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Abstract: In the design and optimization of nanofluids, it is
crucial to investigate and characterize the thermal conduc-
tivity enhancement mechanisms and their influencing fac-
tors. Although the effect of the “liquid film” on the thermal
conductivity of the solid–liquid interface in nanofluids has
been extensively studied, most of the research in this area
has examined metal–water nanofluids or Ar-based nano-
fluids. In this work, non-equilibrium molecular dynamics
is utilized to explore the mechanism of thermal conductivity
enhancement in TiO2–water nanofluids. It is noted that a
distinct interfacial layer is formed within 5 Å from the nano-
particle surface. As the nanoparticle size increases, the
number density also increases, resulting in a corresponding
increase in the thermal conductivity. Moreover, adding 1%
TiO2 nanoparticles to water leads to an increase in thermal
conductivity of 1.5–3%. Notably, the interfacial layer thick-
ness remains relatively constant with the change in tem-
perature. The Materials Studio analysis results indicated
that the water molecule will have stable chemisorption on
the titanium dioxide surface with an adsorption energy of
approximately −0.96 eV. The findings of this study offer new
insights and useful information to support the selection of
nanomaterials for the preparation of convective systems.

Keywords: nanofluids, interfacial layer thickness, mole-
cular dynamics

Nomenclature

A cross-sectional area perpendicular to the heat
flux direction (m2)

E energy (kcal/mol)
EMD equilibrium molecular dynamics
F vector sum of all the interaction forces between

atoms
k thermal conductivity (W/m K)
L–J Lennard–Jones
M–A Matsui–Akaogi
m mass of the atom
MS Materials Studio
N number of particles
n number of molecules per unit volume
NEMD non-equilibrium molecular dynamics
q heat flux (W/m2)
RDF g(r) radial distribution function
r molecular spacing between particle i and particle

j (m)
T temperature (K)
V volume of the system (m3)
v velocity of the atom (m/s)

Greek symbols

ε energy constant (eV)
σ length constant (Å)
∇φ gradient of the potential function

Subscripts

f base fluid
i numbering of atom i
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j numbering of atom j
nf nanofluids
ads adsorption

1 Introduction

In various engineering applications, the cooling of high-
temperature components in heat exchange systems poses
a challenge to the effective utilization of traditional heat
transfer media. The emergence of nanofluids [1] provides a
newway to address this problem. A nanofluid is a new type
of heat transfer medium formed by adding nano-scale
metal or non-metal oxide particles to the liquid in a certain
way and proportion. In the past two decades, a large block
of theoretical investigations [2–6] and experimental studies
[7–10] have been presented, dealing with various aspects of
nanofluids and exploring the technical mechanism of nano-
fluids in enhancing heat transfer.

TiO2 is a non-toxic and corrosion-resistant inorganic
compound that is characterized by its low cost and high
photocatalysis chemical activity. Due to its stable thermal,
physical, and chemical properties, it is widely employed in
various engineering applications, including dye-sensitized
solar cells, dielectric materials, optical catalysts, gas sen-
sors, and electrochromic devices. Rutile is one of the forms
of titanium dioxide in nature, with good light scattering
and reflection properties and a high refractive index.
Rutile is non-toxic and has a chemical inertness in strong
acid or alkali environments. These appealing characteris-
tics make it one of the most stable mechanical materials. It
is worth noting that many applications of titanium dioxide
are inseparable from water, such as water treatment pro-
cesses and nanofluids.

Anomalous thermal conductivity enhancement of nano-
fluids has gained large interest from numerous researchers.
The same applies to TiO2–water nanofluids. In this regard,
many researchers have investigated the main factors affecting
the thermal conductivity of TiO2–water nanofluids [11,12],

including volume fraction, temperature, size, and shape. It
was shown that the nanofluid’s thermal conductivity increases
with an increase in the nanoparticle’s thermal conductivity
(types of nanoparticles), particle volume fraction, and system
temperature. A summary of the main parameters and results
of some experimental research evaluations dealing with the
effective thermal conductivity of TiO2–water nanofluids is pre-
sented in Table 1.

