the effects of salt on the water structures,
in terms of ionic concentrations, cation species, and
the charged surfaces. For example, Jena et al. [32]
observed the plateaus and drops in the SFG signal of
fundamental water structures on the fused silica
surface with the increasing of ionic strength, which was
speculated to be attributed to the balance between
shielding of the surface electric field by electrolyte
and charge-induced molecular order at the interface.
And the reduction of SFG intensity at the silica/
aqueous interface was also revealed upon the addition
of salt [33], which was consistent with the diffuse layer
potential owing to charge screening. Furthermore,
different cation species demonstrated different degrees
of perturbation on the interfacial water structures via
electrostatic interaction between cations and the silica
surface [34]. Moreover, divergence in the ordering of
the Hofmeister series appeared on negatively charged
hydrophilic titanium dioxide (TiO,) and silica surfaces,
resulting from differences in electronic properties,
charge density, and hydrogen bonding ability of the
substrates [35].

However, there were still limited reports [36-38], in
which the effects of interfacial water and particularly
the hydrated layer structures on hydration lubrication
have been investigated. In Ref. [39], it was proposed
that the enhanced homogeneous ordered interfacial
water structure contributed to realizing a low-friction
state for both the hydrophobic TiO, and hydrophilic
silicon surfaces. Similarly, higher water lubricity was
exhibited on the plasma-treated silica surfaces with
the increased strongly coordinated water structure [40].
Furthermore, “ice-like” confined water between
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two surfactant-coated surfaces was also revealed to
facilitate hydration forces and friction reduction [41],
while the weakened intensity of the SFG spectra
suggested that hydration of phosphoric acid played
a key role in achieving superlubricity [42]. Layers of
water and ions located close to the graphene surface
and effects on friction have attracted intense interests
[43-46]. To our knowledge, the relation between
interfacial water structures with hydration lubrication
has provoked much debate over the decades and
needs further investigation.

In this work, we utilized the atomic force microscope
(AFM) and SFG spectroscopy to explore the impacts
of the interfacial water structures and hydration
effects on hydration lubrication, based on the adjustable
wetting characteristics of the TiO, surfaces. The
medium hydrophobic TiO, surface dominated by
ordered water always exhibited lower friction than
the superhydrophilic TiO, surface with dominant
disordered water structures, indicating that lubrication
of TiO, was modulated by interfacial water in an
invariant medium. In addition, along with the increase
of ionic concentrations, the lubrication performance
of both hydrophobic and hydrophilic TiO, surfaces
gradually improved, mainly due to the enhancement
of hydration effects. This provides more insight into
further understanding of hydration lubrication at the
molecular level.

2 Materials and methods
2.1 Materials

Polished rutile TiO, crystals were supplied by
HF-Kejing. They were ultrasonically cleaned with
acetone, anhydrous ethanol, and ultrapure water for
5 min, and subsequently dried with nitrogen gas.
Lithium chloride (LiCl, 99.998%), sodium chloride
(NaCl, 99.999%), potassium chloride (KCI, 99.999%),
and cesium chloride (CsCl, 99.999%) were purchased
from Sigma-Aldrich. Deionized water used in all cases
was highly purified with a resistivity of 18.2 MQ-cm
(Thermo Fisher Scientific).

2.2 Preparation of samples

The wettability properties of TiO, surfaces were
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regulated by the dark storage in an atmospheric
environment for 3 d (recorded as initial TiO, surfaces)
and air plasma treatment for 1 min. The plasma
treatment was carried out with a power of 80 W and
an airflow rate of 15 sccm (Femto, Diener Corp.).

2.3 Characterizations

The wettability of the samples was characterized by
static contact angles, which were recorded by the
optical contact angle measuring instrument (OCA 25,
Dataphysics) with a 1 uL droplet of aqueous solutions.
The roughness of the TiO, surfaces were investigated
by the AFM (ICON, Bruker) in the tapping mode under
ambient conditions using the AFM tips (160AC-NA)
with the spring constant of 26 N/m. The compositions
and chemical groups on the TiO, surface before and
after plasma treatment were analyzed by the X-ray
photoelectron spectroscopy (XPS; PHI Quantera II,
ULVAC-PH]I, Inc.). The zeta potentials of the TiO,
surfaces were measured by a streaming potential
analyzer (SurPASS 3, Anton Paar) in electrolyte
solutions with different concentrations.

