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Abstract

With the development of microelectronic devices and the miniaturization of energy
systems, thermal management at the nanoscale has become increasingly important. For
instance, reducing the interfacial thermal resistances (ITRs) can prevent devices from
overheating, whereas increasing the ITRs enables microdevices to maintain stable
operation under extreme temperature conditions.

The solid-liquid (S-L) ITR is a critical factor influencing nanoscale heat transfer
processes. The S-L ITRs of flat surfaces primarily depend on factors such as wettability
and liquid pressure in the experimental and molecular dynamics (MD) studies. The S-L
ITRs of flat surfaces can be measured using both experimental and MD methods.
However, it is important to explore the relationship between the S-L ITRs of flat surfaces
and those of nanostructure surfaces, which would facilitate the design of heat transfer in
nanostructure surfaces by enabling the evaluation and prediction of the S-L ITRs, thereby
reducing the computational and experimental costs of MD simulations and experiments
for nanostructure surfaces.

The objectives of the present study are to evaluate the ITRs of nanostructure surfaces
using MD simulations, to predict the ITRs of nanostructure surfaces through thermal
circuit models (TCMs) in nanoscale heat transfer, and to assess the feasibility of
employing the coarse-grained (CG) water model as a replacement for the simple point
charge/extension (SPC/E) water model in the fields of ITR evaluation based on MD
simulations and TCMs.

To evaluate and predict the S-L ITRs of nanostructure surfaces, the relationship between
the S-L ITR and the density depletion length (DDL) on nanostructure surfaces was
investigated using the CG and SPC/E models in copper (Cu)-water and Cu-graphene-
water systems, employing non-equilibrium molecular dynamics (NEMD) simulations;
Six TCMs were proposed to predict the ITRs of nanostructure surfaces. The TCMs A and
B were established under the assumption that there was no energy transfer between water
and the nanopillar sidewalls; the TCMs C and D assumed that heat transfer between the
water and the solid walls occurred under analogous temperatures of the nanopillar
sidewalls and groove bottom surfaces; the TCMs E and F were analogous to TCMs C and
D, considering the temperature difference of the nanopillar sidewalls from that of the
groove bottom surfaces. TCMs A, C, and E utilized the thermal conductivities of solids
and liquids calculated from MD simulations, while the other TCMs employed
experimental and empirical thermal conductivities.

The findings obtained in this dissertation are summarized as follows. The ITRs between
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the groove bottom surface and water near the top nanopillar surface could be correlated
with the DDL. The DDL could effectively be related to S-L ITRs, even on nanostructure
surfaces, including the Wenzel and Cassie-Baxter states. Regardless of water models, the
DDL depended on water pressure, surface wettability, and surface roughness. The TCMs
C to F could reasonably predict the ITRs in the Wenzel state on nanostructure surfaces,
especially the TCMs E and F show good performance in predicting ITRs of nanostructure
surfaces. Considering the energy transfer between the nanopillar sidewalls and water, the
TCMs C to F could also approximately predict the ITRs of nanostructure surfaces in the
Cassie-Baxter state. Regarding the influence of water molecular models, the CG model
could replace the SPC/E water model for the qualitative evaluation of S-L ITRs. The
composite surface slightly weakened the accuracy of TCM predictions in the Wenzel and
CB states because the graphene coating affected the distribution of the energy exchange
ratio between the nanopillar sidewalls and the liquid. The ITR of flat surfaces can be used
to evaluate and predict the ITRs of nanostructure surfaces through the proposed TCMs,
providing thermal design and safety guidance for heat transfer and heat dissipation at the
interfaces between nano and micro-devices, thus saving experimental and computational
costs substantially.
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Nomenclature

<> Ensemble average

Agg Area of the graphene in the x-y plane

Aflat Area of a flat surface in the x-y plane

Ang Area of a groove bottom surface in the x-y plane

Anp Area of a top nanopillar surface in the x-y plane

A Local area in TCMs, the component of Aqa

As Local area in TCMs, the component of Aga

Aq Coefficient of an exponential curve

aa Coefficient of a linear fitting function

bb Coefficient of a linear fitting function

Ceg Parameter of the CG water model

Chniss Number of missing carbon atoms

Crot Total number of carbon atoms

Clong Energy-conversion constant

Cvpos’ Normalization coefficient of the vibrational density of states
damp Damping factor (custom coefficient)

deg Parameter of the CG water model

dfct Defect concentration

dz Slab size in the z-direction

DDL Density depletion length

Eeold Cumulative energy in cold walls

Ehot Cumulative energy in hot walls

E;REBO REBO energy

E; Total energy of atom 1

Ep Embedded energy

Eot Total energy

Egys System energy

Ebath External energy

F Total force

F. A conservative force term

Fr Frictional resistance or viscous damping

F: Force generated by the random collision

Fia Force of 14 particle in the x-, y-, or z-direction under pairwise and bonds
F2a Force of 2,4 particle in the x-, y-, or z-direction under pairwise and bonds
F3a Force of a particle in the x-, y-, or z-direction related to angles
Fip Force of 14 particle in the different direction of Fi, under pairwise and bonds
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Fap Force of 2,4 particle in the different direction of F», under pairwise and bonds
F3p Force of a particle in the different direction of F, related to angles
ﬁi Force of particle i with vector

ﬁij Pairwise force of particle i and j with vector
fa(r) Force interactions of the CG water model

fe(r) Cutoff function of the CG water model

fr(r) Repulsive function of the CG water model

H System Hamiltonian

Int Positive integer

K Kinetic energy

keg Thermal conductivity of graphene

kg Boltzmann constant

Kcu-exp Thermal conductivity of Cu by experiments
kcu-mp Thermal conductivity of Cu by MD simulations
Kiig-exp Thermal conductivity of water by experiments
Kiig-MD Thermal conductivity of water by MD simulations
L Liouville operator

L Local size in the x-direction, the component of L
L, L-L,

Lcu Thickness of the Cu nanopillar

Lgroove Width of the groove in the x-direction

Lnano Thickness of liquid in the groove

Ler Contact region thickness

Leg Thickness of the graphene coating

Legro Lgro=2Lgroove

Lpiitar Nanopillar width

L Original water thickness in the groove

Lx Size of a simulation box in the x-direction

Ly Size of a simulation box in the y-direction

Lz Size of a simulation box in the z-direction

| Cases of fast force

Lgiw Cases of slow force

M Mass

Meg Parameter of the CG water model

m; Mass of a particle i

N Number of particles, etc.

Neg Parameter of the CG water model

nd Coefficient of exponential curves

overlap Overlap of the vibrational density of states
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P Pressure

Piot Total water pressure in the x-, y-, or z-direction

pi Conjugate momentum

Pi First-order partial derivative of p;

Q Rate of heat flow

Qc Local rate of heat flow in substance C

Qp Local rate of heat flow in substance D

Qflat Rate of heat flow on a flat surface

Q1 Local rate of heat flow, the component of Qgat

Q2 Local rate of heat flow, the component of Qgat

Qn Rate of heat flow on a nanostructure surface

q Heat flux

Jn Heat flux of a nanostructure surface

qc Charge of a particle

qi Cartesian coordinates

o First-order partial derivative of g;

R Thermal resistance

Reg-a Equivalent thermal resistance of model A

Req-B Equivalent thermal resistance of model B

Reqc Equivalent thermal resistance of model C

Reqp Equivalent thermal resistance of model D

Req-E Equivalent thermal resistance of model E

Reqr Equivalent thermal resistance of model F

Rgg Internal thermal resistance of graphene

Rs.g Local thermal resistance between the Cu and graphene

Rs.ig* Representative of the local thermal resistance, such as Rs.iiq1

Rs.iig1 Local thermal resistance between the top nanopillar surface and water
Rs.iig2 Local thermal resistance between the groove bottom surface and water
Rs.tig3 Local thermal resistance between the nanopillar sidewalls and water
Rs-tiga Same as Rs.lig3

Rs.iigs Local thermal resistance between the graphene coating and the water
Rs-iigs Same as Rs.iigs

Rcu Internal thermal resistance of Cu

Reu* Reuw=0.5Rcy

Riig Internal thermal resistance of liquid

Riig* Riig»=0.5Riiq

Ry Local thermal resistance of a flat surface for the area of A,

R Local thermal resistance of a flat surface for the area of A

Reg-12 Equivalent thermal resistance of R¢ and Rp
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R, Rs.iiq1 and Reyx
R Riig
R3 Ry
R4 Rs-igz and Riig=
Parallel thermal resistance composed of Rs.ig3 and Rs.jigs in Cu-water systems,
Ro and composed of Rs.iig3, Rs-lig4, Rsligs, and Rs.iigs in Cu-graphene-water systems
Rc Local thermal resistance of the substance C
Rp Local thermal resistance of the substance D
Ritat Thermal resistance of a flat surface
Ras Local thermal resistance of the substance A
Ras Local thermal resistance of the substance B
R Radius of the approximated circle
Tc Cutoff radius
"] Position of a particle i
I Position of a particle i with vector
Tla Position of 14 particle in the x-, y-, or z-direction under pairwise and bonds
2a Position of 2,4 particle in the x-, y-, or z-direction under pairwise and bonds
I3a Position of a particle in the x-, y-, or z-direction under angles
Iib Position of 14 particle in the different direction of 11, under pairwise and bonds
2b Position of 2,4 particle in the different direction of 12, under pairwise and bonds
I3b Position of a particle in the different direction of r3, under angles
tij Distance between atoms i and atoms |
Fi]- Distance with vector between atoms i and atoms
Sseg Area of the segment of a circle
Sxx Stress in the x-direction
Syy Stress in the y-direction
Sz Stress in the z-direction
t Time
T Temperature
Tc Temperature of cold sources
Ty Temperature of hot sources
T Temperature of liquid near the surface of cold walls on a flat surface
Tvi Water temperature near the top nanopillar surface
T Water temperature near the groove bottom surface
Ts Temperature of a solid surface on a flat surface
Tsi Solid temperature at the groove bottom surface
AT Temperature difference and temperature jump
ATy Temperature jump, Tr2-Tsi
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AT

Temperature jump, Tri-Tsi

AT 1t Temperature jumps between liquid and solid surfaces on a flat surface
ITR Interfacial thermal resistance

ITR¢ ITR of a nanostructure surface calculated by Tt

ITR f1at ITR on a flat surface

ITRMmp ITR of a nanostructure surface calculated by T

ITRwn Same as the ITRmp

TR Internal thermal resistance of the liquid and solid

U Potential energy

V(t) Velocity autocorrelation at time t

VDOS Vibrational density of states

VDOS(t) VDOS of graphene

VDOSg(t) VDOS of water

v Volume

v Velocity

Va Velocity in the x-, y-, or z-direction

Vb Velocity in the different directions of v,

Vi Velocity of a particle i

Vi Velocity with a vector of a particle i

vol Volume in a slab region (dzxLxxLy)

o Interaction strength in the Lennard-Jones potential function
Beg a parameter of the CG water model

r Phase space

) Root mean square error

€ Parameter of Lennard-Jones potential function

& Parameter of atom i in the Lennard-Jones potential function
€ Parameter of atom j in the Lennard-Jones potential function
€jj Parameter between atoms i and j based on the Lorentz-Berthelot combining rule
€ Dielectric constant

0 Angle of a sector at a circular point

A3 Parameter of the CG water model

p Density

pr° Bulk densities of the liquids

ps Bulk densities of the solids

pi(z) Densities of the liquid along the z-direction

ps(z) Densities of the solids along the z-direction

Pp Atomic electron density

c Parameter of Lennard-Jones potential function

Gi Parameter of atom i in the Lennard-Jones potential function

X




O;j Parameter of atom j in the Lennard-Jones potential function
Gjj Average value of the parameter between c; and o;

Dop Pairwise potential function between the particles o and f3

4 Definition of surface roughness

® Frequency

At Interval time

Yeg Parameter of the CG water model

8o Parameter of the CG water model
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1. Introduction

1.1 Backgrounds

1.1.1 Scientific and industrial backgrounds

As well known, when two substances of different temperatures interact at interfaces, heat
transfer occurs in accordance with the principles of thermodynamics, moving from the
region of higher temperature to that of lower temperature. Heat flow is transferred through
heat carriers such as phonons and electrons at the interfaces between different materials,
causing interfacial thermal resistances (ITRs) due to a discontinuous interface, as shown
in Figure 1.1, which concerns the solid-liquid (S-L) interface.

The initial study of Cu and liquid helium II demonstrates the relatively large S-L ITR
phenomenon|[1]. Kapitza resistance [2] at S-L interfaces between liquid helium and solid
was extensively studied and attracted great attention in the 1940s. Kapitza resistance is
also referred to as ITR and thermal boundary resistance (TBR). Then, the acoustic
mismatch model (AMM) and diffuse mismatch model (DMM) are put forward to explain
the ITR phenomenon[3, 4] over half a century. With the miniaturization of
microelectronics and the emergence of nanotechnology, the research focus on ITRs has
shifted. A large amount of heat flux is generated in microelectronic devices to achieve
more powerful performance, and the development of micro energy technologies such as
lithium batteries has changed the research on ITRs from the macro scale to the microscale
and nanoscale. In industry and technology, the ITR is an essential factor.

discontinuous

Solid

Figure 1.1 A solid-liquid interface based on a flat surface

The industrial demand for artificial intelligence (AI) technology is increasing, especially
in powerful computing and deep learning when using a large number of high-performance
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chips, which generate a lot of heat during operation. ITR affects the heat dissipation
efficiency and it becomes one of the key factors limiting microdevice performance and
reliability. Therefore, thermal management at the nanoscale has become a key issue,
understanding and predicting ITR have great meaning for the thermal management of
electronic devices.

Interfacial thermal resistance (ITR) is always present in microelectronic devices. There
are ITRs at the interfaces between electronic devices and heat dissipation devices. For
example, the interfaces between the thermal interface materials (TIMs) and the electronic
devices, and the interfaces between the heat dissipation device and the electronic devices
can generate ITRs. There are usually billions of transistors inside a chip device, and it is
necessary to ensure that the heat flux can be effectively dissipated to avoid damaging the
devices. In recent years, the semiconductor manufacturing process node has been reduced
to 3 nm or less. Due to physical limitations such as quantum tunneling, the architecture
of chips has shifted from two-dimensional (2D) to three-dimensional (3D) [5], and the
direct liquid cooling technology employs a non-conductive liquid in contact with the heat
dissipation surface, which eliminates the harmful effects of solid-solid (S-S) interface
resistance and improves the thermal management of chips[6]. Therefore, the maturation
and application of nanotechnology have increased the demand for research on ITR.
Micro heat pipes (MHPs) are miniaturized and high-performance heat exchange devices
used in many fields of heat dissipation in microelectronic devices, smartphones, and
computer processors. Graphene coatings can modify the surface properties such as metals
and MHPs, and may have significant implications for the design of surface coatings that
are electrically and thermally conductive and water-impermeable, attracting considerable
attention to the graphene coating [7]. For example, from a macroscopic perspective, the
enhanced thermal performance of MHPs with graphene coatings [8] depends mainly on
the ultrafast transport of water through the graphene coating, which affects evaporation
and condensation. However, ITRs[9, 10], size effect[9], and graphene coatings [7] can
affect the performance of MHPs when the liquid film thickness shifts to the nanoscale.
In fact, ITRs are widespread in the industrial fields, and it is essential to evaluate and
predict ITRs for designing heat transfer systems and providing guidance for the safety of
microdevices.

1.1.2 Research of S-L ITRs on flat surfaces by experiments and MD simulations

(a) experimental research

Some powerful experimental tools have been developed to measure thermal resistance at
the microscale and even at the nanoscale, such as the time-domain thermoreflectance
(TDTR) method[11] and the continuous wave frequency domain thermal reflection (CW-
FDTR) method [12]. Using the TDTR method to measure energy transfer across the
interface of flat surfaces, the ITRs between water and the self-assembled monolayer
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(SAM) solid walls at the nanoscale were obtained [13]. The CW-FDTR method can be
used to measure the ITRs between liquids, such as water and ethanol; the ITRs between
liquid and the sensors consisting of aluminum surfaces matched molecular dynamics (MD)
simulation results[12]. In an experimental study [14], a scanning thermal microscope
(SThM) probe tip was used to measure and infer the thermal conductivity of the liquid
film to be 6.7 nW/K in an area with a diameter of around 90 nm. An experimental study[15]
shows that the amount of nanoparticle adhesion is not sufficient to change the
macroscopic wettability and S-L ITRs, which indicates that as the nanoparticle-deposited
layers increased, the S-L ITRs decreased. Although experimental technology can measure
the ITRs at the microscale and nanoscale, it is very difficult to obtain the S-L energy
transfer accurately. Therefore, computer simulations are useful methods.

(b) classical MD simulation

The development of fast and efficient high-performance computer (HPC) technology has
enabled computer simulation of the atomic and nanoscale heat transfer at S-L and S-S
interfaces. In the field of computer simulation, there are many powerful computational
methods, such as classical MD and density functional theory (DFT). In computer
simulation, DFT is based on the principles of quantum mechanics and can usually
accurately describe the interactions between particles, while MD simulation is based on
classical Newtonian mechanics with force fields to describe the interactions between
particles. Although DFT simulations are more accurate than MD simulations, MD
simulations have the advantages of large time and computational scales, and the
interactions between particles described by the force fields can also match the
experimental results. For example, a coarse-grained (CG) model generated by a machine
learning method can simulate the freezing process of millions of water molecules over
230 ns using MD simulations|[16].