The results reported earlier highlight that, under the
same conditions, adding TiO2 nanoparticles can enhance
the thermal conductivity of the base solution. This can be
demonstrated through experiments. However, heat con-
duction is a microscopic process that is established under
the action of microscopic particle thermal motion, including
molecules, atoms, and free electrons. In terms of the enhance-
ment mechanisms of heat transport in nanofluids, four main
mechanisms have been widely used and reported in the lit-
erature: the Brownian motion of nanoparticles, the liquid
layering at the liquid/particle interface, the nature convection
of heat transport across nanoparticles, and nanoparticle clus-
tering [16].

In addition, recent studies have demonstrated that the
layering of base fluid molecules on the surface of solid
particles is one of the major mechanisms to enhance
heat transfer in nanofluids [17]. Overall, liquid molecules
can form an ordered layer structure as a shell at solid sur-
faces whose atomic arrangement is more ordered than that
of the bulk liquid. This structure is commonly known as the
interfacial layer. This concept of interfacial layer was first
reported by Choi et al., aiming to better understand the
thermal conductivity of nanofluids from a microscale per-
spective [18]. It is noted here that the thickness of the inter-
facial layer plays a primary role in heat transfer occurring
from the solid to the surrounding liquid [19]. Due to the very
large specific surface area of nanoparticles, the interfacial
layer plays a major role in the heat transfer process from
nanoparticles to the base fluids. Additionally, the upper limit
for the particle-layered liquid structure is estimated by
assuming that the thermal conductivity of the interfacial
liquid layer is the same as that of the solid [16]. However,

Table 1: Some experimental research results of the effective thermal conductivity of TiO2–water nanofluids

Ref. Nanofluids Nanoparticle size (nm) Temperature (°C) Volume loading (%) knf/kf

Saleh et al. [11] A-TiO2–H2O 33 15–50 0.05–5 1.02–1.215
Pak and Choi [12] A-TiO2–H2O 27 Room temperature 0.99–4.35 1.034–1.108
Zhang et al. [13] TiO2–H2O 40 Room temperature 1.2–2.6 1.036–1.054
Yoo et al. [14] TiO2–H2O 25 Room temperature 0.1–1 1.1–1.145
Setia et al. [15] TiO2–H2O — 25 0.5–0.75 1.016–1.025
The current work r-TiO2–H2O 20 30–60 1–2 1.01–1.042
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the size of the interfacial layer is too small, and thus,
its existence cannot be observed through experiments. To
address this, molecular dynamics (MD) is presented as a set
of molecular simulation methods that mainly rely on New-
tonian mechanics to simulate the motion of molecular sys-
tems. With its advantages and simulation capabilities, MD
has been implemented in many applications [20–24].

Based on their investigation, Israelachvili [25] reported
that the intermolecular forces existing between the par-
ticle surface and the liquid are van der Waal’s and Cou-
lombic forces. These forces operate over a very short
distance, forming the interfacial layer. In another study,
Cui et al. [17] studied the effects of the nanoparticle shape, size,
and material type on the microstructure of the liquid–solid
interface absorption layer. Additionally, multiple MD simu-
lations were performed considering Cu–Ar, Au–Ar, Ag–Ar,
and Fe–Ar nanofluids. In this regard, several local regions
of atom density and energy maldistribution were high-
lighted in the base fluid due to the addition of the nano-
particles. Moreover, it is noted that the number density of
Ar atoms near the nanoparticles is larger than that of the
atoms in the base fluid. This may be responsible for the
abnormal enhancement in the thermal conductivity of
nanofluids. Also, Kang et al. [26] examined the relative
density of the fluid around nanoparticles. They reported
a solid-like liquid layer with a thickness of 0.6 nm on the
surface of the nanoparticles. In this layer, the fluid density
is about 20–40% higher than the density of the base liquid.
In Kang et al.’s study [26], the MD simulation results were
compared against the results obtained by implementing
the conventional effective media theory. It was shown
that nanoparticle size has little effect on the enhancement
of the thermal conductivity of nanofluids when consid-
ering a specific nanoparticle diameter range. In another
study, Li et al. [27] examined the effect of the molecular
layer at the liquid–solid interface on the thermal conduc-
tivity of nanofluids using equilibrium MD simulations. In
their work, the position of the nanoparticle was monitored,
as were the liquid atoms around the nanoparticle. On this
basis, a liquid molecular layer with a thickness of approxi-
mately 0.5 nm was highlighted. This layer moves with the
Brownian motion of the nanoparticle. By analyzing the
density distribution of the liquid atoms around the nano-
particle, it is found that with a relatively larger nanopar-
ticle diameter, more Ar atoms will be attracted to form the
interfacial layer. Liang and Tsai [28] have demonstrated
that the thermal conductivity of the interfacial layer with
a thickness of 1 nm is 1.6–2.5 times higher than that of the
base fluid.