2.4 Microscopic friction measurements

The microscopic friction and force vs. separation
measurements were conducted by the AFM (ICON,
Bruker) at room temperature under conditions of
aqueous solutions. The AFM probes were prepared by
gluing the monodispersed silica microspheres (radius
(R) = 11.5 pm) at the end of rectangular tipless
cantilevers (TL-CONT, Nanosensors), and treated with
air plasma for 2 min before experiments (Fig. S1 in
the Electronic Supplementary Material (ESM)). The
normal spring constant (ky, ~0.6 N/m) and the lateral
force calibration constant (~200 nN/V) were calibrated
using the thermal tune method and the improved
wedge method [47], respectively.

The AFM friction experiments were performed by
sliding the silica probes against TiO, surfaces under
applied normal loads from 10 to 130 nN at a constant
scanning velocity of 2 um/s in the scanning area of
1 pm x 1 um. The friction dependent on the velocity
was measured under the constant loads of 10, 50, and
100 nN with the variation of sliding velocity ranging
from 0.2 to 20 pm/s. The force-separation measurements
were captured when the silica probes approach or

depart from the TiO, substrates with a ramp size of
500 nm and ramp rate of 0.2 Hz. And the measured
approaching forces were normalized with the R of
the probe. At least three independent AFM experiments
were executed.

2.5 SFG measurements

The detailed laser assembly of SFG measurements
was described in Refs. [48-50]. The SFG setup
was based on an amplified laser system (Spitfire,
Spectra-Physics; 1 kHz, 100 fs) to generate pulses at
800 nm (5 m]J of energy) through a sapphire oscillator
(Mai Tai, Spectra-Physics) and a high-power pump
laser (Empower, Spectra-Physics). The input visible
(Vis) beam (w,, ) was set at a fixed wavelength of
800 nm, and the infrared (IR) beam (@) was tuned
between 2,800 and 3,800 cm™. The Vis and IR beams
were spatially and temporally overlapped at the
solid/liquid interface to generate sum frequency
response, which was detected using an electron
multiplied charge-coupled device (EMCCD) camera
(Newton, Andor Technologies).

To perform the SFG experiments, TiO,-coated
calcium fluoride (CaF,) windows with a thickness of
10 nm were placed inside the clean Teflon cell, and
immersed in pure water and aqueous KCI solutions
with different concentrations. The system was
equilibrated for 15 min at each concentration point
before measurement. All SFG signals were collected
from the interfaces of TiO, thin films with different
wettability and aqueous KCl solutions of varied
concentrations using the s-polarized SFG, s-polarized
Vis, and p-polarized IR (SSP) polarization.

2.6 Molecular dynamics (MD) simulations

To study the interactions of TiO, surfaces and water,
two water/TiO, interface models were built. The
periodic (001) rutile crystal structure was used as the
pristine TiO, surface model, and the surface was
hydroxylated by hydroxyl groups to represent the
complete wetting of the TiO, surface model. The
liquid water phase was represented by 1,200 water
molecules, which was put on the top surface of each
model to form water/TiO, (32.2 A x 322 A x 88.7 A)
and water/TiO,—OH (32.2 Ax 32.2 A x 92.5 A) models,
accompanied by a ~40 A thick vacuum layer in the Z
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axis. Figure 52 in the ESM shows the prepared models.
Periodic boundary conditions were also applied to
these simulation boxes, ensuring that water layers were
infinitely large in the X and Y directions.

At the beginning of the simulation, each model
system was energy minimized. After that, a further
NVT ensemble MD simulation of 500 ps was
conducted at 300 K to track changes in each system.
Data collection was performed at a time step of 1.0 ps
for subsequent statistical analyses. In this work,
Materials Studio and COMPASS Forcefield (version
2019, Accelrys, USA) [52] were used to perform the
molecular simulations. The integration time step was
fixed at 1.0 fs using the Verlet velocity algorithm, and
the temperature was controlled by the Nosé-Hoover
thermostat [53]. A van der Waals interaction cutoff of
1.55 nm was employed, and the particle—particle—
particle-mesh (PPPM) method was used to account
for the long-range electrostatic interactions [54].