(c) key factors of ITR in MD research

The non-equilibrium molecular dynamics (NEMD) simulations [17] show that the S-L
ITRs on the flat surfaces of Ar (argon)-solid systems cannot be ignored at the nanoscale
because the thermal resistances of the liquid are much smaller compared to the S-L ITRs,
which are strongly dependent on wettability. Also, the NEMD simulation [18] in the
SPC/E-gold system shows that the distance between the gold surface near the SPC/E
water molecules and the position of the maximum water density peak is almost constant,
which is independent of the bulk water pressure, while there is a dependence between the
S-L ITRs and the bulk water pressure. The MD simulations [19] with the liquid as the n-
perfluorohexane on a flat surface show that the increased liquid structure adsorption and
the decreased S-L ITRs depend on the increasing liquid pressure. The study of single-
atom-scale heat flux at the S-L interface using MD simulation[20] shows that the ITR on
flat surfaces can be explained by the local quantities of heat flux, which helps to control
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heat transfer and thermal resistance at the S-L interface. The results show that the
graphene coating on copper (Cu) surfaces can increase heat transfer by 30-40% during
water condensation [21], and the graphene coating on the Cu surface increases the S-L
ITRs[22]. Therefore, the wettability, liquid pressure, and coating were key factors
affecting S-L ITR.

(d) evaluating ITR in MD research

The density depletion length (DDL) is a physical parameter at the nanoscale that can be
measured experimentally and reproduced by MD simulations, which includes factors
such as wettability and water hydrogen bonds[23]. In MD simulations, the DDL is defined
based on the water density approaching the solid surface relative to the normalized
distance from the density of the solid surface [24]. The MD study [25] on flat surfaces
successfully establishes a relationship between the S-L ITR and DDL in Si-SPC/E water
and Si-graphene-SPC/E water systems, showing that when water molecules are arranged
in a clustered structure in the vicinity of the S-L interface, a low DDL indicates a close
distance between water and solid atoms, which is conducive to the S-L heat transfer.
Therefore, exponential curves can be used to uniformly describe the relationship between
S-L ITR and DDL on flat surfaces under different wettability conditions.

The above MD studies[17, 18, 22] show that S-L ITRs on flat surfaces are related to key
factors such as wettability, liquid pressure, and coatings. Therefore, the DDL can be
related to these factors to evaluate and predict S-L ITRs. However, most DDL studies[23,
25] have focused on flat surfaces, and whether DDL can evaluate S-L ITRs of
nanostructure surfaces including the Wenzel and Cassie-Baxter (CB) states is worth
exploring.

1.1.3 Research of S-L ITRs on nanostructure surfaces by experiments and MD
simulations

(a) experimental research

The S-L ITRs of nanostructure surfaces [26] and nanopattern surfaces[27] have been the
main focus of the related research at the nanoscale. For example, an experimental
report[28] uses the TDTR to measure the thermal boundary conductance (TBC), which is
the mathematical reciprocal of the ITR, and TBC at the interface between Si
nanostructures and metallic aluminum is increased by about 88% (the ITR is reduced)
because nanostructure surfaces enhance interfacial heat transport by increasing the
effective contact area. Compared with bare Cu, the nanostructure Cu interface exhibits
enhanced boiling performance because the nanostructures easily induce nanobubbles and
stabilize nucleation[29]. An experimental study shows that the surface roughness of
single-crystal silicon (Si 111) in contact with liquid helium is related to phonon scattering,
resulting in temperature-dependent thermal contact resistance[30]. A thin-film
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thermocouple (TFT) array experimental device is used to explore the relationship
between the nanofin effect (nFE) and thermal resistance during the evaporation of
nanoporous materials[31].

(b) ITR in MD research

With modern nanotechnology, it is feasible to experimentally study the S-L ITRs on
nanostructure surfaces. However, due to the high cost and challenges associated with
achieving energy transfer at the nanoscale, most researches utilize MD simulations to
study the S-L ITRs. For example, as the contact area between the nanostructure surfaces
and SPC/E water molecules increases, more SPC/E water molecules can be adsorbed on
the different nanostructure surfaces of Cu, resulting in an increase in the interaction
energy per unit area between the nanostructure surfaces and SPC/E water molecules,
thereby reducing the S-L ITR[32]. Another study[33] shows that agglomeration on
various nanostructure surfaces during condensation is determined by the synergistic
interactions between dropwise development and ordered nucleation. A numerical study
of the SPC/E water-solid ITRs [34] indicates that increasing the residence time of the
SPC/E water molecules is influenced by the nanostructure sizes and the temperature of
the SPC/E water molecules, resulting in a decrease in the S-L ITRs. The research [35] on
ITRs in the boiling phenomenon in the TIP4P-Ew water-gold system shows that the S-L
ITRs do not depend on the phase change from liquid to boiling, and by increasing the
roughness of the nanostructure surfaces, the energy interaction between water and the
nanostructure surface is enhanced, thereby reducing the S-L ITRs. A Study on the wetting
phenomenon of liquids on nanostructure surfaces using NEMD simulations [36] shows
that the total energy per unit volume of liquid molecules near the groove surface is lower
than the total energy of the bulk of the liquid film outside the groove. An MD simulation
in gas-liquid systems [37] shows that the liquid molecules adsorbed by the nanostructure
surface are more than those adsorbed by the flat surface, and with the enhancement of the
interaction between solid and liquid, the momentum adjustment coefficient value of the
nanostructure surface gradually approaches to that of the flat surface. In summary,
nanostructure surface is an effective way to decrease ITR.

(c) wettability on nanostructure surfaces

There are two different wettability states on the rough surface of nanostructure surfaces.
One is the Wenzel state[38], where the liquid fills the grooves of the nanostructure
surfaces; the other one is the Cassie-Baxter (CB) state[39], where liquid water does not
significantly penetrate the grooves of the nanostructure surface, such as in Figure 1.2.
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Figure 1.2 Solid-liquid interfaces on nanostructure surfaces in the Wenzel (left) and
Cassie-Baxter (right) states.

(d) TCM in MD research

An MD simulation study on flat surfaces [40] shows that in two solid interfaces and
confined solid film systems, the thickness of the disordered film plays a crucial role in
influencing the extent to which the total thermal resistance (R) from the MD simulation
matches the results generated by the TCMs. Parallel TCMs are utilized to assess the
impact of graphene orientation on the thermal conductivity of composite materials [41].
On the flat surface of the Cu-Si system, TCMs are very crucial for heat transport at
metal/nonmetal interfaces; however, these TCMs overestimate the ITRs due to the simple
series of TCMs that ignore the electron-phonon coupling across the interface[42].

In summary, the study of ITRs on nanostructure surfaces primarily focuses on the surface
wettability and the adsorption layer of the nanostructure surfaces. However, research on
predicting ITRs in different wettability states—from the Wenzel state to the CB state—
and the relationship between ITRs on nanostructure surfaces and flat surfaces is still
insufficient. The wettability states in Chapters 3 and 4 refer to two typical states, the
Cassie-Baxter (CB) state which includes the transition from the Wenzel state to the CB
state and the Wenzel state. In Chapters 5 and 6, this transition is defined as the actual CB
state due to a change in the heat transfer path. The DDL and TCMs present promising
solutions for evaluating and predicting ITRs.



1.2 Significance and Purpose

In nanoscale thermal management, S-L ITR is important in heat transfer. The
experimental and MD simulation results indicate that S-L ITRs on flat surfaces primarily
depend on some factors such as wettability and liquid pressure. Meanwhile, the
nanostructure surfaces affect S-L ITRs substantially, such as by modifying the sizes
(roughness) and wettability of nanostructure surfaces, although the experimental reports
measuring S-L ITRs remain limited. Therefore, it is worth exploring whether it is possible
to connect the S-L ITRs of flat and those of nanostructure surfaces, which is beneficial
for designing, evaluating, and predicting the S-L ITRs of nanostructure surfaces, and
reducing the MD calculations and experimental costs. Predicting the ITRs of
nanostructure surfaces and evaluating the ITRs can assist researchers and engineers in
quickly estimating the S-L ITRs of nanostructure surfaces to ensure that the S-L ITRs are
within a controllable range, and engineers can provide guidance for the safety of
microdevices when designing the heat transfer of nanostructure surfaces.

Previous studies in Section 1.1 have primarily concentrated on the impact of wettability,
nanostructure sizes, and surface structural geometry on the S-L ITRs. However, the
relationship between nanostructure and flat surfaces remains insufficiently explored.
Therefore, the present dissertation employs the DDL to evaluate the S-L ITRs of
nanostructure surfaces including Wenzel and CB states, and utilizes the TCMs to predict
the S-L ITRs of nanostructure surfaces.

The DDL can be measured and extracted experimentally, and the MD results show that
the DDL has been used to evaluate the S-L ITR of flat surfaces with different wettability,
and can connect the experimental S-L ITRs with the S-L ITRs calculated by MD
simulations at the nanoscale. However, DDL remains unclear when evaluating the S-L
ITRs of nanostructure surfaces in the Wenzel and CB states.

Thermal circuit models (TCMs) have been widely utilized in macroscopic fields of
thermal engineering, with some applications in MD calculations of thermal conductivity.
TCMs effectively describe the process of heat transfer by representing thermal resistances
as electric resistances. By drawing an analogy to electric circuits, TCMs can simplify and
facilitate the analysis of complex energy transfer processes and can predict thermal
conductivity and thermal resistance, thereby providing robust support for thermal design.
However, the application of TCMs to predict the ITRs of nanostructure surfaces is
insufficient. Therefore, the present dissertation proposes various TCMs to explore the
potential heat flow paths.

The water models exhibit different molecular structures, such as the three-site SPC/E and
one-site CG models. The three-site SPC/E model comprises a rigid body made up of two
hydrogen atoms and one oxygen atom. The one-site CG model in the present research is
the same as the ML-BOP model of the previous study [16], combining these three atoms
into one site. The three-site SPC/E model can describe the molecular behavior,
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demonstrating that the density calculated by MD approaches the experimental density at
300 K and the thermal conductivity of the SPC/E model calculated by MD simulations is
reasonable. The CG model has the advantage of large-scale MD calculations. It is also
essential to assess the performance of the CG and SPC/E models in evaluating and
predicting the ITR from an engineering point of view.

The present dissertation aims to evaluate the ITRs of nanostructure surfaces by MD
simulations and to predict the ITRs of nanostructure surfaces using TCMs. Additionally,
a key objective is to validate whether the coarse-grained (CG) model can serve as a viable
alternative to the SPC/E model.

Copper (Cu) recognized as a good heat conductor, water as a widely used heat transfer
medium, and graphene coatings with improving heat transfer, hold significant research
value in studying S-L heat transfer processes. For instance, MHPs are typically
constructed using a Cu-water system, and the incorporation of graphene coatings on the
MHPs can enhance the heat transfer performance; the graphene coating and the Cu
nanostructure surfaces can improve heat transfer. Previous studies in Section 1.1 have
also investigated the Cu-water and graphene coating-water systems to study heat transfer
at the nanoscale. Consequently, Cu, water, and graphene are employed in the present
dissertation.

1.3 Outline of this dissertation

The present dissertation is organized into seven main chapters, each briefly summarized
below.

Chapter 1. The background information, the previous research work, and the significance
and purpose of studying S-L ITRs are provided in Chapter 1. The previous research works
include the S-L interface, flat and nanostructure surfaces, wettability, thermal circuit
models (TCMs), and single-layer graphene coatings. Additionally, the basic structure and
a brief introduction to each subsequent chapter are also presented.

Chapter 2. The present chapter describes the basic foundations and calculation methods
used in molecular dynamics (MD) simulations. It covers topics such as the energy of MD
simulations, solid and liquid force fields, interaction strength parameters, integration
algorithms for MD simulations, contact angle measurements, pressure calculations for
water, methods for calculating thermal resistances, TCMs, and calculations of density
depletion length.

Chapter 3. The ITRs at S-L interfaces are investigated using the non-equilibrium
molecular dynamics (NEMD) method with the CG and SPC/E models. The relationship
between DDL and ITRs on flat and nanostructure surfaces is described in Chapter 3. The
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different interaction strengths between the solid atoms and water molecules, nanopillar
widths, and water pressure as the DDL factors are utilized to assess the ITRs calculated
by MD simulations in the Wenzel and Cassie-Baxter states. In addition, two ITR
definitions of nanostructure surfaces are considered in Cu-water systems.

Chapter 4. The ITRs at S-L interfaces calculated by the NEMD simulations with the CG
and SPC/E models are investigated in the Cu-graphene-water systems. The influence of
the graphene coating and water models on the S-L ITRs calculated by MD simulations is
considered under various wettability conditions, and the relationship between DDL and
ITRs on flat and nanostructure surfaces is also investigated in Chapter 4.

Chapter 5. The ITRs predicted by TCMs are compared with the ITRs calculated by
NEMD simulations using the CG and SPC/E models in Cu-water systems. The effects of
water pressure, nanopillar widths, the water models, and the contact region thickness in
the CB state on the relationship between ITRs predicted by TCMs and those calculated
by MD simulations are investigated in Cu-water systems. It should be noted that the ITR
of nanostructure surfaces is defined between the water near the top nanopillar surface and
the groove bottom surface in Chapter 5.

Chapter 6. The present chapter presents the relationships between the ITRs predicted by
TCMs and those calculated by NEMD simulations using the CG and SPC/E models in
Cu-graphene-water systems. The effects of the defect concentration of the graphene
coating, the water models, and the contact region thicknesses in the CB state on the
relationship between the ITRs predicted by TCMs and those calculated by MD
simulations are investigated in Cu-graphene-water systems. The ITR definition of
nanostructure surfaces was the same as in Chapter 5.

Chapter 7. The conclusions of the dissertation are described in the present chapter.
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2. Theory and Methodology

The present chapter mainly introduces the main theories and calculation methods of the
molecular dynamics (MD) simulation, which includes energy conservation, the main
formulas, the force fields with various parameters, the interfacial thermal resistance (ITR)
calculation method, thermal circuit models (TCMs), and density depletion length
calculation.

2.1 Energy of MD simulation

In classical MD simulations, the total energy (E) in a system consists of the system energy
(Esys) and the external energy (Ebath), as shown in Eq. (2.1). The system energy (Esys) refers
to the kinetic energy (K) and potential energy (U) of particles without outside exchange,
which calculated by Eq. (2.2). The external energy (Ebath) is added to the system to obtain
the temperature gradient in the present study, such as Langevin thermostat in Section 2.3.

Etot = Esys + Epatn 2.1

Esys =K+ U (2.2)
Under the thermostat bath, the first term on the right side in Eq. (2.3) is the change in
energy within the particles. The second term on the right side in Eq. (2.3) is the energy
exchanged by the thermostat bath, which is used to compensate for the change in kinetic
energy or potential energy of the system. When the thermostat bath transfers energy to
the system, the second term is negative, indicating the rate of heat flow into the system;
conversely, the system transfers energy to the thermostat bath. In short, the total energy
of the system is conserved, indicating that the term on the left side is zero.

dEtot _ dEsys + dEbath

dt dt dt

The kinetic energy (K) of the N-particles can be calculated by Eq. (2.4a), where mi and
vi are the mass and the velocity of the in particle, respectively. K can be used to calculate
the temperature of N-particles in Eq. (2.4b). ks denotes the Boltzmann constant; N is the

(2.3)

number of particles.

N
1 2
K= z Emivi (2.4a)
i

3
K= EkBNT (2.4b)

U in Eq. (2.2) is the potential energy of the interaction between particles, which is usually
determined by the properties of the particles. For example, in the SPC/E water molecules,
the potential energy is composed of the van der Waals force and Coulomb force, as shown
in Section 2.2.
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2.2 Force fields and interaction strengths

The embedded atom method (EAM) [43] represents the force fields of metals and alloys
with similar accuracy to the density functional theory (DFT). The general equation (2.5)
describes the total energy of atom i as follows:

E;j = EB(Z pp(ryj)) + %Z D (135) (2.5)
j#i j#i

The symbol Ep represents the embedded energy, which is a function associated with the
atomic electron density (pg). rij denotes the distance between atoms i and atoms j, and the
®qp 1s the pairwise potential function. The atom 1 and atom j can be of type a or . The
Cu atoms form the solid walls, with an atomic mass of 63.55 g/mol.