According to the review of studies and research results
presented earlier, it is noted that the base fluid molecules

are absorbed to form an ordered and denser nanolayer
around nanoparticles. This layered structure, which is
similar to a solid-phase shell, encloses the surface of nano-
particles. This is regarded as one of the major reasons
behind enhancing the thermal conductivity of nanofluids.
However, there are two major gaps in the existing litera-
ture. The first issue is the use of argon as the base liquid,
which is not practical in engineering applications. Second,
when employing water-based nanofluids, metal particles
are easily oxidized. On the other hand, rutile TiO2 nano-
particles are more stable in water-based nanofluids. These
particles are less susceptible to deterioration due to oxida-
tion and have a longer service life than metal nanoparti-
cles. Therefore, rutile TiO2–water nanofluids are selected
as the research object in this study. The effect of tempera-
ture and nanoparticle size on the interfacial layer thick-
ness of TiO2–water is studied in this work by combining
MD and Materials Studio (MS) analysis.

2 Simulation methodology

2.1 MD model

The MDmethod is a practical numerical simulation approach
based on Newtonian mechanics. It is mainly used to simulate
the motion of molecular systems and evaluate the motion
state of atoms in the system through numerical simulations.
The mass and velocity of atoms are calculated in the simula-
tion system using the following equation [29]:

= = ∇m

v

t

F φ

d

d
,i

i

ij ij
(1)

where mi and vi denote the mass and velocity of the atom,
respectively. Fij is the vector sum of all the interaction
forces between atoms i and j, and ∇φ

ij
is the gradient of

the potential function.
Furthermore, the large-scale atomic/molecular mas-

sively parallel simulator (LAMMPS) [30] is a classical MDs
code with a focus on material modeling. It has the potential
to be applied to solid-state materials (metals, semiconduc-
tors), soft matter (biomolecules, polymers), and coarse-
grained or mesoscopic systems. LAMMPS can be used to
model atoms or, more generally, adopted as a parallel par-
ticle simulator at the atomic, meso, or continuum scale. In
this work, this simulator is employed to simulate TiO2–

water nanofluids. The simulations are carried out consid-
ering a canonical ensemble NVT with a certain particle
number N, volume V, and temperature T in the system,
and a microcanonical ensemble NVEwith a certain particle
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number N, volume V, and energy E in the system. The NVT
ensemble is used for relaxation and heating, and the NVE
ensemble is used for data collection and thermal conduc-
tivity calculation. In this work, a simulation box with
dimensions of 60 Å × 60 Å × 60 Å is used to release water
molecules and TiO2 nanoclusters. The TiO2 nanocluster
from MS is placed in the middle of the cube. Table 2 lists
the different structural parameters used in the establish-
ment of the simple point charge (SPC) water model. Addi-
tionally, Figure 1 presents the SPC water model and the
TiO2 nanoparticle model. Figure 2 depicts the structure of
TiO2 nanoparticles and water molecules, as well as the
respective initial positions in the simulated system.

Moreover, the Matsui–Akaogi (M–A) potential [31] is
used to describe the interatomic potentials between Ti–O,
Ti–Ti, O–O, and Ti–Ow, and it is represented as follows:
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where ( )U rij denotes the interatomic potential of atoms i
and j, and rij represents the distance between atoms i and j.
In this evaluation, the atomic charges of O and Ti are
−1.098e and + 2.196e, respectively. The interaction para-
meters A ρ,ij ij

, and Cij used in the M–A potential function
are presented in Table 3.

In the SPC water molecular model, the interatomic
potentials between Ow–Ow, H–H, and Ow–H are modeled
using the Lennard–Jones (L–J) potential [32] and can be
represented as follows:
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where rij is the distance between atoms i and j. σij and rij
represent the energy and length scales, respectively. rc is

the cutoff distance, selected as 1.0 nm in this investigation
for all intermolecular interactions. The interatomic poten-
tial between O–Ow is also modeled using the L–J potential
[33]. On the other hand, the interaction between hydrogen
atoms is neglected because of their respective small masses.
On this basis, it is assumed that the interaction between
different atoms and H2O is primarily represented by an
interaction between the atoms and oxygen.