3 Results and discussion
3.1 TiO, surfaces with different wettability

The wettability properties of TiO, surfaces [55, 56]
were adjusted by dark storage and plasma treatment.
Figure 1(a) shows that the water contact angle of
the initial TiO, surfaces after storage in dark was
approximately 60°, and the plasma-treated TiO,
surfaces transformed to a superhydrophilic state
with a water contact angle of close to 0°. There was
no obvious variation of contact angles with the
concentration of KCl solutions.

The chemical groups on the TiO, surfaces before
and after plasma treatment were characterized by
the XPS analysis to investigate the mechanism of the
wetting transition, as shown in Fig. 1(b). The O 1s
XPS narrow spectra of the TiO, surfaces were mainly
deconvoluted into two peaks, assigned as the Ti-O-Ti
bonds (centered at 529.2 eV) and water-related peaks
of OH bridges and Ti-O-H (531.0 eV), as reported
in Refs. [57, 58]. A pronounced increase in the peak
intensity at 531.0 eV was observed after plasma
treatment, which was predominantly derived from
the formation of hydroxyl groups, suggesting that
the increased hydrophilicity was dependent on the

Tsinghua University

(a) (b) —
Plasma‘) o Initial

H W - ] Lo Fit1 g% — Fit1

60t 1 Fit2 A Fit 2

e ‘ —~ |---Fit3 §}§. — Fit3

[ 3 H

o ©

S 40+ =

3 B TiOwinitial 2

i(é @ TiO=-plasma ;@J

= L

S 20} <

8 [ e
e © O o

ok i

526 528 530 532 534
Binding energy (eV)

0 001 1 100
KCI concentration (mmol/L)
(c)

5nm

Rq=0.087 nm
Rs=0.070 nm

Rq=0.094 nm
R2=0.075 nm

B TiO:z-initial 200 nm

TiOz-plasma

Fig. 1 Characteristics of TiO, surfaces with different wettability.
(a) Contact angle of initial and plasma-treated TiO, surfaces as a
function of KCI concentration. (b) High-resolution XPS spectra
of O 1s on initial and plasma-treated TiO, surfaces. (c¢) AFM
topography and corresponding roughness of TiO, surfaces before
and after plasma treatment.

increased hydroxyl groups on the plasma-treated
TiO, surface.

Figure 1(c) implies that the surface morphology
and roughness were not critical factors in determining
the wetting characteristics, with roughness both less
than 0.1 nm and no topographic variations of the TiO,
surfaces before and after plasma treatment, which
could also be negligible in tribological properties.

3.2 Hydration lubrication of TiO, surfaces

3.2.1 Wettability-requlated hydration lubrication

The microscopic tribological behaviors of the TiO,
surfaces based on the tunable wetting characteristics
were investigated by the AFM colloidal probe technique
in aqueous salt solutions, as shown in Fig. 2(a).
Figures 2(b) and 2(c) demonstrate the lateral force vs.
the normal force of the initial and plasma-treated TiO,
surfaces with the KCI concentration from 0 to 100 mM.
The lateral force increased linearly with the applied
normal load, and the slope of the linear fittings can be
defined as the friction coefficient. The corresponding
friction coefficients of TiO, surfaces as a function of
KClI concentrations are plotted in Fig. 2(d).
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Fig. 2 Wettability-regulated hydration lubrication of TiO, surfaces
in monovalent salt solutions. (a) Schematic diagram of force
measurements between probes and TiO, surfaces by the AFM.
Lateral force as a function of normal force on (b) initial TiO, and
(c) plasma-treated TiO, surfaces in pure water and KCl solutions
with concentrations of 0.01, 1, and 100 mM. The solid lines are
the linear fittings. (d) Corresponding friction coefficient on TiO,
surfaces as a function of KCl concentration. (e) Variation of
friction coefficients with concentrations of LiCl, NaCl, and CsCl
solutions on TiO, surfaces with different wettability obtained by
the linear fittings in Fig. S3 in the ESM.