Reactive empirical bond order (REBO) [44] describes the force field of carbon atoms and
is employed in the present study. REBO is widely used to calculate functions of covalent
bond potential energies and interatomic forces. In the REBO model, the total potential
energy is the sum of the pair interactions in the nearest neighbors, which depends on the
distance between atoms and the local atomic environment. The functions of
parameterized bonds are used to describe chemical pair bonding interactions. The general
equation (2.6) is as follows:

E = Z Z Ef"BO (2.6)

i j#i

The present study employs two water models including the three-site SPC/E and one-site
CG water models, which have different water molecular structures; the CG model in the
present study integrates three sites into one site; an SPC/E water molecule has a three-site
rigid body consisting of two hydrogen atoms and one oxygen atom. The water models are
usually developed with the purpose of various researches. Although researchers are
committed to developing water models that describe more accurate thermal properties,
the developed water models are still not perfect. The thermal property of bulk water
depends on water models. In comparison with experimental results, the SPC/E and CG
models can also reproduce some important thermal properties of bulk water[16, 45—48],
such as water density, diffusion coefficient, and heat capacity. The CG model is employed
in large-scale MD simulations, such as an MD calculation using two million CG water
molecules over 230 ns [16]. The consistency of the heat transfer process at S-L interfaces
between the one-site CG and three-site SPC/E models is investigated, as well as the
feasibility of using the CG model instead of the SPC/E model in ITR research.

The present study utilizes the three-site SPC/E model [49] with the SHAKE algorithm
[50] to maintain the hydrogen-oxygen-hydrogen angle at 109.47° and the oxygen-
hydrogen bond distance at 0.1 nm. The long-range Coulomb interaction of the SPC/E
model is computed using the particle-particle-mesh (P3M or PPPM) method[51]. The
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PPPM method is a Fourier-based Ewald summation technique used to calculate the
electrostatic potential energy of N-charged particles in the long-range forces. The PPPM
method interpolates particles onto a grid and utilizes the Fast Fourier Transform (FFT)
algorithm to solve the grid potential by solving the discrete Poisson equation, aiming to
reduce computational expenses. The oxygen atoms in each SPC/E water molecule interact
through van der Waals forces (¢ = 0.006739 eV and 6 = 3.166 A) and long-range forces,
which are calculated by Eq. (2.7), and a hydrogen atom in each SPC/E water molecule
interacts with the atoms in other SPC/E molecule only through long-range forces, and
hydrogen atoms have no direct interaction with Cu and carbon atoms. The charges (qci
and qcj) of the oxygen atom and hydrogen atoms are -0.8476 and 0.4238, respectively.
The Ciong represents an energy-conversion constant, and "€" denotes the dielectric
constant in Eq. (2.7). "r" denotes the cutoff radius, which has the same meaning in Eq.
(2.9).
B Oij 1, ,Oij ClongdCidg;
Eyj = 45[(r—ij) - (r_ij)é] + ey
The CG model [16] developed on the Tersoff-Brenner theory[52] is also utilized for all
cases of the present study, which is calculated by Eq. (2.8). The CG model (also called

r <rg (2.7)

ML-BOP in the previous study [16]) utilizes machine learning to accurately describe the
thermodynamic properties of water and ice at the nanoscale. Figure 2.1 depicts the
molecular structures of the SPC/E and CG models. Oxygen atoms, hydrogen atoms, and
CG water molecules are represented by light-blue, orange, and light-blue, respectively.
The cutoff function (fz (1)), repulsive (fg (1)), and attractive (f5 (r)) force interactions are
shown in Eq. (2.8). The parameters, such as ccg, deg, 00, Ncg, Peg, A2, Beg, Reg, Deg, A1, and
Acg, for the CG model are taken from the previous study [16], as shown in Table 2.1.

Upair = fc(rij) [fr (rij) + bijfa(ry;)]

1,r <R—Dg,
1 1 m(r—Rg)
fc(r) = E—ESIH (Tcg), R—ch <r< R+ch
0,r >R+ D
fr(r) = Acge™; fa(r) = —Bge ™2

1 (2.8)
by = (1 + B&&;) 2n

&j = Z fe(ri)g(8sx) exp [7\I3ncg (rjj — rii) "eg]
k+#i,j

2 2

ch ch

dcg2 - dcg2 + (cosB — coseo)z)

8(0) = yeg(1+
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Figure 2.1 The three-site SPC/E and one-site CG water models. The oxygen atom and
hydrogen atoms in each SPC/E molecule, and CG water molecules are represented by
light-blue, orange, and light-blue, respectively.

Table 2.1 Various parameters of the CG (ML-BOP) model [16].

Meg 1 Beg 0.000001

Yeg 1 m (AT 2.19964

M (AT 0 Beg (eV) 473.621419
Ceg 77638.53435 Reg (A) 3.282761

deg 16.148387 Deg (A) 0.270511

0o (rads) 2.06125325 M (AT 2.750522

Neg 0.770018 Acg (eV) 1684.301476

Lennard-Jones (L-J) potential function in Eq. (2.9) is used to describe the interaction
between two types of particles, as shown in Figure 2.2, such as water-Cu and water-
graphene. The parameters of ¢ and € between water molecules (such as oxygen atoms in
SPC/E water molecules) and Cu walls are used in Eq. (2.9) based on the Lorentz-Berthelot
combining rule, which refers to the previous report [53]. The parameter "a" is a coefficient
used to modify the interaction strength between two distinct types of particles, to keep a
similar wettability in MD research and experiments, as shown in Figure 2.3. The L-J
function (12-6) is well verified to apply for the S-L interactions between water and Cu
surfaces [54, 55]. When using the L-J function, the related ITRs in the present study can
reproduce those of the previous studies [13, 22, 56] in the MD simulations and
experiments. The parameters between Cu and carbon atoms are taken from previous
research [53]. To reduce the MD simulation costs, a cutoff (rc) radius is typically used,
beyond which particle interactions are considered to be almost zero and can be ignored.
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The interacting particles are within the cutoff radius to form a particle's neighbor list. The
rc of L-J and Coulomb forces in all cases is 0.9 nm.

12 6
Uy = 4ag;; [(r—u) - <r—”> }; g = \J& - & O = — > L' r<r, (2.9)
1]

1)

simple L-J
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Figure 2.2 The L-J interaction between two different types of particles. The dark blue and
yellow are used to represent the particles of types i and j, respectively. The top shows that
the L-J interaction between the particles of type 1 and type j is pairwise. The bottom shows
that L-J interactions are ignored when the distance between the particles of type i and j is
too far (such as the red cross).
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Figure 2.3 Wettability and the parameter "o". The parameter of "a" is often employed
to describe various wettability in the MD simulations. For example, the wettability of
water on a Cu surface in the present study (hydrophilic state, CA1) is similar to that in
the experiment [21].
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2.3 Langevin thermostat

The Langevin thermostat is a method used to keep the solid temperature at a constant
temperature by either exporting or importing energy, which is calculated by Eq. (2.10).
The Langevin thermostat is an infinite heat thermostat that exchanges energy between
particles and exports it or adds it to the system energy to monitor energy conservation.
F=F,+F+F,
m-v

Fe=- damp

kBT‘m
Fr [——F—
At - damp

In Eq. (2.10), Fc represents a conservative force term derived from the interactions

(2.10)

between particles. Fr and F: represent the forces acting on each atom, where Fr denotes
frictional resistance or viscous damping, which is proportional to the velocity of the
particles. F: refers to the force generated by the random collision between atoms and
particles at temperature (T). The temperature (T) denotes the setting temperature, "m"
represents the mass of an atom, "damp" denotes the damping factor (custom coefficient),
and At refers to the interval time.

2.4 Second Newton's law and integration algorithms

Atoms and molecules are assumed to be regarded as classical particles in MD simulations.
Therefore, Newton's second law is applicable and it is used to calculate the motion of
particles.
25
Fo=m o @11)

In Eq. (2.11), T; and mi represent the position with vector (—) and the mass of the im
particle, respectively. The equation (2.11) is also applicable to particle systems but only
for pairwise calculations. For example, when the jm particle exerts a force on the im
particle, the force equation is modified, as shown in Eq. (2.12).

= 2.12

=1 -1
U denotes a pairwise potential function that depends on the distance (rij) between particle
ith and ji during the interval time At.

The reversible reference system propagation algorithm (r-RESPA)[57, 58] is a time-
stepping algorithm and is based on the Trotter expansion of the classical Liouville
propagator, as shown in Eq. (2.13), where the "L" is the Liouville operator for a system,

I'= {qj, pj} refers to the phase space [57, 58], g; and pj are the conjugate momentum and
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position, respectively. Fj denotes the force on the jm particle, and the Poisson bracket is
denoted by {..., ...}. The "H" corresponds to a Hermitian operator and also refers to the
Hamiltonian. The r-RESPA algorithm is designed for the forces under different time
scales, using a smaller time step to process rapidly changing forces and a larger time step
to process slowly changing forces. For example, in the case of the two-layer nested r-
RESPA algorithm, the "L" can be divided into "Lgt" and "Lsw" in Eq. (2.14), which
corresponds to the cases of the fast force and the slow force, respectively. When applying
the Trotter-Suzuki formula, Eq. (2.15) is obtained, and "int" denotes a positive integer; in
the cases of Chapter 3, At is 2.0 fs, and "int" is 4, which indicates that the At/int is 0.5 fs
for the calculations of bonds and angles.

d 0 )
jL={-H}= Z Iqj —— + Fj —l ; T(AY) = e (0) (2.13)
]. 6q]- pj
L = Lgw + Lest (2.14)
. At
F(At) ~ ej-0.5At(e]Lfstm)intej-lew-O.SAtF(O) + O(At3) (215)

The Velocity-Verlet algorithm is calculated by Eq. (2.16). The r-RESPA algorithm is
primarily designed to reduce computational costs in MD simulation, while the Velocity-
Verlet algorithm is a common and classic approach. Essentially, these algorithms provide
solutions for numerical integration.

At?

F:(t) + O(At*
7m () +0(Ath)

ri(t+ At) = 1;(t) + Atv;(t) +

At L -~ (2.16)
vi(t+ At) = v;(b) + T (F;(t) + Fi(t + At)) + O(At?)

In Chapter 3, the interval time step (At) with the r-RESPA method for the SPC/E and CG
models is 2.0 fs for the interactions such as the interactions between Cu atoms using the
EAM potential. In Chapter 4, the Velocity-Verlet algorithm is employed with the interval
time timestep of 1.0 fs for all cases.

2.5 Contact angle measurement

In the MD measurement of the contact angle (CA), a simulation box with a narrow size
in the y-direction is used in the present study, so that the liquid can form a circular column
on a flat surface with the top of the column in the x-z plane, such as in Figure 2.4. The
values of CA are calculated using a similar method as the reference [59] in the x-z plane.
In Chapter 3, measuring CAs is conducted to simulate hydrophilic (CAl) and
hydrophobic states (CA2) by adjusting the interaction strength parameter "a". The
calculation scheme for measuring the CAs on Cu surfaces, such as the CA1 case, is shown
in Figure 2.4.
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Figure 2.4 The CAs of water columns on Cu surfaces at 300 K. The yellow, dark blue,
light-purple, light-blue, and orange correspond to the Cu layers, Langevin layers of Cu
atoms, fixed Cu layers, oxygen atoms or CG water molecules, and hydrogen atoms just
in the SPC/E model.

Two types of water column CAs are employed: CA1 for a hydrophilic state with a strong
interaction strength (around 83.84° for the CG water model and 84.75° for the SPC/E
water model) and CA2 for a hydrophobic state with a weak interaction strength (around
112.14° for CG water and 113.83° for SPC/E water). The relationship between CAs and
the parameter "a" is shown in Figure 2.5. The interaction strength parameters "o" for the
interactions between water and Cu are presented in Table 2.2. The calculated contact
angle in the CAl cases in the present dissertation has similarities with the values in a
simulation [53] and experimental results [21] on Cu surfaces with the lattice orientation
(111).
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Figure 2.5 Contact angles of the water molecules on flat surfaces (bare Cu surface) at 300
K. The square regions are the CAs that are employed in the present dissertation. The
experimental CA value of water on the Cu surface is 86.1°, as marked by the green star.

The way to measure contact angles in Chapter 4 is the same as that in Chapter 3. There
are four types of interaction strengths between liquid and solid (considering Cu and
graphene). The first number and second number after "CA", such as CA12, represent the
wettability of water on a Cu surface and that on a graphene surface, respectively. The
numbers "1" and "2" after "CA" represent the wettability of water on a solid surface as
the hydrophilic and hydrophobic state, respectively. For example, CA21 represents that
the wettability of water on a Cu surface is in the hydrophobic state and that on a graphene
surface is in the hydrophilic state.

Figure 2.6 shows the calculation models for measuring the CAs on the pristine and
defective graphene coating. The interaction strength parameters "a" between the CG
molecule and carbon, and that between the SPC/E molecule (oxygen) and carbon are
shown in Table 2.2. The "al" to "a4" of Table 2.2 corresponds to "al" to "a4" in Figure
2.6 (al to a4). The parameters of "¢" and "c" are related to Eq. (2.7) and Eq. (2.9). The
calculated CA11 on pristine graphene-Cu surfaces in the present research is similar to the
experimental result [21]. The related CA values are influenced by measurement methods
and simulation conditions.

19



: Water column

Figure 2.6 The CAs of water columns on pristine and defective graphene-Cu surfaces at
300 K. The grey, yellow, dark blue, light-purple, light-blue, and orange correspond to the
graphene, Cu layers, Langevin layers of Cu atoms, fixed Cu layers, Oxygen atoms or CG
water molecules, and hydrogen atoms just in the SPC/E model.
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Table 2.2 Interactions and CAs of pairs among water, Cu, and graphene.

a-€(eV) o(A) CA systems
SPC/E-Cu-CAl 0.0115x1.00 84.6°
SPC/E-Cu-CA2 0.0115x0.60 113.8°

2.75 Cu-water

CG-Cu-CAl 0.0115x0.91 83.6°
CG-Cu-CA2 0.0115x0.55 112.1°
SPC/E-CA11-al 87.8°
SPC/E-CA11-a2 89.2°
SPC/E-CA11-a3 0.00412>1.12 87.1°
SPC/E-CA11-a4 84.5°
SPC/E-CA12-al 112.1°
SPC/E-CA12-a2 116.4°
SPC/E-CA12-a3 0.00412>0.75 115.6°
SPC/E-CA12-a4 113.4°
SPC/E-CA21-al 90.2°
SPC/E-CA21-a2 84.8°
SPC/E-CA21-a3 0.00412>1.12 90.6°
SPC/E-CA21-a4 88.8°
SPC/E-CA22-al 114.7°
SPC/E-CA22-a2 116.3°
SPC/E-CA22-a3 0.00412>0.75 116.0°
SPC/E-CA22-a4 119 113.0° | Cu-graphene-
CG-CAll-al 87.3° water
CG-CAll-a2 87.3°
CG-CAll-a3 0.00412x1.00 88 2
CG-CAll-a4 88.2°
CG-CAl12-al 112.3°
CG-CA12-a2 113.7°
CG-CA12-a3 0.00412x0.60 112.3°
CG-CAl12-a4 111.1°
CG-CA21-al 88.2°
CG-CA21-a2 86.4°
CG-CA21-a3 0.00412x1.00 20,10
CG-CA21-a4 87.3°
CG-CA22-al 114.5°
CG-CA22-a2 112.3°
CG-CA22-a3 0.00412x0.60 110.4°
CG-CA22-a4 115.2°
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The molecular weight of CG and SPC/E water molecules is 18.0153 g/mol. The SPC/E
water molecule consists of oxygen with a molecular weight of 15.9994 g/mol and
hydrogen with a molecular weight of 1.0008 g/mol. The carbon atom in graphene has
molecular weights of 12.0107 g/mol.

2.6 Pressure calculation

The method of stress per atom is useful for calculating water pressure [ 18] for the CG and
SPC/E water molecules in the central region of the simulation system. For example, the
position of around 5.7 nm to 6.2 nm in the z-direction is employed in Chapter 3. There
are 9 tensors to calculate stress, such as xx, xy, Xz, yX, vy, Yz, zX, zy, and zz. In Eq. (2.17),
"a" and "b" in each atom represent the direction x, y, or z of the tensor, the first term
(—mv,vy) represents the kinetic energy contribution of a particle, such as -mvxvx. The
second, third, and fourth terms are a virial contribution consisting of pairwise, bond, and
angle contributions. The fifth term also contributes to pressure calculations of SPC/E
water from long-range Coulomb interactions [60]. "ri" and "r2" are the positions of
particles in the pairwise interaction in the second term (Np) or those of the related bond
in the third term (Nb). The "Fi" and F2 represent the pairwise interaction forces between
two atoms in the second term or the forces between the related bond in the third term. "
Fi, F2, F3" and "r1, 12, 13" in the fourth term correspond to the forces and positions of an
angle such as in the SPC/E model, respectively. "ria" and "Fiv" in the fifth term are related
to factors in the contribution of the long-range Coulomb forces. The subscript of "N"
indicates the number of the corresponding interactions, such as the bond ("b") and the
angle ("a"). "n" is the number of looping over the related neighbors (N) of one particle,
bond, or angle.

To convert stress into water pressure, the Prot 1s employed in Eq. (2.18). The average stress
value in the x-direction (Sxx), y-direction (Syy), and z-direction (Szz) for each particle in
the equal volume (vol) is divided by the volume (vol) to obtain the total pressure Piot.