In the conducted simulations, the time step was set to
1 fs in the non-equilibrium molecular dynamics (NEMD)
simulation box, and the long-range Coulomb forces were
calculated to reflect the long-range interactions of the mole-
cules. Additionally, periodic boundary conditions were set
in the x, y, and z directions of the considered system to
reduce the effect of the simulated box size. To eliminate
the impact of the initial conditions on the simulation results,
the model was completely relaxed under the canonical
ensemble (NVT) using a Nosé–Hoover thermostat and the
microcanonical ensemble (NVE) for 100,000 steps. This
allows for achieving a stable temperature and energy
state. Then, this obtained energy was added to the cold
source and heat source regions. The simulation box was
run for 70,000 steps under NVE to generate a stable tem-
perature gradient and a corresponding heat flow parallel
to the y-axis. Finally, the NEMD simulation box was run
for another 100,000 steps to calculate the TiO2–water
nanofluid parameters under the NVE. Implementing the
aforementioned steps, the thermal conductivity k can be
calculated using Fourier’s thermal conductivity law, com-
bining the following equation:

= −q k

t

y

d

d
.

y
(4)

Figure 3 shows the influence of the step size on the
system temperature, kinetic energy, potential energy, and
total energy, considering a temperature range of 303–333 K.
It is noted that the system arrives at an equilibrium state
within less than 100,000 steps. So, the system is considered

Table 2: Structural parameters used in the establishment of the SPC
water model

Parameter Value Unit

O mass 15.9994 g/mol
H mass 1.008 g/mol
O charge −0.820 e
H charge 0.410 e
OH bond r 1.0 Å
HOH angle θ 109.47 °
L–J epsilon for O–O (εOO) 0.1553 kcal/mol
L–J sigma for O–O (σOO) 3.166 Å
L–J epsilon for H–H (εHH), O–H (εOH) 0 kcal/mol
L–J sigma for H–H (σHH), O–H (σOH) 0 Å
Coulombic cutoff (rc) 10 Å

Figure 1: Illustration of the SPC water model. (a) H2O molecule, and (b)
TiO2 nanocluster.
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stable before calculating the thermal conductivity by run-
ning 100,000 steps under the NVT.

2.2 Adsorption configuration of water
molecules on TiO2(110) surface

2.2.1 Surface energy

As presented in the authors’ previous studies dealing with
TiO2–water interfaces, the rutile-(110) surface was cut from
bulk rutile with lattice vectors a0 = b0 = 4.594 Å and c0 =

2.959 Å (group name P42/mnm). On this basis, the stability of

the surfaces is in the decreasing order 110 > 100 > 101 for
rutile [34]. Additionally, the calculation results reported by
Ramamoorthy and Vanderbilt have indicated that the (110)
surface has the lowest energy due to the low density of
dangling bonds on this surface [35]. Based on these find-
ings, it was demonstrated that the rutile-(110) is stable, with
considerable experimental data available.

In this study, the computational results were generated
using MS. The generalized gradient approximatedensity func-
tional theory using the Perdew–Burke–Ernzerhof exchange–
correlation function was employed to describe the electronic
exchange and correlation effects. Additionally, the plane-wave-
pseudopotential scheme was used with ultrasoft pseudopoten-
tials. First, the rutile-TiO2 bulk parameters were optimized to
establish the (110) surface and evaluate the modeling accuracy.
In this regard, different sets of k-points and energy cutoffwere
considered to achieve the aforementioned ends. It is worth
noting here that the rutile bulk unit cell is tetragonal with
a = b = 4.594Å, c = 2.959 Å, internal parameter x = 0.3048,
and c/a = 0.644. Using a 3 × 3 × 3 Monkhorst–Pack mesh
corresponding to 25 k points in the first Brillouin zone, along
with a 680 eV cutoff, the following optimized parameters were
obtained: a = b = 4.60651 Å, c = 2.9584 Å, internal parameter x =
0.3045, and c/a = 0.642. It was shown that those parameters are

Figure 2: Schematic of the simulation box using NEMD. (a) The initial position of the TiO2 nanocluster, and (b) simulation box.