Wettability-dependent lubrication was manifested
on the TiO, surfaces. The reduced water contact angles
induced higher friction on the TiO, surfaces, with
the underwater friction coefficient of approximately
0.1 for the initial TiO, and 0.2 for the plasma-treated
surfaces (Fig. 2(d)). An approximately two-fold change
of the friction coefficient in pure water was achieved
for TiO, surfaces accompanied by a shift in the contact
angle of 60°. With KCI concentrations ranging from
0.01 to 100 mM, the initial TiO, with larger contact
angles still maintained better lubrication properties
than the superhydrophilic surface.

This result was further confirmed by the tribological
characteristics of the TiO, surfaces with different
contact angles under the influence of different types
of monovalent cations, as shown in Fig. S3 in the ESM

and Fig. 2(e). Similarly, the wettability-modulated
friction of TiO, surfaces in LiCl, NaCl, and CsCl
solutions maintained the same trend as that in KCI
solution. Overall, superior hydration lubrication
properties were achieved on the TiO, surface with
poorer wettability.

3.2.2  Hydration lubrication dependent on salt concentrations

It was also evident that the wettability-modulated
hydration lubrication of TiO, surfaces varied with the
concentration of monovalent salt (KCI, LiCl, NaCl,
and CsCl) solutions. Compared to friction in pure
water, the addition of salt ions caused a decrease in the
friction coefficient for all TiO, surfaces with different
wettability. And the friction coefficient on both initial
and plasma-treated TiO, surfaces decreased with the
increasing salt concentrations, which may be related
to the increased hydration strength of aqueous
solutions. In addition, the divergence of friction between
the superhydrophilic and medium hydrophobic TiO,
surfaces gradually became less pronounced.

3.2.3  Scanning velocity dependence of frictional forces

Then we measured the variation of the frictional force
with the sliding velocity to elucidate the frictional
dissipation with different wettability of TiO,
surfaces and ionic concentrations. Figure 3 shows the
representative sliding velocity-dependent friction.
It was evident that the shear forces increased
monotonically with the logarithm of the probe sliding
velocity for TiO, surfaces under all studied conditions,
with unchanged frictional dissipative form. The
logarithmic relation between friction and velocity
well conformed to the thermally activated stick-slip
process [59-61], widely reported in boundary lubrication
studies [16], as described by Eq. (1):

Ak,T
Q

F(v,)= Inv_ + constant (1)
where kg is the Boltzmann’s constant, and T is the
absolute temperature; A and Q represent the contact
area and stress-activated volume, respectively. The
constant is linearly related to the energy potential
(AE).

The fittings to the results of friction vs. velocity
in Fig. 3 provide the intercepts, as shown in Fig. 54
in the ESM, which were linearly proportional to the
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energy barriers required to overcome during friction.
It was demonstrated that the intercepts derived from
initial TiO, surfaces were smaller than those derived
from plasma-treated TiO, surfaces under the same
load, and basically all decreased with the increased
concentrations, indicating that the more hydrophobic
TiO, and higher hydration strength of aqueous
solutions would be conducive to lower energy barriers,
and thereby lower friction dissipation.

3.3 Effects of surface forces on hydration lubrication

To further
wettability-dependent hydration lubrication on the

clarify the mechanism underlying
TiO, surfaces, we measured the force profiles to
investigate the surface interactions between silica
colloidal probes and TiO, substrates with different
wettability (Fig. 4). Figures 4(a) and 4(b) demonstrate
the typical normalized force as a function of separation
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on the initial and plasma-treated TiO, surfaces during
the approaching process in KCl solutions with
concentrations ranging from 0 to 100 mM, respectively.
The overall forces were repulsive for TiO, surfaces
with different wettability, while the repulsion on
the initial TiO, surface was weaker than that on the
superhydrophilic TiO, under the same condition.