Np Np
1 1
Sap = —mV,vy — (EZ(I&aFw + r2aF21) +§Z(r1aF1b + r2aFap) +
L ] 2.17)

1 N,
gznzl(ﬁaplb + 124F2p + 1r3,F3p) + Kspace(rig, Fip))

_ (Sxx + Syy + SZZ)
tot —

(2.18)

vol
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2.7 Calculation method of thermal resistances on a flat surface

The present section introduces the calculation of thermal resistances, such as the rate of
heat flux. In Eq. (2.19), E' and E*°Y are the cumulative energy subtracted from the cold
heat source and added to the hot heat source, controlled by the Langevin method during
the related simulation time (t), respectively. Figure 2.7 shows a case of flat surfaces with
initial simulation box sizes. The Lx, Ly, and Lz refer to the length of simulation box sizes
in the x-direction, the y-direction, and the z-direction, respectively.
Ehot _ gcold Q
AT R v
The Afat (=Lx-Ly) is the area of the calculation domain in the x-y plane. The heat flow
rate (Q) is the average of E" and E°° per unit of time. The heat flux (q) is equal to the

Q divided by Afiat.

(2.19)

al)

Figure 2.7 A system size of a flat surface. (al) and (a2) show the sizes (Lx and Ly) in the
x-y plane of the system and the system size (Lz) along the z-direction, respectively.

The ITR (unit: m?-K/W) of flat surfaces between the liquid and cold walls is calculated
by Eq. (2.20a), where the AT represents the temperature jump at the S-L interface of a flat
surface. The ITR in the Cu-water system is defined between Cu and water, while that in
the Cu-graphene-water system is defined between graphene and water. The internal
thermal resistance (TR, unit: m?>-K/W) of the liquid and solid region is calculated using
Eq. (2.20b), where AT is the temperature difference, such as that of the water. The thermal
resistance (R, unit: K/W) between the liquid and cold wall surface is calculated by Eq.
(2.21) and it is used to apply to TCMs. It should be noted that the thermal resistances in
the present dissertation are distinguished by ITR and R due to different units.
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AT
ITR = — (2.20a)

q
AT
TR = — (2.20b)
q
R=20 (2.21)
3 .

2.8 Thermal circuit models

2.8.1 Simple serial and parallel networks of thermal resistances

Figure 2.8 shows a simple TCM diagram that includes serial and parallel networks. The

Kirchhoff circuit law in electrical circuits is a classic solution applied to heat transfer

fields in the TCMs. The rate of heat flow (Q) is analogous to electric current, and the

temperature difference (Tu minus Tc) is analogous to the voltage difference. From this

perspective, the thermal resistance of heat transfer is series and consists of Ras and Ras

in Figure 2.8 (AB), which can be calculated by Eq. (2.22).
Ty —-Tc  Ty—-Tc

TR T Ras + Rgs

The thermal resistance of heat transfer is parallel, consisting of Rc and Rp, as shown in

Figure 2.8 (CD), and can be calculated by Eq. (2.23). The TCMs are usually applied to

macroscale cases, such as the fin design[61] in engineering.

il 1 1
Q_QC QD'R_RC RD

(2.22)

(2.23)

T —

Figure 2.8 Simple serial and parallel thermal resistances using the TCM scheme.
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2.8.2 TCMs over S-L interfaces in a Cu-water system

Figure 2.9 (al) describes the temperature jump at the solid (green)-liquid (red) interface
on a flat surface. Figure 2.9 (a2) shows an example of a flat surface divided into two
regions (A1 and A2) in the x-y plane. Figure 2.9 (a3) illustrates the local thermal
resistances on a nanostructure surface.

@1 Qi

The red and green line are

ATua temperature gradient
Ts //,

Cu

water
A1 Q1 R1 1 A;g 02 R;

B L, L, >
! Cu

Rs Lano

z / nanopillar Te
X

Figure 2.9 Flat and nanostructure surfaces for calculating thermal resistances. Qflat and Qn
refer to the heat flow rate of flat surfaces and that of nanostructure surfaces, respectively.

The Trand Ts in Figure 2.9 (al) denote the temperatures of water and the solid surface at
the S-L interface, respectively. A fitting curve is obtained by fitting the temperature
gradient of the water to obtain the water temperature (TL) near the solid walls. Another
fitting curve is obtained by fitting the temperature gradient of the solid walls to obtain the
solid temperature (Ts) at the S-L interface. The temperature jump (ATsat) in Eq. (2.24) is
calculated by using Tr and Ts. Qfat in Eq. (2.25) denotes the rate of heat flow on a flat
surface, and the heat flux (qnat) is equal to the Qnatdivided by Afat. The ITRfiat in Eq. (2.26)
is equal to the Raat multiplied by Afiat.

ATqae = Ty, — Ts (2.24)
ATgat
= 2.25
flat Qﬂat ( )
ITRflat = Rpat - Apat (2.26)

The regions A1 and Az in Figure 2.9 (a2) correspond to the heat flow rates (Qi) with
thermal resistance (Rf1) and heat flow rates (Q2) with thermal resistance (Rs2), respectively.
L: and L2 in the x-direction are related to the length of regions A1 (=Li-Ly) and A2
(=L2-Ly). Lx 1s the sum of L1 and L2 in Eq. (2.27). Asat in Eq. (2.28) was the sum of A
and Az. Qfat in Eq. (2.29) is the sum of Q1 and Qo.

Ly =L; + L, (2.27)
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Afae = AL+ A, (2.28)
Qfiat = Q1 + Q2 (2.29)
The Rs and Re, are calculated by Eq. (2.30). Qi1 and Q2 in Eq. (2.31) denote the rates of
local heat flow. The equivalent thermal resistance (Req-12) consisting of the thermal
resistances (R and Ry2) is described by Eq. (2.32), and the Req-12 is still equal to the Rpat,
where the symbol ||’ denotes the parallel thermal resistance. Therefore, the local thermal

resistance can be effectively applied to the thermal resistance at S-L interfaces.
_ ATﬂat . _ ATﬂat

R = Qe =g, (2.30)
A A
Qi = Qa5 Q = Qa1 231)
flat flat
_ _ -1 -1\"1 _ _ ATgar
Req-12 = Rpy IRe) = (R ™+ Ry ™) =Rpae = 2 (2.32)

Before establishing TCMs, it is still necessary to consider converting the thermal
resistance (R) of a flat surface to that of a nanostructure surface. A nanostructure surface
consists of a flat surface and a nanopillar in the present study. Figure 2.9 (a3) shows the
local R of a nanostructure surface, including the local S-L R, the internal thermal
resistance (TR) of the liquid, and the TR of the nanopillar. In Eq. (2.33), Eq. (2.34), and
Eq. (2.35), Lcu, Lgroove, and Lnano represent the thickness of the nanopillar along the z-
direction, the width of the groove in the x-direction, and the thickness of penetration water
in the groove in the z-direction, respectively. The Anp and Ang in Eq. (2.33) refer to the
area of the top nanopillar surface and that of the groove bottom surface, respectively. The
Rcu and Riiq represent the internal thermal resistances of the nanopillar and that of the
water in the groove, respectively, and are calculated by Eq. (2.34) and Eq. (2.35) based
on the analogy of the classical Fourier law, where the thermal conductivities (kcu-mp and
kiig-mp) from MD simulations are calculated by classic Fourier's Law on flat surfaces, and
those (kcu-exp and Kkiigexp) of the experimental (empirical) values are also employed as
shown in Table 2.3.

Anp:((LX - Lgroove) - Ly); Ang:Lgroove Ly (2.33)
Lcu Lnano
Reyy=——""—; Rliq = (2.34)
Keu-mp ° Anp kliq—MD ’ Ang
Lcu Lnano
Rey=—— i Rig=———— (2.35)
kCu—exp ' Anp kliq—exp : Ang
_ Aﬂat _ LX . .
Rs_jigs = A_Rﬂat = L_Rﬂat, S refers to Cu, graphene; *€ 1,2, -+ (2.36)

Rs.iiq1 represents the thermal resistance between the top nanopillar surface and water, and
Rs.iiq2 refers to the thermal resistance between the groove bottom surface and water, which
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are calculated by Eq. (2.36). Rs.iig3 and Rs-iig4 denote the thermal resistance between the
nanopillar sidewall surface and water, calculated by Eq. (2.36). L+ and A+ refer to the size
in the x direction and the area for local nanostructure surfaces corresponding to the
calculation of the local thermal resistance in the present study. In summary, the local
thermal resistance (Rs.ig*) on a nanostructure surface is equal to the local thermal
resistance on a flat surface under a similar area. The detailed values of the Rs.iiq1 and Rcu,
Riig, Rs-1ig2, Rs-lig3, and Rs.iiga are shown in Table S5.1 and Figures S5.1 to S5.12 of the
Appendix.

Table 2.3 The thermal conductivity of water and Cu on flat surfaces. The kiiq-mp of water
and the kcu-mp of Cu are calculated using MD simulations. The kiig-exp of water and the
kcu-exp 0f the bulk Cu are taken from the open database [62] and the previous report[63],
respectively. The units of kmp and kexp are W/(m-K).

Items kcu-tig kcu-MD ‘ Kiig-exp kcu-exp
CA1-CG-P1 043 3.26 0.62

CA1-CG-P2 0.44 2.31 0.59

CA1-CG-P3 0.39 6.16 0.56

CA2-CG-P1 0.44 3.84 0.63

CA2-CG-P2 0.42 2.43 0.60

CA2-CG-P3 0.39 3.15 0.58 406
CA1-SPC/E-P1 0.90 2.76 0.63

CA1-SPC/E-P2 0.84 2.65 0.59

CA1-SPC/E-P3 0.83 2.62 0.56

CA2-SPC/E-P1 1.00 2.80 0.64

CA2-SPC/E-P2 0.83 2.31 0.60

CA2-SPC/E-P3 0.85 2.88 0.59

The thermal conductivity of the solid is affected by the thickness at the nanometer scale,
but S-L ITRs are almost independent of the solid thickness [64, 65]. The thermal
conductivity calculated by MD is reasonable compared to the previous studies[66, 67].

Figure 2.10 shows TCM diagrams on a nanostructure surface. The TCMs in the present
study are also developed from Kirchhoff circuit laws. Models A and B are simple TCMs,
which assume that heat flow is just along the z-direction and acts on the surfaces in the
x-y plane, which also indicates that there is no energy transfer between water and
nanopillar sidewalls. Models C and D are developed on the assumption that the
temperature of the nanopillar sidewalls and groove bottom surfaces is basically constant.
The 2D temperature distribution in Figures S5.17 to S5.22 of the Appendix shows that
the temperature of the nanopillar sidewalls is almost similar to that of the groove bottom
surface. Models E and F are more complex heat transfers based on the possibility of actual
heat transport, indicating that there are different temperatures in the nanopillar sidewalls,
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the top nanopillar surface, and the groove bottom surface, which are similar to an
unbalanced Wheatstone bridge [68]. In models E and F, the heat transfer between the
water and the nanopillar sidewalls, that between the water and the groove bottom surfaces,
and that between the top nanopillar surface and water are different. Models A, C, and E
employ the thermal conductivities of liquid and solid calculated by MD simulations, and
models B, D, and F utilize the experimental (empirical) thermal conductivities of solid
and liquid. Rs has the same meaning as Rcu but includes external thermal resistances in
Section 2.8.3.

v Model A,B Model E,F &

1
RSl-qu1 R||iq —t— R 5
. y 3
Reu Rsig2 Rs II|q1 Riq
RS t“u R
¥ Model C,D -Fisu}
‘ iig
Reiian Riig . Rs-iiqs
9 — Ra {77 I
| Reu .
Re. S R
RS ige R Rs 5
Rs | iq Shq3 S-lig4 ‘ R

- o

Figure 2.10 TCM schemes on a nanostructure surface.

After establishing the TCMs, it is necessary to calculate the equivalent thermal resistance
(Req-) of each model for obtaining the ITRs. In models A and B, the left and right heat
transfer paths are composed of Rs-liq1 and Rs, Rslig2 and Riig, respectively. The equivalent
thermal resistances (Reg-a and Req-B) of models A and B can be obtained by Eq. (2.37),
and it should be emphasized that the symbol ‘||’ refers to the parallel thermal resistance
calculated like Eq. (2.32). Req-a.B denotes Req-a and Req-B. The difference between models
A and B is that the former uses the thermal conductivity of water and solids calculated by
MD simulations, while the latter utilizes the experimental (empirical) thermal
conductivity of solids and water.

Req—A,B = (RS—liql + RS) I (RS—liqZ + Rliq) (2.37)

In models C and D, the left path of heat transfer is composed of Rs.iiq1 and Rs. The right
path of heat transfer includes Riiq and the parallel thermal resistance of Rs.iiq2, Rs-liq3, and
Rsiiga. The equivalent thermal resistances (Reg-c and Req-p) in models C and D can be
obtained using Eq. (2.38), where Req-c,p refers to Req-c and Req-n. The difference between
models C and D is that the former uses the thermal conductivities of solids and water
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calculated by MD simulations, while the latter utilizes the experimental and empirical
thermal conductivities of solids and water.

Req-cp = (Rs-tigr + Rs) Il (Rs—tigz Il Rs_1ig3 Il Rs-1iqa + Riiq) (2.38)

In models E and F, the paths of heat transfer are composed of Ri, Rz, R3, R4, and Rp. Reg-
EF refers to Req-E and Req.r. The Riis comprised of Rsiqi and Rcu; R2 is the same as the
Riig just in Cu-water systems; R3 is the same as the Rcu* just in Cu-water systems; R4 is
comprised of Rs.iig2 and Riig*; Rcu (Rcu=2Rcu*) is assumed to be evenly distributed to R
and R3 according to the nanopillar thickness. Riig* (Riiq=2Riiq*) is also assumed to be
evenly distributed to R2 and R4 according to the water thickness in the groove. Rs denotes
the parallel thermal resistance of Rs.iq3 and Rs-iga. The equivalent thermal resistances
(Req-E and Req-F) in models E and F can be calculated by Eq. (2.39) and are the same as a
solution for an unbalanced Wheatstone bridge[68]. The main difference between models
E and F is that the former uses the thermal conductivity of water and solids calculated by
MD simulations, while the latter utilizes the experimental (empirical) thermal
conductivity of water and solids.

1+R1 I Rz + R, I Ry

Rg
Reg—gr = (R; +R3) I (R, +R 2.39
eq—EF ( 1 3) (R; 4) 1+ (R1 + RZ)R||B(R3 + R,) ( )

In the present study, two CB states are defined to predict ITR, including the general and
actual CB states. The general CB state indicates that the liquid water almost does not
penetrate grooves [39]. The penetration of water in the groove is not ignored in the field
of heat transfer as defined by the actual CB state. In the general CB state, the values of
Rsiiq2 in models A to F are cut off, which are almost infinite, indicating that there is no
energy transfer on the groove bottom surface and liquid. The Afat multiplied by Req-a to
Reqr is defined to obtain the ITRmodel. The ITRModel corresponds to the equivalent ITRs
on a nanostructure surface used for predicting six TCMs.

2.8.3 TCMs on a composite surface

Thermal circuit models (TCMs) of the composite surface are built on those of Cu-water
systems. The composite surface has the same meaning as the Cu-graphene-water system
in the present dissertation. Figure 2.11 (al) shows that the Cu surface is covered with the
graphene coating, and the temperature jump (ATrat) is defined between the water and the
graphene coating. Ts and Trin Figure 2.11 (al) denote the temperatures of the graphene
coating and the liquid close to the graphene coating, respectively. The Qnat refers to the
heat flow rate on the composite surface. Qn denotes the heat flow rate on a nanostructure
surface, as shown in Figure 2.11 (a2).

The Rs.iiq1 and Rs.iig2 describe the local thermal resistances between the graphene and the
liquid, and those between the groove bottom surface and the water, respectively. Rs-iig3
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and Rs.iiga denote the local thermal resistances between the nanopillar sidewall of Cu and
the water. Rs-ligs and Rs.iige refer to the local thermal resistances between the graphene
coating in the y-z plane and the water. Rs includes Rs.g, Rg¢, and Rcu. Rgg and Rs¢ are
shown in the next paragraph. The Rs.iiq1 to Rs.iige are also calculated by Rs-iig* of Eq. (2.36),
and the area of Rs.igs and Rsigs are Lg¢'Ly, where Lgg is shown in Eq. (2.40a). The
values of Rs-iq1+Rs, Rcu, Riig, Rs-lig2, Rs-1ig3, Rs-liga, Rs-ligs, and Rs-liqe are shown in Tables
S6.1 to S6.2 and Figures S6.3 to S6.26 of the Appendix.

(a1 -
A

Figure 2.11 The cases of a flat surface and nanostructure surface in the Cu-graphene-
water system for calculating thermal resistances.

In Eq. (2.40a), Lg¢ and Ag¢ are related to the thickness of graphene in the z-direction and
the area (=Ly-(Lx-Lgroove)) of graphene, which are used to calculate Rg¢. Rs¢ is the local
thermal resistance between graphene and the top nanopillar surface, which was calculated
using Eq. (2.40b). The Riat of Eq. (2.40b) between graphene and the top nanopillar surface
is multiplied by the ratio, which is the area on a flat surface to the related area
corresponding to those on a nanostructure surface. Rg¢ and kg correspond to internal
thermal resistances of graphene and out-of-plane thermal conductivity, respectively.