Table 3: Interaction parameters for the M–A force field on TiO2 and
water oxygen

i–j Aij (kcal mol−1) ρ
ij
(Å) Cij (kcal mol−1 Å6)

Ti–O 391,049.1 0.194 290.331
Ti–Ti 717,647.4 0.154 121.067
O–O 271,716.3 0.234 696.888
Ti–OW 28,593.0 0.265 148.000
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close to the experimental data reported and are in linewith the
findings of previous theoretical works, as presented in Table 4.
On this basis, the obtained parameters will be used in the
subsequent calculations in this study. Furthermore, the rutile-
(110) surface was cut for charge compensation to yield a non-
polar and dipole free surface [36,37]. It should be noted that
all the calculations were performed while neglecting spin
polarization and metallization [38]. Also, the positions of all
atoms in the supercell were optimized by adopting a conju-
gate gradient optimization algorithm. The optimized lattice
parameters obtained in this work are listed in Table 4.

Furthermore, Figure 4 depicts the atomic structure of
the r-TiO2(110) surface. In the figure, O atoms are shown in
red and Ti atoms are shown in gray. Ob denotes a bridging
oxygen, O3c represents a three-coordinated surface oxygen,
Ti5c is a penta-coordinated surface Ti atom (a lone coordi-
natively unsaturated site [CUS]), and Ti6c denotes a hexa-
coordinated Ti atom. In the bulk, the Ti and O ions are
sixfold and threefold coordinated, respectively. At the

surface, this coordination is reduced, and the 110 surface
is characterized by the presence of rows of twofold-coor-
dinated bridging O ions parallel to the fivefold-coordinated
Ti atom, as represented in Figure 4. Additionally, the 110
surface consists of multiple bridging oxygen atoms bonded
to a hexa-coordinated Ti atom (Ti6c), as well as a three-
coordinated oxygen (O3c) bonded to Ti5c and Ti6c atoms.
The surface termination produces CUS, which differ in
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Figure 3: Variation in the system parameters with the step size. (a) Temperature, (b) kinetic energy, (c) potential energy, and (d) total energy.

Table 4: Optimized rutile lattice parameters (in Å)

Work a c x c/a

Experimental data [39] 4.587 2.954 0.305 0.644
GGA(PAW) [40] 4.649 2.972 0.304 0.640
GGA(PW) [41] 4.651 2.964 0.307 0.637
GGA(LCAO) [41] 4.627 2.981 0.305 0.644
MS 4.594 2.959 0.3048 0.644
The current study 4.60651 2.9584 0.3045 0.642
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charge from the bulk rutile. From a stoichiometric point of
view, the 110 surface would be charge neutral because of
the formal ionic charges of +4 and −2 for the Ti and O ions,
respectively. From a more covalent point of view, the 110
surface is created by a cleavage of the crystal in which the
minimum possible number of bonds has been broken [42].

In addition, it was shown that the surface energy for the
unrelaxed slabs, which are the atoms in the bottom layers
fixed at the bulk positions, converges very fast with the
increase in the slab thickness [42]. In this study, the conver-
gence of the surface energy is tested by MS. Figure 5 pre-
sents the test results of the unrelaxed TiO2(110) surface
energy with the increase in slab thickness.

2.2.2 Adsorption configurations

Figure 5 shows that the surface energy experiences strong
odd-even oscillations with the increase in the number of

layers in the slab, where a very large number of layers is
required to obtain well-converged results. Similar oscilla-
tions have been reported previously in some studies in the
literature [40,42] and are also highlighted in the plots of
water adsorption energy. Moreover, Figure 5 highlights
that the surface energy becomes more and more stable
with more layers. In this regard, for even layer numbers until
the tenth layer, the surface energy value is close to that of the
second layer. Previous theoretical studies reported a slow con-
vergence of the surface energy and other surface properties
with the number of layers in r-TiO2(110) surfaces [40,42,43]. On
the other hand, experimental data is available only for the
atomic structure of r-TiO2(110) in connection with the atomic
positions in the first two layers [44]. Thus, to simplify the
investigated system and facilitate the calculations, two layers
are considered for examination in this study. The rutile-(110)
surface wasmodeled employing a periodic supercell approach
with a top value of 0.391. Each supercell contains a rutile (110)-
4 × 2 slab in contact with a vacuum layer of thickness of 15 Å.