The fittings of the normalized approaching force
curves were performed in order to quantitatively
estimate the role of interaction forces in hydration
lubrication of TiO, surfaces dependent on the wetting
characteristics and concentrations (Section S1 in the
ESM) [62-65]. Firstly, the force profiles were well fitted
by the electrostatic double-layer force at a long range
(Fig. S5 in the ESM), and the corresponding surface
potentials can be inferred. With the fitted surface
potential results of the AFM silica probe (Figs. S56(a)
and S6(b) in the ESM), the specific parameters of the
surface potentials on the TiO, surfaces with different
wettability by fittings are acquired in Table S1 and
Fig. S6(c) in the ESM. It was noted that the fitted
surface potentials of the plasma-treated TiO, surfaces
were consistently more negative than those of the
initial TiO, surfaces at different concentrations, and
the absolute values both decreased gradually with the
increasing KCl concentrations. This trend was basically
confirmed by the experimental results of zeta
potentials on TiO, surfaces with different wettability
in KCI solutions (Fig. 4(c)), which were always more
negative when measured after plasma treatment. The
discrepancy between the fitted surface potentials
based on the AFM colloidal probe technique and the
measured zeta potential was probably caused by the
surface roughness of the colloidal probe (Fig. S1 in
the ESM), the calibration error of the AFM probes
(Section 2), or external noise interference [66].

The plasma-treated TiO, surfaces with better
hydrophilicity displayed larger negative surface and
zeta potentials, thereby adsorbing more hydrated
cations on the negatively charged surfaces, which
would result in higher hydration repulsion. There
was a common consensus that the strong short-range
repulsive hydration force favored the reduction of
sliding friction between charged surfaces [11, 15-20,
67]. However, on the contrary, much poorer hydration
lubrication properties were observed on the plasma-
treated TiO, surfaces, even with stronger hydration

effects. The trend of frictional forces with wettability
in an aqueous medium completely deviated from the
trend of zeta potential magnitude. The underlying
mechanisms of wettability-dependent hydration
lubrication on the TiO, surfaces cannot be explained
by the hydration repulsion.

With the increasing aqueous salt concentrations,
electrostatic double-layer repulsions on both TiO,
surfaces were gradually screened (Fig. S5 in the ESM).
In addition to the long-range double-layer force, the
short-range contributions from both van der Waals
and hydration forces are also added (Eq. (S5) in the
ESM) to fit the overall force profiles of TiO, surfaces
(Figs. 4(a) and 4(b)). As described in Section S1 in
the ESM, the decrease in friction coefficient with the
increasing salt concentration was mainly due to the
reduced van der Waals attraction or enhanced hydration
repulsion or both. As widely reported in Refs. [18-20],
at high concentrations, sufficient hydrated cations
were adsorbed on the friction surface to provide
stronger hydration effects, and therefore low friction,
while only small amounts of adsorbed cations existed
at low concentrations. Hydration effects played a
critical role in concentration-dependent aqueous
lubrication.

On the other hand, comparing Figs. 4(d) to 4(e), the
withdrawal force profiles indicated no pronounced
variation of adhesion interactions with wetting
properties of TiO, surfaces in aqueous solutions. The
hydration lubrication performance regulated by
wettability needed further investigation.

3.4 Hydration lubrication modulated by interfacial
water structures

3.4.1 Water structures at TiO,/neat water interfaces of
varying hydrophilicity

The in-depth insights into the relationship between the
water molecule behaviors at the friction interface and
the friction properties held the key to understanding
the mechanisms of hydration lubrication. We further
probed the interfacial water structures and hydrated
layers on the charged TiO, surfaces in electrolyte
solutions at the molecular level by utilizing the SFG-VS.
The schematic diagram is depicted in Fig. 5(a). The SFG
spectra were collected at the interfaces between
aqueous solutions and the initial or plasma-treated

www.Springer.com/journal/40544 | Friction
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concentrations. (e) Intensity ratios (4,/4,) of peaks at wavenumber
of ~3,400 cm ™' to peaks at ~3,200 em L,

TiO, surfaces in the hydrogen-bonded OH stretching
region (Figs. 5(b) and 5(c), respectively).

To quantitatively analyze the intensity of SFG
peaks of TiO, surfaces with different wettability, the
spectral signal is fitted by the Lorentzian function
(Eq. (56) in the ESM), and the results are shown
in Tables S2 and S3 in the ESM. For the initial TiO,
surface with medium hydrophobicity in ultrapure
water, the SSP spectra exhibited the presence of two
~3,200 and ~3,420 cm™, being ascribed to the
strongly H-bonded water molecules (“ice-like” water)

peaks,

and the more loosely H-bonded water molecules
(“liquid-like” water), respectively. The peaks of the

plasma-treated TiO, surface were centered at ~3,200
and ~3,470 cm™.