L

R = g8
g-g (2.40a)
Kg-g  Agg
A L
Rs_g = %Rﬂat =T Raai S € Cu; +€ 1,2, (2.40D)

There are insufficient reports about the out-of-plane internal thermal resistance (TRg-g)
and kg-¢ for a single graphene layer[69]. The k¢ for graphite of about 8 W-m™-K-! [69]
is applied to single-layer graphene even if kg.¢ for graphite underestimates k¢ for single-
layer graphene due to weak van der Waals forces in the multilayer graphene, and the
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internal thermal resistance of graphene (TRg-) is used to be around 3.98x107!! m?-K/W
in the present study. The definitions of the TCMs on composite surfaces have the same
formatting as that in the Cu-water system. Figure 2.12 shows the six TCMs on the
composite surfaces. Models A to F were defined in Section 2.8.2, but the heat transfer
path of the components differs from those in Cu-water systems, such as Rg.g, which is
applicable only in Cu-graphene-water systems.
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Figure 2.12 TCM schemes on a composite surface

In models A and B, the left paths of heat transfer are composed of Rs.iiq1 and Rs (Rg-g, Rs-
¢, and Rcu); the right paths of heat transfer are composed of Rs.iig2 and Riiq. The equivalent
thermal resistances (Req-a and Req-8) of models A and B can also be calculated by Eq.
(2.37). The difference between models A and B is that the former uses the thermal
conductivities of water and solids calculated by MD simulations, while the latter utilizes
the experimental (empirical) thermal conductivities of water and solids.

In models C and D, it was also observed that the 2D temperature distribution is presented
in Figures S6.33 to S6.40 of the Appendix, and the temperature of the nanopillar sidewalls
is similar to that of the groove bottom surface. The right path of heat transfer is the same
as in models A and B. The left path of heat transfer includes Riig, and the parallel thermal
resistance consists of Rs-liq2 to Rs-lige. The equivalent thermal resistances (Req-c and Req-p)
in models C and D can be calculated through Eq. (2.41). The difference between models
C and D is that the former uses the thermal conductivities of water and solids calculated
by MD simulations, while the latter utilizes the experimental (or empirical) thermal
conductivities of water and solids.
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Reg-cp = (RS—liql + Rs)
(2.41)

I (Rs-tigz Il Rs-1iq3 Il Rs—tiqa Il Rs1igs Il Rs-1iqs + Riiq)

The heat transfer paths in models E and F are similar to those in Section 2.8.2 but differ
from R and Rg in Section 2.8.2. R includes additional thermal resistances of Rg.¢ and
Rs¢. Rs includes additional thermal resistances of Rs.iigs and Rs.igs. The equivalent
thermal resistances (Req-E and Req-r) in models E and F can also be calculated using Eq.
(2.39). The main difference between models E and F is that the former uses the thermal
conductivities of the water and solids calculated by MD simulations, while the latter
utilizes the experimental (empirical) thermal conductivities of the water and solids. The
area (Afat) multiplied by Req-a to Req-r 1s defined to obtain the ITRMode1, which corresponds
to the equivalent ITR on a nanostructure surface used for predicting six TCMs.

2.8.4 ITRs calculated by MD simulations on nanostructure surfaces

There are different definitions of ITRs on nanostructure surfaces [34, 35, 70]. The Tvi,
Tr2,and Ts1 in Figure 2.9 (a3) and Figure 2.11 (a2) are related to the temperature of the
water approaching the top nanopillar surface, the water temperature close to the groove
bottom surface and the temperature of the groove bottom surface. A fitting curve of water
temperature is obtained by fitting the temperature gradient of the water to calculate the
water temperature (Tr1 and Tr2) near the top nanopillar surface and the groove bottom
surface. A fitting curve of solid temperature is obtained by fitting the temperature gradient
of the solid walls to calculate the solid temperature (Tsi1) at the groove bottom surface.
The temperature jump (ATw) in Eq. (2.42) represents the difference between the water
temperature (TL1) near the top nanopillar surface in the x-y plane and the solid
temperature (Tsi). The temperature jump (ATs) in Eq. (2.43) represents the difference
between the water temperature (TL2) near the groove bottom surface in the x-y plane and
the solid temperature (Ts1). The heat flux (gn) in Eq. (2.44) on a nanostructure surface is
equal to the heat flow rate (Qn) divided by Afat. The ITRmDp (ITRwm) in Eq. (2.45) is equal
to ATwm divided by gn and used to compare to that predicted by TCMs. The ITRt is equal
to AT divided by gn in Eq. (2.46) and is used to compare to the ITRw in Chapters 3 and
4.

ATy = Tpy — Tsq (2.42)

Qn
qy = (2.44)
" AFlat
AT
ITRyp (ITRy,) = —2 (2.45)
n
AT
ITR; = — (2.46)

n
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2.9 Calculation of density depletion length

The density depletion length (DDL) refers to the quantification of the liquid depletion
layer, which signifies the existence of a liquid layer with diminished density at the S-L
interface in both MD simulations and experimental surfaces[23, 24]. The ps(z) and pi(z)
represent the densities of the solids and liquid along the z-direction, respectively. dz
indicates the slab size in the z-direction while p? and pP denote the bulk densities of
the solids and liquids, as defined in Eq. (2.47). The symbol (o) refers to half the MD
system size along the z-direction in the present study. The DDL unit is "nm" and the slab
size (dz) is 0.01 nm. The pi(z) in the case of nanostructure surfaces includes the distance
between the nanopillar sidewall and water in the x-y plane.

DDL = Joo[1 —ps—(f)— p‘(bz)

0 Ps 1

The essence of DDL is used to compute and measure the distance from the liquid at S-L
interfaces to the outermost walls near the water [23, 24] using a normalized method.

] dz (2.47)

Consequently, in the present investigation, the simplified calculation of the DDL is used
with reference to the previous report [23] by assuming that each slab of the solid walls
possesses a uniform density equivalent to the bulk density (p2) of the solid walls. Figures
2.13 (al) and (a2) show the scheme to calculate the DDL on a flat and nanostructure
surface, respectively.

Figure 2.13 The calculation method for the DDL on flat and nanostructure surfaces.

In order to calculate the distance between the solid and liquid interfaces, the position of
the solid surface should be determined, and it is assumed that the solid density near the
S-L interface is not more than 2.0x10* g/cm? in all cases.

The p? and pg of the nanostructure surface are consistent with those of the flat surface.
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The ps(dz) of the nanopillar can be calculated using Eq. (2.48).
ps(dz) = % P8 (2.48)

In the Cu-graphene-water system, the defect concentration (dfct) of the graphene coating
in Eq. (2.49) is calculated by using the number of missing carbon atoms in a defective
graphene coating divided by the number of carbon atoms in a pristine graphene coating,
where Ciot and Cnmiss represent the number of carbons in pristine graphene and the number
of missing carbons in the defective graphene, respectively. ps of the defective graphene
can be calculated using Eq. (2.50)

Con:

dfct = ﬁ (2.49)
(o]

ps(dz) = (1 — dfct) - p° (2.50)

2.10 Main software packages and post-processing tools

The LAMMPS package[71] is employed for all simulations. Python and Fortran codes
are used to extract the original data and generate normalized data. The OVITO
package[72] is primarily used to generate graphics for the calculation models. The
graphics and figures are generated using the Veusz package.

2.11 Calculation Procedure

In all cases, the first step utilizes 2.0 ns as the computation time to maintain the water and
the walls in an equilibrated state at 275 K or 280 K with the temperature controlling and
Langevin thermostat, respectively. The second stage during 2.0 ns, is used to build a
temperature gradient in the system, which is adjusted by the temperature of the cold wall
at 250 K and that of the hot wall at 300 K using the Langevin thermostat; The temperature
control of the water is removed simultaneously. The data, such as water temperature and
the one-dimensional (1D) water density, are collected for 4.0 ns in the third step.
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3 The effect of water pressure and nanopillar widths on ITRs
in water-Cu systems

The influence of water models, nanopillar widths, and water pressure on the interfacial
thermal resistances (ITRs) at water-Cu interfaces through non-equilibrium molecular
dynamics (NEMD) simulations across flat and nanostructure surfaces was investigated
and DDL was employed to evaluate S-L ITRs in the present chapter. The effects of these
factors on the DDL and S-L ITRs were considered in Chapter 3. The calculation models
and numerical details were introduced in Section 3.1. The influences of water pressure on
ITRs on flat and nanostructure surfaces are shown in Section 3.2. The effect of nanopillar
widths on ITRs on nanostructure surfaces was demonstrated in Section 3.3. The density
contour of water molecules was displayed in Section 3.4. The relationship between the
DDL and ITRs is shown in Section 3.5.

3.1 Calculation models and numerical details

The initial size of the system box was 4.08 (Lx) x 3.98 (Ly) x 12.34 (Lz) nm>. The water
region distance (L) was 6.50 nm along the z-direction between the parallel walls to hold
water molecules, as shown in Figure 3.1. The computational model included the CG and
SPC/E models with solid walls. The Cu atoms with a lattice constant of 0.255 nm
constructed solid walls, the hot and cold walls consisted of 13 layers and the inter-layer
thickness was 0.208 nm initially. Each layer in the flat solid walls consisted of 288 Cu
atoms. The nanostructure surface consisted of a nanopillar and a flat surface (substrate)
in the present dissertation, as shown in Figure 3.1(g). On nanostructure surfaces,
nanopillar sizes of 1.91 (Lpittar) * 3.98 x 1.59 (Lnano) and 1.40 (Lpiiar) X 3.98 x 1.59 nm?
were used in the present chapter, and the nanopillar consisted of 8 Cu layers. Various
water pressure conditions were employed on flat surfaces, as shown in Table 3.1, and
nanostructure surfaces, as shown in Table S3.2 of the Appendix. One layer of the
outermost hot or cold walls far from the water region was unmoved, as shown in the light-
purple layers in Figure 3.1. The third and second layers of each outmost wall were used
as the hot and cold regions controlled by the Langevin thermostat in order to hold the
constant wall temperature, as shown in the red and dark blue layers in Figure 3.1. The
water and solid domains along the z-direction were divided into equal-volume regions.
The CG and SPC/E water regions were divided into equal slab regions for a temperature
distribution of 0.3 nm along the z-axis. The slab regions in the z-direction had a density
distribution with the thickness of 0.01 nm (dz) for both water models. The periodic
boundary is employed in the x-direction and y-direction for Chapters 3 and 4.

In Table 3.1, "P-MD" represents the water pressure generated by MD simulations, and its
unit is MPa. The "P-Exp" refers to the experimental (empirical) water pressure according
to the method employed by the research [18] using the software [73] with inputting the
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temperature and specific volume of water (based on the thermodynamic properties of
water), and its unit is MPa. The "Error (%)" denotes a relative error between the water
pressure calculated by MD and the experimental pressure. In the Wenzel state, liquid
water filled the groove. The Cassie-Baxter (CB) states in the MD simulations are
determined when the following conditions are satisfied: the distance between the position
of the liquid and that of the groove bottom surface was assumed to be greater than 0.2 nm,
the water density at the position of the liquid was no less than 0.01g/cm?>. In the present
chapter, three types of initial velocity distributions were used for the ITR and DDL
calculations to generate the error bars in related figures. The related tables and figures in
the Appendix were only shown by one of three MD simulations.

Table 3.1 Water models, water pressures, and the number of water molecules under
various interaction strengths between water and Cu on flat surfaces. "Number" refers to
the number of water molecules. The "P-MD" and "P-Exp" correspond to the water
pressure calculated by MD and experimental values, respectively. The Riiat and ITRfat are
related to thermal resistance and interfacial thermal resistance. The units of Rt and
ITRfac are K/W and K-m?/W, respectively. The "SPC/E" and "CG" represent the SPC/E
and CG models for all cases. The "CA" was explained in Section 2.5, CA1 and CA2 are
related to the hydrophilic and hydrophobic states.

Number P-MD P-Exp Error (%) Riat ITR flat

CAIl-PI 3524 110.13  116.10 -5.15 4.38E+08 7.12E-09

CAI1-P2 3424 47.94 48.35 -0.86 5.25E+08 8.53E-09

CAI1-P3 3340 2.65 -- -- 5.97E+08 9.70E-09

cG CA2-P1 3524 128.78 136.3 -5.52 8.28E+08 1.35E-08
CA2-P2 3424 66.69 67.00 -0.46 9.32E+08 1.51E-08

CA2-P3 3340 21.96 19.02 15.43 1.21E+09 1.97E-08

CAIl-PI 3524 116.57 96.54 20.74 3.99E+08 6.98E-09

CAI1-P2 3424 44.86 30.42 47.46 4.63E+08 7.52E-09

SPC/E CAI1-P3 3372 7.53 -- -- 4.70E+08 7.63E-09
CA2-P1 3524 135.86 117.8 15.33 7.10E+08 1.15E-08

CA2-P2 3424 60.19 51.21 17.54 8.54E+08 1.39E-08

CA2-P3 3372 35.81 20.33 76.15 1.04E+09 1.69E-08
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Figure 3.1 Calculation models of various flat and nanostructure surfaces. The dark blue
and red atoms represent cold and hot regions controlled by the Langevin thermostat. The
fixed walls consisted of light-purple atoms. The nanopillar widths (Lpiiar) w 1.91 nm and
1.40 nm for nanostructure surfaces in (¢) and (f), corresponding to "S19" and "S14". The
light-blue particles were the CG water molecules and oxygen (O) atoms of the SPC/E
model, and the orange particles were hydrogen (H) atoms. The Wenzel and CB states are
shown in (e and f) and (g and h), respectively. The red and blue lines depict the
temperature gradients of water and solids, respectively. Lnano, Lypillar, and Lgroove On the
nanostructure surfaces represent the nanopillar thickness, the nanopillar width, and the
groove width, respectively.
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3.2 The effect of water pressure on I'TRs

Water pressure was an important factor that changed the S-L ITRs. The previous
research[ 18] has mainly focused on flat surfaces, so the present section investigated the
relationship between S-L ITRs with different definitions and water pressure on
nanostructure surfaces. In the present section, a flat substrate and rectangular nanopillars,
depicted in Figure 3.1(g), were utilized as the nanostructure surface. The temperature
jump was observed on both the substrate surfaces and the nanopillars, resulting in varied
temperature jumps across different surface regions, which led to the various definitions
of ITRs[34, 35] for nanostructure surfaces. The definition of ITRs assumed the
equivalence between the Wenzel and CB states. This assumption resulted from the
generation of ITRs by heat flow through the S-L interface. In the ideal CB state, most
energy was exchanged through the top nanopillar surface, and there was almost no energy
transfer between the nanopillar sidewalls and the water. In the present section, there are
two different definitions of ITRs, outlined in Eq. (2.45) and Eq. (2.46), using temperature
jumps (ATw and ATy) as illustrated in Figure 3.1(e) and (f). The red and blue curves in
Figure 3.2 illustrated a nearly linear decrease in the interfacial thermal resistance (ITRfat)
across flat surfaces, irrespective of the interaction strengths. The ITR[56] of 7.33x107°
K-m?%W on a flat surface was similar to that of the SPC/E-CA1-P3 of 7.63x10~° K-m*W
under the same temperature of the cold and hot walls. The ITR[22] of 1.07x10~% K-m*W
on a flat surface was similar to that of the SPC/E-CA2-P3 of 1.69x10~% K-m*W under
similar wettability.
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Figure 3.2 Relationship between ITRs and water pressure on flat surfaces. Red and blue

represent the SPC/E and CG models, respectively. Dots and diamonds represent
hydrophilic (CA1) and hydrophobic (CA2) states.
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It was observed that the water pressure of the CG model was almost consistent with that
of experimental data of water [73], specifically within the water in the liquid state at
approximately 275 K, as detailed in Table 3.1. The ITRfiat of the CG model was slightly
higher than that of the SPC/E model. This deviation could be attributed to the maximum
peak of the CG water density in the vicinity of a solid surface, which was smaller than
that of the water density of the SPC/E model, as shown in Figure 3.3.

Figures 3.3(a) and (b) present 1D density profiles of the SPC/E and CG water molecules
along the z-direction (axis), illustrating the adsorption layers near flat surfaces in the CA1
and CA2 cases. The water density profiles are very important in identifying the water
adsorption state pertinent to ITRs at the S-L interface. The first maximum peak of the
water density of the CG model was lower than that of the SPC/E model in a similar case.
At 6.0 nm of the simulation system along the z-direction, the average densities under
similar water pressures, even using the CG and SPC/E models, corresponded closely to
the density of the CG and SPC/E water molecules at about 280 K, as mentioned in
previous research[ 16, 74]. The observed decrease in the first maximum peak of the SPC/E
and CG water density stemmed from the change in wettability from the CA1 to the CA2
cases. In addition, the second peak of the CG water density shifted toward the cold wall,
relative to the SPC/E model. The increase in water pressure increased the density of both
the first and second peaks of water, thus increasing the density of water approaching the
solid surface. Under similar conditions of wettability and water pressure, the changes in
the water adsorption layers were evident, according to the 1D density profile, to weaken
the resemblance between the two water models. These changes affected the peak of the
water density and its corresponding position, thereby influencing the ITR deviation
between the CG and SPC/E models, possibly related to the density of the CG and SPC/E
water molecules on flat surfaces.
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Figure 3.3 One-dimensional (1D) water density on flat surfaces. Red and blue represent
the SPC/E and CG models. Dots, diamonds, and squares represent water pressure from
P1 to P3; the related pressure of water is shown in Table 3.1.