Figure 4: Atomic structure of the r-TiO2(110) surface. (a) Front view of r-TiO2 (110), and (b) planform r-TiO2 (110).
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Figure 6: Adsorption configurations of water molecules on the TiO2(110) surface.
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Figure 6 presents the adsorption configurations of a water
molecule on the r-TiO2(110) surface, with the hydrogen bonds
represented by black dashed lines.

3 Results and discussion

3.1 Number density

Prior to determining the number density in the TiO2–water
nanofluid systems, a verification of the simulation accu-
racy and stability was conducted considering a pure water
system using the MD method. As shown in Figure 7,
through relaxation, water molecules are uniformly distrib-
uted, and the temperature gradient is stable in the simu-
lated nucleus. The simulation results of a pure water
system are shown in Figure 8(a). Compared to the experi-
mental data reported by Yang and Tao [45], the simulation
results have a maximum error of about 2.3%. Thus, it is
noted that the simulation results are satisfactory. After
validation, the number density distribution of water mole-
cules in the simulation box was computed to evaluate the
microscopic mechanism of heat conduction enhancement.
The thermal conductivity calculation results of titanium–

water nanofluids are presented in Figure 8(b). It is noted
that adding 1% titanium dioxide nanoparticles to water
results in an increase in thermal conductivity of 1.5–3%.
It is worth noting here that the number density is defined
as the number of particles per unit volume and can be
calculated as follows:

=n

N

V

, (5)

where N and V represent the number of water molecules
and volume of the calculated region, respectively. n indi-
cates the degree of quantity of water molecules in the
studied region. To better characterize the number density
at different positions from the surface of the nanoclusters,
the distance from the nanoclusters’ center to the simula-
tion box was evenly divided into 50 parts along the y-axis.
Figure 9(a) presents the number density curves for r = 8 Å
(volume fraction, 1%) and r = 10.1 Å (volume fraction,
2%). Also, Figure 9(b) shows the variation in the number
density with temperature. The results highlighted that the
number density has similar characteristics at different
radii. Overall, the calculation results obtained in this
work are consistent with those reported by Heyhat [33].
When moving away from the surface of the nanoclusters,
the number density tends toward a constant value of
33.3 nm−3. Additionally, two distinct interfacial layers are
formed around the central nanosphere with a thickness of
about 5 Å. This finding is also similar to the results
reported in a previous study in the literature [33].
Furthermore, it is noted that the maximum number
density value is linearly related to the nanoparticle
size, where the higher the number density, the denser
the structure. This is conducive to the heat transfer pro-
cess. It is shown in Figure 9 that the thickness of the
interface layer does not change significantly with the
increase in temperature or with the increase in nano-
particle size. These findings are in line with previous
research results [46], as presented in Figure 10.
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To fully understand and characterize the interaction
between nanoparticle surfaces and water molecules, there
is a need for further research to investigate the intrinsic
mechanistic aspects. In this case, the radial distribution
function (RDF) can be used, which represents the prob-
ability of finding a particle at a distance r from the central
particle. Figure 11 presents the RDF curves of the rutile
TiO2–water nanofluid. From Figure 11, two distinctive peaks
can be noted. The first peak highlights that the interaction
between Ti–Ow is closer (approximately 2.3 Å, g(r) = 1.1).

The second peak represents the interaction between O–Ow

(approximately 3.1 Å, g(r) = 1.3). As shown in the figure, the
interaction between O–Ow is stronger than that between
Ti–Ow. Meanwhile, the RDF curves reported provide a
good explanation and characterization of the behavior
and properties of the nanofluid. This includes the trend
of “short-range order,” “long-range disorder,” and finally
approaching a constant. This also explains the little var-
iation in the thickness of the nanolayer with the size of
the nanoparticles.
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Figure 8: Thermal conductivity calculation results. (a) Pure water, and (b) TiO2-water nanofluids of 1%.
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Figure 9: Variations in the number density and atomic surface distance with the nanoparticle size and temperature. (a) Nanoparticle size, and (b)
temperature.
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3.2 Adsorption energy

To explain the small variation in the number density with
the change in temperature within the studied temperature
range (30–60℃), an evaluation of the adsorption types of
water molecules on the surface of TiO2(110) was carried out
in this work. As shown in Figure 6, there are a total of nine
adsorption configurations formed for water molecules in
this study. The adsorption energy Eads can be calculated
using equation (6) [47], where all three energies in the
equation can be obtained by MS. The calculation results
are presented in Figure 12.