Most strikingly, a large disparity in interfacial water
structures was identified on TiO, surfaces with different
wettability in ultrapure water. At the interface between
pure water and the initial TiO, surface, the relative
SFG intensity of the peak centered at ~3,200 cm™ (A,)
was higher than that centered at ~3,400 cm™ (A,),
indicating that the more strongly H-bonded structure
was dominating (Fig. 5(b)). In contrast, the plasma-
treated TiO, surface exhibited a stronger peak intensity
at 3,470 em™ (Fig. 5(c)). The wetting properties
effectively modulated the interfacial water structures
of the TiO, surfaces. The initial TiO, surface with
moderate hydrophobicity was dominated by the ordered
interfacial water molecules, while the superhydrophilic
TiO, surface after plasma treatment was dominated
by disordered water structures.

3.4.2 Hydrated layer structures of TiO/aqueous KClI
interfaces

Furthermore, we investigated the influence of the
hydrated ions on the interfacial water structures of
TiO, surfaces with different wettability. Figure 5(d)
exhibits the fitted peak positions, derived from the
SFG spectra at TiO,—aqueous interfaces before and after
plasma treatment, dependent on the concentrations
of KCl solutions. The peaks associated with the
strongly H-bonded water molecules moved to higher
wavenumbers (~3,300 cm™) with the addition of salts,
while other peak positions of the initial and plasma-
treated TiO, surface remained essentially unchanged
with the increasing concentrations of KCl solutions,
implying the disturbance in the ordered water by
hydration layers.

The variations of the A,/A; between the peaks at
~3,400 and ~3,200 cm™ with the ionic concentrations
are demonstrated in Fig. 5(e), which can roughly
characterize the disorder degree of interfacial water
structures. It was worth noted that the addition of
KClI resulted in the significant restructuring of water
molecules on the initial TiO, surfaces. The strongly
H-bonded water molecules covered on the medium
hydrophobic TiO, surface dominated in pure water
transformed to more loosely hydrogen-bonded water
molecules dominated in ionic solutions. Hydrated
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ions significantly enhanced the disorder of interfacial
water on both initial and plasma-treated TiO, surfaces
with an abrupt increase in A,/A;, suggesting a relatively
loosely coordinated molecular arrangement on the
hydrated layers. Such phenomenon was also supported
by Refs. [32-35, 42, 68] for addressing the role of ions
on the water structures at charged solid surfaces. The
more disordered interfacial water structures were
mainly ascribed to the adsorbed hydration molecules
on the TiO, surfaces when the ionic medium was
introduced, which provided strong hydration repulsion.
The strong enough hydration effects as hydration ion
concentrations increased played a dominant role in
superior lubrication performance. On the other hand,
the interfacial water structures of the plasma-treated
TiO, surface were always more disordered than those
of the initial TiO, surface in pure water and aqueous
salt solutions of different concentrations.

3.4.3 Hydration lubrication modulated by interfacial
water structures of TiO,

The molecular details of interfacial water provided
by the SFG measurements clarified the mechanism
underlying wettability-regulated hydration lubrication
of the TiO, surfaces, which cannot be explained on
the basis of surface forces. As reported in Ref. [39],
the enhanced disorder of interfacial water structures
significantly led to higher friction in neat water for
both the TiO, surfaces of improved hydrophilicity
and the silicon surfaces of improved hydrophobicity.
This mechanism was further confirmed by hydration
lubrication properties of TiO, surfaces of varying
hydrophilicity in aqueous salt solutions as well.
Similarly, in neat water, the superior water lubrication
performance was demonstrated on the TiO, surface
with the predominance of strongly H-bonded water
molecules. The more loosely H-bonded water structures
dominated at the superhydrophilic TiO,/neat water
interface resulted in the increased friction, even with
more negative zeta potentials, and thereby stronger
hydration repulsion. In KCl solutions with different
concentrations, the SFG spectra exhibited that the
plasma-treated TiO, always possessed a higher
proportion of disordered water than initial surfaces,
which can well explain the phenomenon that the initial
TiO, surface with larger contact angles consistently
maintained better hydration lubrication properties