Figure 3.4 illustrates the water models and the interaction strengths between water and
solid walls that affected the relationship between ITRs and water pressure on
nanostructure surfaces of the S19 cases. The ITRm and ITRr were determined using Eq.
(2.45) and Eq. (2.46), with the results of the ITRrand ITR depicted in Figures 3.4(a) and
(b). In the presence of the CB states on nanostructure surfaces, heat transfer occurred
predominantly on the top nanopillar surface along the z-direction rather than through the
nanopillar sidewalls in the y-z plane. Regardless of the CA1 and CA2 cases, the ITRrand
ITR in the cases of the SPC/E and CG models exhibited an increase with decreasing
pressure of the SPC/E and CG water molecules, as illustrated in Figures 3.4(a) and (b).
The ITR¢ of the CG model almost matched that of the SPC/E model under similar water
pressure conditions, as shown in Figure 3.4(a). The ITR exhibited a slight inconsistency
between the CG and SPC/E models, as shown in Figure 3.4(b). Despite the minimal
variation in ITRf concerning the water models, the dependence of ITRwm on the choice
between SPC/E and CG models mirrored observations on flat surfaces. In the CB state,
at low water pressures, ITRn was observed to exceed ITRr under different water model
conditions, but there were fewer differences in the trends between ITRwm and ITRt. These
disparities changed due to the S-L interface and temperature jump phenomena. The
scarcity of water molecules in the groove of the nanostructure surfaces contributed to a
significant increase in the ITRw in the CB state.
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Figure 3.4 Relationship between ITRs and water pressure in the cases of S19 on
nanostructure surfaces. (a) shows the ITRrand pressure of the water molecules. (b) shows
the ITRm and water pressure. Red and blue represent the SPC/E and CG models. Dots and
diamonds represent hydrophilic (CA1) and hydrophobic (CA2) states.

3.3 The effect of nanopillar widths on ITRs

The sizes of the nanostructures were the main factor affecting the S-L ITR, so it was
necessary to verify and investigate the effect of the nanostructure size on the S-L ITR.
Figure 3.5 depicts the relationship between surface roughness (V) and interfacial thermal
resistances (ITRs). Utilizing the definition of surface roughness (V) given in Eq. (3.1) has
enhanced the understanding of the nanostructure geometry that affects the S-L ITRs. Lysiitar
was related to the nanopillar width.

2
_ Lpillar
- 2
(Lpillar + Lgroove)

On nanostructure surfaces, ITRt initially experienced a sharp decline, followed by a

W (3.1)

gradual decrease with increasing groove width, similar to the previous findings[35]
(reproduced using "Ref. 1" in Figure 3.5) utilizing the TIP4P/Ew-Gold system, as shown
in Figure 3.5(a). In comparison, ITRwm and ITR¢ are shown in Figures 3.5(a) and (b). The
tendency of ITRw in Figure 3.5(b) was almost consistent with the previous research [26]
(reproduced using "Ref.W2" in Figure 3.5) in the Platinum (Pt)-Ar system. In addition,
the ITR of the CG models consistently almost exhibited higher values than those of the
SPC/E models under the condition of the identical roughness ¥, which was consistent
with observations from flat surfaces. Under low pressure, when the CB state was observed,
both ITRrand ITRw escalated four to ten times compared to the Wenzel state, irrespective
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of ¥ and water models. In short, the width of the nanopillar had almost no effect on the
different definitions of the ITRs.
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Figure 3.5 Relationship between surface roughness (W) and ITRs on nanostructure
surfaces. (a) show the relationship between [TRrand V. (b) show the relationship between
ITRh and ¥. Red and blue represent the SPC/E and CG models, respectively. The dots
and diamonds correspond to the hydrophilic (CA1) and CB states, respectively.

3.4 Two-dimensional (2D) density contour of water on

nanostructure surfaces

The 2D density contour of the water molecules aided in understanding the relationship
between water pressure and the nanopillars under the CG and SPC/E models for the
relationships between the liquid adsorption layer and the ITRs. Figures 3.6 to 3.9 show
the 2D density distribution of the CG and SPC/E water molecules near the solid surfaces
in the CA1 and CA2 cases under varying pressure conditions. The number of CG and
SPC/E water molecules was adjusted to maintain the approximate water pressure for both
water models, and the number of water molecules and water pressure are given in Table
S3.2 of the Appendix. Figures 3.6 to 3.9 exhibit a similar pattern of 2D density
distribution of the SPC/E and CG water molecules under the nanopillar widths of S19 and
S14. Under the high pressure conditions of the SPC/E and CG water, the water density
tended to concentrate on the top nanopillar surfaces and the groove bottom surfaces in the
x-y plane, especially in the CA2 cases. Figures 3.6 to 3.9 (a and c) show a non-uniform
density distribution on the groove bottom surface, contrasting with the relatively uniform
density observed on the top nanopillar surface. Meanwhile, the presence of uniform and
dense density of the water on the top nanopillar surface in Figures 3.6(a) and (b) to Figures
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3.9(a) and (b) were attributed to the stronger adsorption capacity of the top nanopillar
surface compared to the groove bottom surface. Although the SPC/E water density
exhibited slightly more pronounced characteristics than that of the CG model under
approximate conditions, these findings aligned with the results on the flat surfaces
obtained from the 1D density profile in Figure 3.3. In addition, the different types of FCC
crystal surfaces[59] could contribute to the different water densities on the nanopillar
sidewalls and the groove bottom surface (FCC 111).

() (b)
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Figure 3.6 Two-dimensional (2D) water density on nanostructure surfaces in the CA1
cases under different pressures, water models, and nanopillar widths of S19.

43



() (b)

X (nm)

Figure 3.7 Two-dimensional (2D) water density on nanostructure surfaces in the CA2
cases under different pressures, water models, and nanopillar widths of S19.
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Figure 3.8 2D water density on nanostructure surfaces in the CA1 cases under different
pressures, water models, and nanopillar widths of S14.
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Figure 3.9 Two-dimensional (2D) water density on nanostructure surfaces in the CA2
cases under different pressures, water models, and nanopillar widths of S14.
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3.5 Relationship between DDL and ITRs

The density depletion length (DDL) was a way to evaluate S-L ITR on flat and
nanostructure surfaces. The DDL-ITR relationship of a flat surface was first investigated
under the different water pressures. Figure 3.10 illustrates the relationship on flat surfaces
between the DDL calculated using Eq. (2.47) and the S-L ITRs. In Figure 3.10, the
exponential curves of "SPC/E-flat" and "CG-flat" depict the relationship between DDL
and S-L ITRs under various interaction strengths for flat surfaces. It was observed that as
the DDL increased, the S-L ITRs increased, and the tendency was strongly related to Eq.
(3.2) with the coefficient of determination (CoD>0.97 in most cases). In Eq. (3.2), the
coefficients of the exponential function referred to the "Aq4" and "nd", and the units of
"Ad" and "nd" were "m2-K/W" and "nm™'", as shown in Table 3.2.

ITR = Ay « end  DDL (3.2)
The exponential trend is a good way to describe the relationship between DDL and S-L
ITR, indicating it is applicable to flat and nanostructured surfaces, based on the previous
study [25] and the coefficient of determination is shown in the present section. In Figures
S3.14 and S3.15 of the Appendix, more data points are used to show that an exponential
curve is a good representation of the DDL-ITR relationship. The relationships of the DDL
and S-L ITRs were dependent on the CG and SPC/E models. The ITRs of the CG model
tended to be higher than those of the SPC/E model under similar conditions. The O-H
vector angles of SPC/E water molecules were directional[75], and hydrogen atoms might
be close to the solid surface at the S-L interface, thereby reducing the DDL. It is worth
mentioning that the report with the purple curve, reproduced using "Ref.DDL" in Figure
3.10, which was based on the SPC/E-Si simulations[25], might slightly differ from the
present work due to solid variations.

Table 3.2 The coefficients of "Ad¢" and "nd" in Eq. (3.2).

exponential curves  Ad (10° K'm*W) nd (nm™) CoD
Flat surfaces SPC/E-flat 1.22 23.24 0.99
CG-flat 2.17 22.15 0.99
SPC/E-Wenzel 0.38 14.94 0.96
TR, SPC/E-CB 6.37 1.77 0.98
CG-Wenzel 0.12 17.52 0.97
CG-CB 6.23 1.78 0.98
SPC/E-Wenzel 1.10 10.63 0.94
SPC/E-CB 6.94 1.74 0.99
ITRw
CG-Wenzel 1.00 10.31 0.97
CG-CB 8.45 1.56 0.98

As the previously reported the relationship between DDL and ITRs was limited to flat
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surfaces, the present study explored and discussed this relationship in the context of
nanostructure surfaces.

CG-CA1
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CG-flat ]
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Ref.DDL
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Figure 3.10 The relationships between S-L ITRfat and DDL using the CG and SPC/E
models on flat surfaces. The red and blue exponential curves correspond to the SPC/E
and CG models, respectively. The MD report [25] of DDL and ITR#at shows a purple
curve (depicted as "Ref.DDL"). The circles and diamonds refer to the hydrophilic (CA1)
and hydrophobic (CA2) states, respectively.

On the nanostructure surfaces, the relationships between S-L ITRs and DDL could be
described by Eq. (3.2). The exponential curves of "SPC/E-Wenzel" and "CG-Wenzel"
represent the Wenzel states under various roughness and water pressure, as depicted in
Figures 3.11(a) and (b). The exponential curves of DDL-ITR on the nanostructure
surfaces were significantly different from those on flat surfaces, indicating that
nanostructure surfaces influenced the relationship between DDL and ITR.

In Figure 3.11(b), the ITRw illustrates that the exponential curves of the CG and SPC/E
models were closely aligned, in contrast to the variation seen in the ITRfin Figure 3.11(a).
This difference was due to the presence of liquid water filling the groove, which led to
the observation of the Wenzel state when the DDL values ranged from approximately 0
to 0.25 nm. Conversely, when the DDL ranged from about 0.6 to 1.0 nm, the groove
remained unfilled with liquid water, resulting in the CB state. The trend of ITRr observed
in Figure 3.11(a) resembled that on flat surfaces, with the magnitude of ITRs in the cases
of the CG model slightly surpassing that in the SPC/E model when DDL ranges from 0
to 0.25 nm. However, for the SPC/E model, indicated by the red circle shapes of the
"SPC/E-CA1" in Figures 3.11(a) and (b), the ITRs in the CA1 cases demonstrated a
slightly poor fit to the exponential curves. It might be that SPC/E water molecules were
in the hydrophilic states, so the exponential curves could roughly describe the
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relationships between S-L ITRs and DDL under different pressures.

It remained unclear whether the DDL could be applied to ITRs with different definitions.
Interestingly, ITRr and ITRw exhibited slight sensitivity to the CG and SPC/E models
used when the DDL ranged from about 0.6 to 1.0 nm. The intersection of the fitting curves
in Figures 3.11(a) and (b) represents the critical point that was inferred to be associated
with the transition from the Wenzel to the CB state. The Wenzel and CB states could be
judged by 2D density distribution, such as the Wenzel state in Section 3.4. Consequently,
the DDL served as a descriptor of the wettability state and facilitated approximate
prediction of ITRs.
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Figure 3.11 The relationships between ITR and DDL using the CG (blue) and SPC/E (red)
models on nanostructure surfaces. ITRf and ITRm are shown in (a) and (b). The
relationships between DDL and ITRs in the CB states are shown in the small plots. The
solid and dashed exponential curves represent the Wenzel states and CB states,
respectively. The circles and diamonds represent the hydrophilic (CA1) and hydrophobic
(CA2) states, respectively.
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4 The effect of defective graphene coating on I'TRs in water-
graphene-Cu systems

In the present chapter, the influences of the defective surface on the relationship between
DDL and S-L ITRs were investigated by NEMD simulations in the water-graphene-Cu
system. To evaluate the effect of the defective surface on the S-L ITR, the computational
models and numerical details were introduced in Section 4.1. The effect of defect
concentration on the S-L ITR using the SPC/E and CG models is shown in Section 4.2.
The relationships between ITR and DDL on flat and nanostructure surfaces were
presented in Section 4.3.

4.1 Calculation models and numerical details

The CG and SPC/E models with graphene-Cu surfaces were used on flat and
nanostructure surfaces in the present chapter. The initial size of the system box was 4.08
(Lx) x 3.98(Ly) x 12.34(Lz) nm?, and it was the same as in Chapter 3. The distance in the
z direction was 6.50 nm between the top and bottom walls to hold the graphene coating
and water molecules, as shown in Figure 4.1(a). Each Cu wall consisted of 13 layers with
a thickness of 2.51 nm on a flat surface and was coated with a single-layer graphene. The
lattice constants [22, 53] of the Cu and graphene were 0.255 nm. A nanostructure surface
consisted of a Cu nanopillar and a single-layer graphene coating, as shown in Figure
4.1(e). The Cu nanopillar width and height were 1.91 nm and 1.6 1nm, respectively. The
nanopillar was composed of 7 Cu layers. The initial distance between graphene and Cu
surfaces was around 0.3 nm on flat and nanostructure surfaces. The water pressure ranged
from 1 to 50 MPa in the present chapter, and the details of the water pressure are given in
Table S4.1 of the Appendix. The periodic boundary was employed in the x- and y-
directions as in Chapter 3.

The defect concentration of the graphene coating was given by using the number of
missing carbon atoms in a defective graphene coating divided by the number of carbon
atoms in a pristine graphene coating, as shown in Eq. (2.49). The pristine graphene
coating has 576 and 288 atoms on a flat and nanostructure surface, respectively. The
pristine (SV0.0) and defective graphene on flat and nanostructure surfaces are shown in
Figure 4.2, and the structure of the pristine graphene was similar to the previous
reports[22, 76]. Figures 4.2 (a) to (c) show the calculation models on flat surfaces of
pristine graphene (SV0.0), 2.1% of defective graphene (SV2.1), and 2.8% of defective
graphene (SV2.8), respectively. Figures 4.2 (d) to (f) show the calculation models on
nanostructure surfaces of pristine graphene (SV0.0), 2.1% of defective graphene (SV2.1),
and 2.8% of defective graphene (SV2.8), respectively. The lattice orientation of Cu was
FCC (111) in the z-direction. The single vacancy (SV) of defective graphene surfaces is
employed in Chapter 4. A single vacancy in graphene refers to a type of defect where one
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carbon atom is missing from the neighboring perfect hexagonal lattice of carbon atoms.
In the present study, the defect size, similar to a hole diameter, caused by missing carbon
atoms is constant.

The color layers and related functions in Figure 4.1 were the same as in Chapter 3, and
the grey corresponds to the graphene coating or carbon atoms. The CG and SPC/E water
regions were divided into equal slab regions for a temperature distribution of 0.3 nm along
the z-axis. The slab regions in the z-direction had a density distribution with the thickness
0f0.01 nm (dz) for both water models. In the present chapter, three types of initial velocity
distributions were used for the ITR and DDL calculations in each case to generate the
error bars in related figures. The related tables and figures in the Appendix were shown
by only one of three MD simulations.
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Figure 4.1 Calculation models of Cu-graphene-water systems. (a) and (c¢) show that
single-layer graphene is coated on the entire Cu bottom surfaces using the CG model; (b)
and (d) show that single-layer graphene covers the entire Cu bottom surfaces using the
SPC/E model. The dark blue and red atoms were cold and hot regions controlled by the
Langevin thermostat. The fixed walls consisted of light-purple atoms. The nanopillar
width was 1.91 nm for nanostructure surfaces such as in (e). The light-blue particles were
CG water molecules in CG water cases and oxygen atoms in the SPC/E model. The orange
particles were hydrogen atoms just in the SPC/E model. The grey particles denote the
graphene coating. The Wenzel and CB states are shown in (e, f) and (g, h), respectively.
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Figure 4.2 A single layer of pristine and defective graphene. (a) to (c) correspond to the
pristine and defective graphene coating on flat surfaces, and (d) to (f) correspond to the
pristine and defective graphene coating on nanostructure surfaces. The pristine graphene,
2.1% defective graphene, and 2.8% defective graphene on flat and nanostructure surfaces
correspond to the SV0.0, SV2.1, and SV2.8, respectively.
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4.2 The effect of defective surfaces on water density and ITRs on

flat surfaces

4.2.1 The effect of defective surfaces on water density

To investigate the effect of graphene defect concentration on ITRs, it was necessary to
observe the adsorption of water molecules on the graphene coating. Figures 4.3(a) to (d)
show the 1D water density on the different wettability surfaces.
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Figure 4.3 1D density profile of water molecules on flat surfaces. The blue and red
correspond to the CG and SPC/E models, respectively. The dot, diamond, and square
correspond to the cases SV0.0, SV2.1, and SV2.8, respectively. (a) to (d) refer to the cases
CA11, CA12, CA21, and CA22.
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The calculation results of the CG and SPC/E models in the present chapter were shown
in blue and red, respectively. The CA11, CA12, CA21, and CA22 cases describe different
wettability of liquid on a solid surface (Cu and graphene) and the meanings of CA11,
CA12, CA21, and CA22 are explained in Section 2.4. By observing the one-dimensional
(1D) density profile of the CG and SPC/E water molecules in Figure 4.3, the maximum
peak of the CG and SPC/E water density increased as the defect concentration decreased.
The defect concentration did not greatly change the water density in the hydrophilic and
hydrophobic states, and the decreasing trend was not very obvious. Overall, as the defect
concentration decreased, the maximum water density on periodically defective graphene
preferred to increase gradually regardless of water models. The defect concentration in
graphene had a very slight impact on the water adsorption under the present conditions.
It was surmised that the missing carbon atoms formed a small defect region, forming the
CB state for the small defect, which typically decreased the water adsorption on the
graphene coating.