[ ( )] [ ( )] [ ]= + − −E E E EH O TiO 110 TiO 110 H O .ads 2 2 2 2 (6)

Figure 9 highlights that the number density and thick-
ness of interfacial layers are not consistent with the varia-
tion in temperature. Thus, the adsorption characteristics of
water molecules on the surface of the TiO2 nanocluster
were examined in this section. As shown in Figure 12,
seven of the nine established adsorption configurations
(shown in Figure 6(a)–(i)) for water molecules have adsorp-
tion energies in the range of [−0.94 and −0.96 eV]. According
to the Gibbs free energy concept, negative reaction energy
indicates that the reaction can occur freely. In this regard,
the more negative the adsorption energy, the more stable the
adsorption process. According to the calculation results, all
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Figure 10: Variations in the interfacial layer thickness with the nano-
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Figure 13: Electron distribution map after adsorbing water molecules.
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nine adsorption configurations belong to the chemical adsorp-
tion type. Therefore, the adsorption of water molecules on the
surface of the TiO2 nanocluster is found to be stable. Consid-
ering the third configuration as an example, Figure 13 shows
that the watermolecule and surrounding atoms, such as Ti and
O atoms, have an overlap and an exchange of electron clouds.
On this basis, it is further demonstrated that the two belong to
a chemical adsorption type. Overall, compared to physical
adsorption, chemical adsorption is considered more stable.
In the temperature range of 30–60℃, the number density is
found to experience a limited variation with the change in
temperature. This is because the temperature is not sufficient
to provide the needed energy for water molecules to detach
from the TiO2 surface at this stage.

4 Conclusions

In water-based nanofluids, rutile TiO2 nanoparticles are
generally more stable, less susceptible to deterioration due
to oxidation, and have a longer service life than metal nano-
particles. Therefore, rutile TiO2–water nanofluids were exam-
ined and investigated in this study. MD simulations were used
to investigate the variation in the interface layer thickness in
TiO2–water nanofluids. An evaluation was carried out to
assess the impacts of the nanocluster size and temperature
on the interface layer thickness. Additionally, the adsorption
energy of the interaction betweenwater and titanium dioxide
was reported and analyzed. Based on the findings of this
work, the main conclusions are as follows:

The thickness of the interface layer does not increase
with the increase in the size of the nanocluster. This is
opposite to the variation trend in the number density.
This indicates that there is a limited interaction distance
between Ti–Ow atoms and O–Ow atoms on a nanocluster
surface of less than 5 Å. Meanwhile, the RDF curves pro-
vide a good explanation and characterization of the beha-
vior and properties of the nanofluid. This can be described
as “short-range order,” “long-range disorder,” and finally
approaching a constant.

As the size of the nanocluster increases, the number of
surface atoms also increases. This allows for more water
molecules to be adsorbed. Therefore, the number density
increases with the increase in nanoparticle size. At the
same time, the thermal conductivity increases by approxi-
mately 1.5–3% at a volume fraction of 1% compared to the
case of water alone.

Within the temperature range investigated in this
work, it was shown that the thickness of the interface layer
varies a little with the change in temperature. The MS

analysis carried out demonstrated that water molecules spon-
taneously undergo chemical adsorption on the TiO2(110) sur-
face with an adsorption energy of around −0.96 eV. At this
stage, it was noted that the considered temperature range
cannot provide sufficient energy to allow the water molecules
to detach from the surface of TiO2. This, in turn, results in a
small change in the number density with the increase in
temperature.

Nanofluids, as a newly developed heat transfer medium
in the past two decades, still suffer from major problems
that need to be studied in depth. One of the key challenges is
the absence of suitable researchmethods and algorithms for
evaluation. For instance, one approach could be the imple-
mentation of metaheuristic-based algorithms in the learning
of fractional-order memristive neural networks.
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