than the plasma-treated surface under the same aqueous
environment. The interfacial water and hydration
layer structures played a significant role in the
tribological properties on the friction surfaces, with
more ordered water easing friction. The relationship
between lubrication and water structures was also
confirmed by Refs. [40, 41]. For example, Dhopatkar
et al. [41] revealed that the “ice-like” confined water
between two surfactant-coated surfaces facilitated
hydration forces and friction reduction. However, as
discussed in Section 3.3, hydration lubrication of TiO,
surfaces with different wettability was not resulted
from surface forces. It was preliminarily proposed that
hydration lubrication of TiO, surfaces was modulated
by the interfacial water structures, which may have
a more significant impact on hydration lubrication
than surface forces.

3.5 Mechanism of lubrication modulated by water
structures

3.5.1 MD simulations of water/TiO, interactions

There were still some issues that need to be addressed
to explore the roles of water structures on the TiO,
surfaces in lubrication properties. First, why was the
interfacial water structure on the hydrophobic TiO,
surfaces more ordered and the hydrophilic TiO, more
disordered? We utilized MD simulations to study the
interactions between water and non-hydroxylated or
hydroxylated TiO, surfaces. The structures of the first
monolayer of water molecules near the TiO, and
TiO,~OH surfaces are shown in Figs. 6(a) and 6(b),
respectively, indicating that both the non-hydroxylated
and hydroxylated TiO, surfaces can interact fully with
water and form hydrogen bonds. To further clarify the
difference between these two surfaces, the variation
of water density distribution with the distance from
different TiO, surfaces was then calculated. Different
layers of interfacial water were roughly defined
based on the peaks and minima of the water density
distribution, as shown in Figs. 6(c) and 6(d). It was
evident that the water density in the first or second
layer coordinated to the TiO, surface was much larger
than that of the TiO,—OH surface. The higher water
density may correspond to a more ordered water
structure with strong hydrogen bonds. The results
of MD simulations were well consistent with those of
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Fig. 6 Water molecules at non-hydroxylated TiO,/water and hydroxylated TiO,/water interfaces in MD simulations. Snapshots of
structures of first water layer near (a) TiO, and (b) TiO,—OH surfaces. The Ti atoms are shown in grey, O in red, and H in white. The
hydrogen bonds are marked with the light blue dashed lines. Water density distribution as a function of distance from (c) TiO, and
(d) TiO,—OH surfaces. (e) Interaction energy of water molecules/different surfaces and first monolayer water/adjacent water molecules.

the SFG spectra, where the more hydrophobic initial
TiO, surface was dominated by “ice-like” water
structures, while the superhydrophilic surface with a
large number of hydroxyl groups was dominated by
“liquid-like” water.

The molecular ordering of the water layer on the TiO,
surface has been confirmed by recent experimental
(the scanning tunneling microscopy) and theoretical
reports [28, 69]. In addition, Calegari Andrade et al. [70]
performed the ab initio molecular dynamics (AIMD)
to support orientational order of water molecules
with ice-like dynamics on the anatase TiO, surface,
and further found that the surface hydroxyls disrupt
the order with dissociation of water. As reported by
Hosseinpour et al. [71], a strong ordering of water
molecules pointed toward non-hydroxylated TiO, and
the subsequent water layers toward the bulk water.
For the hydroxylated TiO,, a negative high-frequency
SFG feature due to the hydroxyl group of chemisorbed
water molecules suggested a relatively weak donating
H-bond interaction with other water molecules.

Figure 6(e) demonstrates that much higher
interaction energy of water and the non-hydroxylated
TiO, surface (-87.86 kJ/(mol-nm?) than that of the
hydroxylated TiO, surface (-45.95 kJ/(mol-nm?)) may
be responsible for the more ordered water structure
on the medium hydrophobic TiO, surfaces. Whereas,
the interaction energy between the first monolayer
and adjacent water molecules for the non-hydroxylated
TiO, surface (-32.08 kJ/(mol'nm?)) was rather lower
than that of the TiO,~OH surface (-39.33 kJ/(mol-nm?)).

# & i
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Correspondingly, there existed smaller minima of
water density between the first and second water
layers on the TiO, surface (Fig. 6(c)), where shearing
may occur during the friction process, i.e., the shear
plane. The proposed shear plane was not obvious for
the TiO,~OH surface (Fig. 6(d)).