4.2.2 The effect of defective surfaces on ITRs

In the present section, the effect of defect surfaces on ITRs between graphene and water
was investigated, using the vibrational density of states (VDOS) method. Figure 4.4
shows the relationship between defect concentration and ITRs on flat surfaces. The ITRs
were calculated between graphene and water in the present calculation models. The defect
concentration cases included SV0.0, SV2.1, and SV2.8. Figures 4.4 (a) and (b) show ITR
on the graphene surface under the water pressure of P3 in the CA11, CA12, CA21, and
CA22 cases of Section 2.4. The ITR reported in the Cu-graphene (SV0.0)-water system
[22] was around 2.39x1078 K-m?/W in the hydrophilic state, which was similar to that of
2.45x107® K-:m*W in the present case of the SPC/E-CA21. The ITRs of the CG model
were slightly higher than those of the SPC/E model, which was like in Chapter 3, because
the maximum peaks of the SPC/E water density were slightly higher than those of the CG
water density. The ITRs decreased slightly with increasing defect concentration. The
increase in defect concentration implied a decrease in the number of C atoms in the
graphene coating, and the effect of graphene decreased for the energy transfer between
the liquid and the Cu surface. Assuming that the defect concentration was infinite, the
liquid and Cu directly exchanged energy. From the results of Chapter 3, the S-L ITR could
be greatly reduced. It was speculated that defective graphene could improve the phonon
channel. Therefore, the relationship between ITR and defect concentration was usually
related to the overlap of VDOS and the results are shown in Figures 4.5 to 4.7. The
differences in the water models were also related to the "GCu-distance", and the definition
of the "GCu-distance" was the distance between the graphene and Cu surfaces with all
wettability states (such as CAll cases) in Figure 4.4 (c). The defect concentration
increased with the "GCu-distance" because the increased loss of graphene atoms resulted
in a reduction in the adsorption of the graphene coating on the Cu walls. In particular, the
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"GCu-distance" of the CG model was slightly larger than that of the SPC/E model, which
might also be the direct factor that caused the ITRs of the CG model to be larger than that
of the SPC/E model, indicating the reduced "GCu-distance" enhanced the heat transfer
between the SPC/E water and Cu. In Figures 4.4 (a) and (b), the ITRs of the SPC/E and
CG model under the weak wettability of Cu tended to be slightly larger than that of the
strong wettability of Cu surfaces because the wettability depended on the outermost
surfaces in contact with water, such as graphene.
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Figure 4.4 The effect of defect concentration and graphene-Cu distances on ITRs on flat
surfaces. The blue and red were related to the CG and SPC/E models. (a) and (b)
correspond to the CA11 (CA12), and CA21 (CA22) cases. Dot, diamond, square, and
cross correspond to the CA11, CA12, CA21, and CA22 cases, respectively. The lines in
(a) and (b) do not strictly fit the data points, which just shows the tendency for the ITRs
to decrease according to the increase of defect concentration.
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Figures 4.4(a) and (b) exhibited that the ITRs almost decreased with the increase of the
defect concentration. This phenomenon was usually related to the overlap of the VDOS,
which was similar to the results of previous reports [77, 78]. To evaluate the heat transfer
between water molecules and the graphene coating, the VDOS was calculated by the
velocity autocorrelation function (VACF, V(t-to)) of solids and water using the Fourier
transform, as shown in Eq. (4.1a). The V(t-to) in Eq. (4.1a) and Eq. (4.1b) was calculated
by the velocity (V) of the solids and water, such as the velocity (v) of the Cu. V(o) and
V(t-to) are the velocity vectors of the particle at time to and t-to, respectively. <> is an
ensemble average, which represents the statistical average over the time (t-to). To
normalize the VDOS of the solid and water in Figures 4.5 and 4.6, the VDOS[79] was
calculated using the normalization coefficient (Cypos *) in Eq. (4.1¢). The unit of "w" is
THz.

VDOS(w) = f OOV(t —t,) el®tdt (4.1a)
to
V(t—ty) =< v(t — ty)v(ty) > (4.1b)
cVDOS‘l.f V(t—ty)dw =1 (4.1c)
to

Figures 4.5 and 4.6 describe the frequency and VDOS of the solids and water including
the CG (in 4.5) and SPC/E (in 4.6) models. The small figures in Figures 4.5 and 4.6
describe the frequency and VDOS of the solid and water. The VDOS frequency range
was from 0 to 60 THz. The curves of black, green, and blue refer to the defect
concentrations of SV0.0, SV2.1, and SV2.8 at different wettability states (CA11, CA12,
CA21, and CA22). The water layer thickness along the z-direction was about 1.4 nm for
plotting the water VDOS and frequency. The Cu VDOS related to the VDOS peak
remained almost constant for all the cases around 0—10 THz [53, 76, 80]. The VDOS
frequency of the CG and SPC/E models was concentrated at 0—10 THz and 0-30 THz,
which was similar to the research on the CG water and SPC/E models [81]. The graphene
VDOS frequency at 0-30 THz and 4055 THz was similar to some reports [53, 82, 83].
The overlap of VDOS between graphene and water was calculated using Eq. (4.2). a and
B were related to graphene and water, respectively.

[, VDOS(VDOSg(H)dw
J,"* VDOS,(dw [ VDOSg(t)dw
In Figures 4.5 and 4.6, the VDOS peaks D and G of defective graphene could be observed
at 42 THz and around 49 THz. The VDOS G peak on the pristine graphene coating did

not occur due to the pristine graphene being adsorbed by Cu surfaces to acquire a steady
graphene coating [22, 25], and the VDOS G peak moved[53, 83, 84] to around 42 THz.

overlap(w) = 4.2)
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When the defective surfaces were coated on Cu surfaces, the VDOS G peak formed due
to some graphene atoms unmatched to Cu surfaces. The experimental study of Raman
spectroscopy on defective graphene [85] demonstrated a peak D with strong intensity and
a peak G; meanwhile, the VDOS peak in the present cases also appeared at similar

frequencies.
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Figure 4.5 The effects of VDOS on ITRs using the CG model at various defect
concentrations. The curves in black, green, and blue correspond to the defect
concentrations of 0.0%, 2.1%, and 2.8%, respectively. The dashed-dotted, dashed, and
solid curves in (a) to (d) after smoothing the VDOS curves are related to the water, the
Cu surface near the graphene coating, and the graphene coating, respectively. The small
figures in (a) to (d) describe the VDOS of the water (dashed-dotted) and Cu surfaces
(dashed).
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Figure 4.6 Effects of VDOS on ITRs using the SPC/E model at various defect
concentrations.

The VDOS D peak was caused by structural disorder and phonon scattering [85, 86], as
well as forced matching. However, the VDOS of peaks D and G peaks had a minor
influence on the overlap colocation region and could not strongly affect the S-L ITRs.
The VDOS intensity and frequency of the CG models were different from those of the
SPC/E models, which might affect the values of the VDOS overlap, the relationships
between the VDOS overlap and ITRs are shown in Figure 4.7.

In the acoustic mismatch model (AMM), the acoustic mismatch between the water and
the graphene coating was usually described by the overlap of VDOS [77, 78]. The ITRs
on all wettability surfaces using the CG model almost increased as the overlap of VDOS
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decreased, similar to some reported trends [87]; however, the VDOS overlap using the
SPC/E model could not clearly describe this like the CG model. An MD study[79] also
showed that VDOS overlap and ITR mismatch might occur due to the weak interaction
strength between water and the solid surface. Therefore, DDL could be considered to
evaluate ITRs, as shown in Section 4.4.
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Figure 4.7 Effects of VDOS overlaps on the ITRs of the flat surfaces using the CG and
SPC/E models. The red and blue correspond to the CG and SPC/E models, respectively.
The solid and hollow in (a) and (b) correspond to CA11 with CA12 cases, and CA21 with
CA22 cases, respectively.

4.3 The effect of defective surfaces on ITRs on nanostructure

surfaces

It should be noted that the ITR definition of the nanostructure surface was previously
explained in Section 2.8.4. Figures 4.8 (a) and (b) correspond to the wettability surfaces
of CA1l and CA12. Figures 4.8 (a) and (b) did not clearly show the decreasing trend of
ITRfand ITRw as the graphene defect concentration decreased, which might be related to
the definition of ITR. The ITRr occurred at the groove bottom surface, and the graphene
was located at the top nanopillar surface to reduce the impact on the S-L ITRs. The ITRwm
was defined between the groove bottom surface and the liquid near the graphene in the x-
y plane, as shown in Figure 4.1(e), but the groove was filled with water, which indicated
a larger amount of heat transferred from the liquid to the solid surface; therefore, the
defective graphene did not have enough influence on the ITRw. In short, the nanostructure
surface with defective graphene in the Wenzel state could not effectively affect the ITRs.
Based on the cases in the Wenzel state, it was speculated that defective graphene in the
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CB state might affect the ITRs.

The CB state, which was carried out in MD simulations in the CA21 and CA22 cases by
adjusting the number of water molecules, was also defined in Chapter 2. In Figure 4.9, it
was observed that the ITRm and ITRf in the CG and SPC/E models slightly decreased
with the increase in defect concentration under the wettability surfaces of CA21 and
CA22. Only a limited number of water molecules contacted the Cu nanopillar sidewalls
in the CB state, and most of the heat transfer between the solid and the liquid occurred on
the graphene coating, which was close to the case of the flat surfaces.
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Figure 4.8 The relationship between defect concentration and ITRs on nanostructure
surfaces in the Wenzel states. The blue and red correspond to the CG model and SPC/E
models, respectively. The (a) and (b) correspond to the cases CAll and CA12,
respectively. The solid and hollow shapes were related to the cases ITRr and ITRwm. The
lines do not strictly fit the data points, which just shows the tendency for the ITRs to
decrease according to the increase of defect concentration.
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Figure 4.9 The relationship between defect concentration and ITRs on nanostructure
surfaces in the CB states. The blue and red correspond to the CG and SPC/E models,
respectively. The (a) and (b) correspond to the CA21 and CA22 cases, respectively. The
solid and hollow shapes were related to the cases ITRfand ITRu. The lines do not strictly
fit the data points, which just shows the tendency for the ITRs to decrease according to
the increase of defect concentration.

4.4 Two-dimensional (2D) density contour of water on defective

surfaces

The 2D density contour of water helps to understand the relationship between the
defective surface and the liquid adsorption layers in the case of the CG and SPC/E models.
Figures 4.10 and 4.11 show the two-dimensional local density contours related to the
SPC/E model in (4.10), the CG model in (4.11), graphene, and Cu. The CAll, CA12,
CA21, and CA22 cases in Figures 4.10 and 4.11 were defined in Chapter 2. Since the
interaction strength in the CA12 and CA22 cases was lower than that in the CA11 and
CA21 cases, water density distribution near the graphene coating was lower. When the
defect concentration was 0.0%, the water density was uniformly concentrated on the
graphene coating. On the defective graphene coating, there was a slightly less pronounced
CG and SPC/E water density, and the uniform CG and SPC/E water density
corresponding to the defective graphene was lower than that of the pristine graphene
coating. From the results of 2D water density, as the graphene defect concentration
increased, the density distribution of the CG and SPC/E water molecules on graphene
became less significant. The 2D density of the CG water molecules was lower than that
of the SPC/E model, which corresponded to the maximum peak of the 1D density profiles
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between the CG and SPC/E models. In summary, the water molecules could not stay in
the defective surface and the uneven density distribution of the CG and SPC/E water
molecules was caused by the defect concentration between graphene and water.
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Figure 4.10 Density of two-dimensional (2D) water on the graphene surface in the case
of the SPC/E model.
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Figure 4.11 Density of two-dimensional (2D) water on the graphene surface in the case
of the CG model.
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4.5 Relationship between DDL and ITRs

4.5.1 Relationship between DDL and ITRs on flat surfaces

The density depletion length (DDL) contributed to understanding and evaluating the ITRs
at the S-L interfaces; in general, the larger the DDL, the greater the ITR[25]. Each
exponential curve of the DDL-ITR included various water wettability states and was
calculated using Eq. (3.2). Figure 4.12 shows the relationships between DDL and ITR on
a flat surface. The DDL value of around 0.142 nm in the case CA11-SPC/E-P3 was similar
to the DDL values of around 0.151 nm, which were calculated in the SPC/E water-Si (111)
coated with single-layer graphene under approximate wettability conditions at the contact
angle of around 90 degrees [25].

Compared with the Cu-water system in Chapter 3, the average values of the DDL
increased by about 0.03 nm, which obviously represented an increase in the S-L interface
by the graphene coating. The exponential curves of the DDL-ITR were lower than that of
the case in Chapter 3, which indicated that if the ITR had the same value, the DDL on the
graphene coating was larger than that in Chapter 3, regardless of water models. The
interaction between the graphene coating and water was different from that between Cu
and water. The DDL of the present section was greater than that in Chapter 3 due to the
different S-L interactions; the ITR of the present section was larger than that in Chapter
3 because the graphene coating weakened the phonon channel to increase the ITR. Since
the ITR strongly depended on the solid surface, the ITR on the graphene coating surface
was different from the ITR on the Cu surface. In short, these differences caused the
exponential curve in the present chapter inconsistent with that in Chapter 3.

The DDL-ITR was not significantly affected by the defect surfaces, and the case of defect
concentrations was also included in the DDL calculation, as shown in Section 2.9; in most
cases, the DDL values remained almost constant even when the defect concentration
increased; the S-L interface between water and defect surfaces did not change because
the single vacancy in the graphene coating could not accommodate the water molecules.
The red exponential curves of the SPC/E model were higher than those of the CG model,
which was similar to the results of Chapter 3; the main reason was that the DDL in the
cases of the SPC/E model was smaller than that in the cases of the CG model under
approximate conditions. For all data points containing various wettability and graphene
defect concentrations, the growth trends between ITRs and DDL roughly followed
exponential trends, which remained feasible for predicting ITRs. The details of the fitting
coefficient are given in Table 4.1.
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Table 4.1 The coefficients of the exponential curve on flat surfaces.

Exponential curves Ad (10° K:m*W) nd (nm™') CoD

CG 0.56 22.5 0.92

SPC/E 1.14 21.4 0.96
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Figure 4.12 The DDL and ITR on flat surfaces. The red and blue correspond to the SPC/E
and CG models, respectively.

4.5.2 Relationship between DDL and I'TRs on nanostructure surfaces

In order to study the effect of defect concentration on the relationship between DDL and
ITR of the nanostructure surfaces, Figure 4.13 shows the relationships of the
nanostructure surfaces between the S-L ITR and DDL in the Wenzel and CB states.
Figures 4.13 (a) and (b) correspond to the ITRrand ITRwm, respectively. The circles of the
SPC/E (as depicted in red) and CG (as depicted in blue) models correspond to the Wenzel
states, including the cases CA1ll and CA12 with the defective graphene coatings. The
crosses and diamonds correspond to the cases CA21 and CA22 in the CB states. The solid,
dashed, and dashed-dotted correspond to the ITRrand ITR of the exponential curves and
contained various wettability states and the defective graphene coating.

In the Wenzel state, the data points of DDL and ITR were very close to the exponential
curve of Chapter 3. A single-layer graphene coating that only covered the top nanopillar
surface was different from the flat surface of the present chapter, which led to a small
increase in DDL compared with Chapter 3; the groove of the nanostructure mainly
facilitated energy transfer between Cu and water, as in Chapter 3, which might cause the
data points of ITR and DDL to be close to the exponential curve of Chapter 3 and not
strictly follow that. In the CB state, energy transfer on the nanostructure surface was
mainly between the top nanopillar surface and water, and the top nanopillar surface of
Chapter 3 was the Cu surface. The DDL almost depended on the groove of the
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nanostructure surface, similar to Chapter 3. Therefore, the ITR of the present chapter
increased larger than that of Chapter 3, which made the DDL-ITR curves of the present
chapter slightly larger than those of Chapter 3.

The fitting coefficient of the SPC/E and CG models in the Wenzel state was just above
0.70. The details of the fitting coefficient are given in Table 4.2. The relationship in the
Wenzel state between DDL and ITRs could be roughly related to the exponential growth
trend, which indicated that DDL could roughly evaluate the ITRs. However, the
relationship was not confirmed strictly because the defect concentration did not
significantly increase or decrease DDL and ITRs.