3.5.2  Roles of water structures in lubrication

The interfacial water structures held the key to
understanding hydration lubrication at the molecular
level. Based on the above analyses and Ref. [71], the
schematic diagrams of the arrangement of water
molecules on the TiO,~OH and TiO, surfaces are
plotted in Fig. 7(a) and 7(b), respectively. The
mechanism underlying water structure-modulated
hydration lubrication on the TiO, surfaces was
tentatively speculated to be related to the shear plane.
MD simulations demonstrated that ordered water
had stronger interaction with the TiO, surface, which
can potentially keep the fluid layer from being
squeezed out under the applied load. The shear plane
between the ordered water layer and subsequent
water layer that occurred during sliding contributed
more to the reduction of friction. For the hydroxylated
TiO, surface, the more unstable disordered water layer
and the similar interactions between solid/water and
first monolayer/adjacent water may make the shear
plane difficult to determine, which perhaps occurred
between water/water or water/solid, and thus resulted
in higher friction.
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Fig. 7 Underlying mechanism of combined contribution of interfacial water structures and hydration effects to hydration lubrication.
Schematic diagrams of arrangement of water molecules on (a) TiO,—OH and (b) initial TiO, surfaces in neat water. Perturbation effects
of hydrated ions on interfacial water structures of (c¢) TiO,—OH and (d) initial TiO, surfaces. The friction of the plasma-treated TiO,
surfaces dominated by disordered water was higher than that of the initial surfaces with more ordered water molecules, and both

decreased with higher hydration effects.

3.5.3 Contribution of hydration effects to hydration
lubrication with ionic concentrations

On the other hand, for either hydrophobic or
hydrophilic TiO, surfaces, the SFG A,/A; of disordered
to ordered water varied irregularly with the increasing
KCI concentrations from 0 to 100 mM (Fig. 5(e)). It
suggested that hydration lubrication with varying ion
concentrations cannot be explained by the interfacial
water structures. In aqueous electrolytes, the SFG
Ay/A; sharply increased, indicating that the disorder
of interfacial hydration layers improved, mainly due
to the replacement of water molecules by a few
hydrated ions. Water molecules combined with charges
to form hydrated ions, which were trapped on the
charged surfaces and caused some disturbance to the
interfacial water structures. The possible molecular
arrangements are depicted in Figs. 7(c) and 7(d). With
the increasing ionic concentration, a larger amount of
hydration molecules were absorbed on both initial
and plasma-treated TiO, surfaces, which provided
stronger hydration effects. Therefore, monotonically
decreased friction coefficients of TiO, surfaces with the
increasing salt concentrations were mainly attributed
to hydration effects.

Considering the MD simulation results and the
discussions of experimental results of the AFM friction
and SFG spectra, the underlying mechanism governing
hydration lubrication on TiO, surfaces is proposed
in Fig. 7, revealing the combined contribution of

interfacial water structures and hydration effects.
In general, a more ordered arrangement of water
molecules (TiO, wettability-dependent) and stronger
hydration effects (ion concentration-dependent) would
contribute to less friction.

4 Conclusions

In summary, we investigated the tribological properties
in aqueous electrolytes and interfacial water structures
of TiO, surfaces with different wettability by using
the AFM and SFG to elucidate the fundamental role
of water molecule behaviors in hydration lubrication.
The medium hydrophobic TiO, surfaces dominated
by strongly H-bonded water structure exhibited better
lubrication properties, while the friction of the TiO,
surface with better hydrophilicity increased, which
resulted from the dominance of loosely H-bonded
water molecules. The key to realizing low friction
with the more ordered interfacial water was mainly
the stable confined water layer with strong hydrogen
bonding and the shear plane that occurred between
the ordered water layer and subsequent water layer.
In addition, more adsorbed hydration molecules with
the increase of ionic concentrations provided increased
hydration repulsion effects, playing a significant role
in superior lubrication performance for TiO, surfaces.
This finding provides a molecular-level understanding
of the interfacial molecule structures and hydration
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lubrication and perhaps helps in various fields
including nano/microfluidics and biolubrication.
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