Table 4.2 The coefficients of the exponential curve on nanostructure surfaces

Exponential curves Ad (10° K-m*W) nd (nm™) CoD
CG-CAI11(CA21)-ITR¢ 043 11.2 0.71
CG-CAT11(CA21)-ITRw 2.13 7.45 0.73
CG-CA21-ITR¢ 12.1 1.14 0.62
CG-CA21-ITRw 13.9 1.11 0.69
CG-CA22-ITR¢ 13.0 1.55 0.87
CG-CA22-ITRmn 16.0 1.39 0.87
SPC/E-CA11(CA21)-ITR; .84 6.31 0.73
SPC/E-CA11(CA21)-ITRn 2.94 6.01 0.74
SPC/E-CA21-1TR¢ 10.16 1.43 0.93
SPC/E-CA21-ITRm 11.38 1.35 0.92
SPC/E-CA22-ITR¢ 9.67 2.03 0.94
SPC/E-CA22-ITR 10.84 1.93 0.94

The dashed and dashed-dotted exponential curves of the SPC/E and CG models were
distinguished by the cases CA21 and CA22 in the CB state. The fitting coefficient
between DDL and ITRs using the SPC/E and CG models in the CA21 and CA22 cases
ranged from 0.62 to 0.94 because the DDL did not change much and there were only two
types of the number of water molecules (water pressure). In the SPC/E water models, the
additional reason was that the ITRs also did not change much, which increased the fitting
coefficient of the SPC/E model. Compared with the DDL-ITRfand DDL-ITRw in Chapter
3, there seemed to be also an exponential intersection between the Wenzel and CB states
under the defective graphene coating. The values of DDL and ITR in each case were
similar in the Wenzel state. In addition, the different wettability in the CB states split the
exponential curve of the DDL-ITRs into two. In Figure 4.13, the relationship of DDL-
ITR in the SPC/E and CG models roughly was examined to the exponential curve on the
graphene coating because DDL did not change so much in the cases of various graphene
surfaces. It could be inferred that the different wettability was primarily responsible for
the tearing exponential curves on the nanostructure surface in the CB state.

The ITRs in the CA21 cases were less than those in the CA22 cases because the
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wettability became weaker. The DDL in the CB state strongly depended on the distance
between the position of the liquid in the groove and the groove bottom surface, and this
distance was included in the definition of the actual CB state in Chapter 2. In the CB state,
different wettability mainly changed the distance between the solid and liquid. The
distance between the position of the liquid in the groove and the groove bottom surface
did not change too much, as shown in Figure 6.4. Different wettability with the same
number of water molecules almost maintained a similar thickness of the penetration liquid,
which indicated wettability could not change DDL in the CB state so much. Therefore,
different wettability resulted in two exponential curves in the CB state. In short, the
exponential curves of the CB state between DDL and ITR are almost determined by the

wettability.
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Figure 4.13 The DDL and ITR for different wettability states and defect concentrations.
The red and blue correspond to the SPC/E and CG models, respectively. The circles,
crosses, and diamonds correspond to the Wenzel state, the cases CA21 of the CB state,
and the cases CA22 of the CB state, respectively. (a) and (b) referred to the ITRrand ITRwm
of nanostructure surfaces. The number of water molecules in the CB state was related to
the cases of N1 and N2.
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5 Application of TCMs in water-Cu systems

In Chapter 5, the influences of nanopillar width and water pressure on the relationship
between the ITRs calculated by MD simulations and those predicted by thermal circuit
models (TCMs) were investigated in the water-Cu systems. The computational models
and numerical details are introduced in Section 5.1. The effects of water pressure on the
relationship between ITRs calculated by MD simulations and those predicted by TCMs
are shown in Section 5.2. The effects of nanopillar widths on the relationship between
ITRs calculated by MD simulations and those predicted by TCMs are described in Section
5.3.

5.1 Calculation models and numerical details

In the present chapter, the thermal resistances (R) of flat surfaces and six TCMs were used
to predict the ITRmp of a nanostructure surface calculated by MD simulations. The
calculation method of ITRmp and the values of ITRmp were described in Chapter 2 and
presented in Chapter 3, respectively. ITRmodel Was calculated based on six TCMs, which
were explained in Section 2.8.2. It should be emphasized that there was a difference
between thermal resistance (R) and ITRs. The main difference between R and ITR was
that the unit of R is K/W, and the unit of the ITR is K-m%*W; the details of those
differences have been shown in Section 2.8. The related tables and figures in the Appendix
were shown by only one of three MD simulations. The root mean square error (6, RMSE)
is usually used to evaluate the difference between the predicted and observed values[88],
as shown in Eq. (5.1).

5(x) = \/Z%q:l(ITRMD,i — ITRModeri)?

N ; *E AtoF (5.1)

The unit of & is 10° K:m?W, and the predicted and observed values were related to
ITRmodet and ITRwmb in the present chapter, respectively. The smaller the RMSE, the more
accurate the predicted model. For example, 6(A) represents the RMSE value of model A
in the present study. The "N" denotes the number of conditions in the case of model * in
Eq. (5.1).

5.2 The effect of water pressure on the relationship between ITRwp

and I'TRmodel

5.2.1 The effect of water pressure on I'TRpa: calculated by MD
Water pressure was a very important factor affecting the ITR, which was considered in
the present section. The S-L thermal resistance (Rfiat) determined by MD simulations has
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a correlation with water pressure [18]. Figure 5.1 illustrates the relationship between Riat
at the S-L interfaces and water pressure on flat surfaces under hydrophilic (CA1) and
hydrophobic (CA2) conditions using the CG and SPC/E models. As the water pressure
increased, the S-L Raat decreased almost linearly, regardless of the water models and
surface wettability; this phenomenon occurred because higher water pressure resulted in
a denser packing of water molecules on the solid surfaces, which significantly enhanced
the S-L coupling, thus facilitating heat transfer. The increased water pressure also
provided more phonon transmission channels, which further enhanced the phonon
transport between the solid and liquid, thereby reducing the thermal resistance [18]. The
ITRs of the CG and SPC/E models were higher in the CA2 cases compared to the CAl
cases. In addition, the ITRs in the cases of the CG model were slightly higher than those
in the cases of the SPC/E model in the CAl cases, according to Chapter 3, probably
because the maximum peak of the water density of the CG model was lower than that of
the water density of the SPC/E model. In order to describe the relationship between S-L
R and water pressure, a linear relationship was used approximately. The relationships
depicted in the fitting lines of Figure 5.1 were utilized to derive Rs.iigx in the thermal
circuit models (TCMs) by incorporating water pressure as a variable. The detailed values
of water pressure and the number of water molecules on flat surfaces are given in Table
S3.1 of the Appendix.
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Figure 5.1 Relationship between S-L Rfat and water pressure (Pressure) in Cu-water
systems. An approximate line was used to describe the relationship between R and water
pressure. The green and red correspond to the fitting lines between Rsatand water pressure
in the CA1l and CA2 cases, respectively. The coefficients of the green and red fitting
functions in (a) and (b) are given in Table 5.1. The value of water pressure was similar to
the previous report [18].
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Table 5.1 The coefficients of green and red fitting functions (y=aa-x+bb) in Figure 5.1.

Lines aa bb CoD
CG-red -0.0147 5.99 0.99
CG-green -0.0346 12.4 0.88
SPC/E-red -0.0068 4.82 0.93
SPC/E-green -0.0296 10.97 0.88

5.2.2 TCMs in the Wenzel state

To better understand the performance of TCMs, the case of the Wenzel state was first
considered in the present section. In Figures 5.2 to 5.4 and 5.7, the dots, diamonds, and
squares correspond to various water pressures of P1, P2, and P3; the blue and red
represent the CG and SPC/E models for all cases; the pressure conditions decreased on
the nanostructure surfaces in the order of P1, P2, and P3, and the number of the CG and
SPC/E water molecules are given in Table S3.2 of the Appendix.

In the present chapter, the general CB state implied that the liquid water molecules did
not penetrate into the grooves on the rough surface at all [39]. The CB state in the MD
simulations referred to the cases where the liquid water did not fully penetrate to the
bottom of the groove along the z-direction. The CB states were determined in MD
simulations based on the distance between the position where water density drops below
0.01 g/cm?® and the groove bottom surface, which exceeded 0.2 nm; when the water
molecules within the groove met these criteria, the CB state was considered the actual CB
state, which differed from the general CB state. In the general CB state, no liquid water
was present in the groove, and the present assumption was applied to the TCMs.
Consequently, in the general CB states, the Lnano in Riiq was assigned very small values
to effectively sever the heat path on the right side of the TCMs diagrams shown in Figure
2.10, and Riiqg was considered to be nearly infinite.

Models A to F were developed based on the data of water pressures ranging from P1 to
P3, including scenarios with varying nanopillar widths in both the Wenzel and CB states.
It was important to note that the pressure conditions decrease sequentially from P1 to P2
and P3.

Figure 5.2 presents a comparison between the ITRMmodel predictions from the TCMs and
the ITRwmp values derived from MD simulations in the Wenzel and actual CB states using
models A and B. The ITRs predicted by the TCMs deviated significantly from the black
line across the water models when considering the general CB states, with all 6 values in
Figures 5.2 to 5.4 exceeding 12.0. To validate the accuracy of the TCMs, the 6 values
were firstly discussed only in the Wenzel state (ITRs<25 K-m*/W).

The 6(A)-P1 to 8(A)-P3 values of the CG model in the Wenzel state from P1 to P3,
including the nanopillar widths of S19 and S14 for all cases in Section 5.2, were 1.70,
4.21, and 6.52, respectively, as shown in Figure 5.2(a). The corresponding 6(B)-P1 to
o(B)-P3 values were 0.98, 3.34, and 5.67, as shown in Figure 5.2 (b). For the SPC/E
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model, the 5(A)-P1 to 6(A)-P3 values in the Wenzel state from P1 to P3 were 1.88, 3.72,
and 5.60, respectively, as shown in Figure 5.2 (a), and the 6(B)-P1 to 6(B)-P3 values were
1.96, 3.77, and 5.77, as shown in Figure 5.2 (b). The water pressure dependence was
incorporated into the TCMs, as explained in the discussion of Figure 5.1. Therefore, the
O(A) and o(B) values based on the CG and SPC/E models were also influenced by water
pressure. Lower water pressure resulted in lower TCM accuracy because the Rs.iigx in
ITRmodel was dependent on water pressure, and models A and B assumed that heat flow
was transported exclusively along the z-direction. The ITRwmodel values predicted by
models A and B were similar to those of ITRs on flat surfaces under comparable water
pressures, with the rate of ITRs decreasing with decreasing water pressure. The values of
the 8(A) and o(B) exhibited under the influences of water pressure, and there was no
major difference between the SPC/E and CG models when models A and B were used to
predict the ITRs.
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Figure 5.2 Influence of water pressure on the relationships between ITRmp and ITRMmodel
in the Wenzel and general CB states. (a) and (b) refer to models A and B. The dots,
diamonds, and squares represent various water pressures of P1, P2, and P3 for all cases.
The blue and red correspond to the CG and SPC/E models for all cases.

Meanwhile, there was no significant difference between models A and B. The detailed
values of local thermal resistances are shown in Table S5.1 and Figures S5.1 to S5.12 in
the Appendix. For example, for all cases in the CG model, the range of Rcu and Rs.iig1 in
the present chapter was from 0.13x10° K/W to 0.00054x10° K/W and from 3.45x10° K/W
to 0.58x10° K/W, respectively; for all cases in the SPC/E model, the range of Rcu and Rs.
liq1 in the present chapter was from 0.13x10° K/W to 0.00054x10° K/W and from 3.07x10°
K/W to 0.07x10° K/W, respectively. The thermal resistance value of Cu (Rcu) was a small
proportion of Rs-liq1, so whether it was the thermal conductivity in the experiments or that
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calculated by MD, the role of Rcu in TCM was limited. The thermal resistance of water
(Riiq) was slightly different from the thermal conductivity in the experiments and that
calculated by MD, but this difference was still not dominant in the TCM result. For
example, for all cases in the CG model, the Riiq proportion of R in the right path of heat
transfer was below 17%, and for all cases in the SPC/E model, the difference between Riiq
calculated by the thermal conductivity of MD and that of the experimental thermal
conductivity was below 12% of R in the right path of heat transfer. Therefore, models A
and B show similar prediction values.

It was assumed that the heat flow in models A and B only passed through the top
nanopillar surface and the groove bottom surface. The rate of heat flow in the right path
of heat transfer calculated by MD was always larger than that derived by TCMs, as shown
in Figures S5.23 (a) and (b) of the Appendix, indicating the heat flow rate in TCM could
not match that in MD simulations, therefore, models A and B could not accurately predict
the ITR calculated by MD simulations. As explained before, models A and B did not take
into account the heat flow on the nanopillar sidewalls. Meanwhile, in the cases of the heat
flow in models A and B, the Q calculated by MD simulations in the CB state was roughly
close to that derived from TCMs, although the ITRs predicted by the TCMs still had a
large deviation from the ITRs calculated by MD simulations. Therefore, the energy
transfer on the nanopillar sidewalls was an important factor in the reasonable construction
of TCM.

Models C and D were built on the assumption of similar temperatures in the nanopillar
sidewalls and the groove bottom surface, which could be confirmed in the 2D temperature
distribution of water and solids, as shown in Figures S5.17 to S5.22 of the Appendix. The
0(C)-P1 to 8(C)-P3 values of the CG model in the Wenzel state from P1 to P3, including
the nanopillar widths of S19 and S14 for all cases in Section 5.2, were 0.48, 1.16, and
1.26, respectively, as shown in Figure 5.3(a). The corresponding o(D)-P1 to 6(D)-P3
values were 0.97, 0.18, and 0.37, as shown in Figure 5.3(b). For the SPC/E model, the
d(C)-P1 to 8(C)-P3 values in the Wenzel state from P1 to P3 were 1.00, 0.56, and 0.65,
as shown in Figure 5.3(a), while the 6(D)-P1 to 8(D)-P3 values were 0.85, 0.99, and 1.24,
as shown in Figure 5.3(b). The 3(C) values of the CG model and the (D) values of the
SPC/E model followed a trend similar to that of models A and B. However, this similarity
might be coincidental because the 6(D) values for the CG model and the 6(C) values for
the SPC/E models exhibited an opposite trend. A possible explanation for this, similar to
models A and B, was that water pressure and heat transfer directly influenced the
outermost solid surface in the x-y plane. In contrast, for models C and D, water pressure
and heat flow also impacted the nanopillar sidewalls. Models C and D were less
dependent on water pressure, as the heat transfer path at the S-L interface was fully
considered, as shown in Figure 2.10. As a result, the predictive accuracy of models C and
D was improved compared to models A and B. There was also no significant difference
in the Wenzel state between models C and D because of the same reason as models A and
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B. The detailed values of local thermal resistances are shown in Table S5.1 and Figures
S5.1 to S5.12 in the Appendix.
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Figure 5.3 Influence of water pressure on the relationships between ITRmp and ITRmodel
in the Wenzel and general CB states. (a) and (b) refer to models C and D.

For the CG model, the 6(E)-P1 to 6(E)-P3 values in the Wenzel state from P1 to P3,
including the nanopillar widths of S19 and S14 for all cases in Section 5.2, were 0.89,
0.32, and 0.28, respectively, as shown in Figure 5.4(a). The corresponding d(F)-P1 to
O(F)-P3 values were 1.67, 0.74, and 1.03, as shown in Figure 5.4(b). For the SPC/E model,
the 6(E)-P1 to o(E)-P3 values in the Wenzel state from P1 to P3 were 1.14, 0.24, and 0.24,
respectively, as shown in Figure 5.4(a), while the 6(F)-P1 to 6(F)-P3 values were 1.10,
0.22, and 0.28, as illustrated in Figure 5.4(b). Most of the 6(E) and 6(F) values exhibited
small deviations, especially at relatively low water pressures.

Models E and F were based on the different temperatures in the top nanopillar surface,
the nanopillar sidewalls, and the groove bottom surface. In models E and F, the heat flow
was in several parallel processes, involving energy transfer between the top nanopillar
surface in the x-y plane and water, that between the nanopillar sidewalls in the y-z plane
and water, and that between the groove bottom surface in the x-y plane and water. These
heat transfer processes almost followed the principle of a Wheatstone unbalanced bridge,
approximating the actual heat transfer process on nanostructure surfaces. Consequently,
models E and F indicated a good prediction accuracy compared to the other models.

The detailed values of local thermal resistances are shown in Table S5.1 and Figures S5.1
to S5.12 of the Appendix. The Rcu and Riiq are divided into smaller values, like Rcu* and
Riig*. For example, for all cases in the CG model, the range of Rcu and Rs.iiq1 in the present
chapter was from 0.06x10° K/W to 0.00027x10° K/W and from 1.73x10° K/W to 0.29
x10° K/W, respectively; for all cases in the SPC/E model, the range of Rcu and Rs.iiq1 in
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the present chapter was from 0.06x10° K/W to 0.00027 x10° K/W and from 1.54x10°
K/W to 0.35 x10° K/W, respectively. Therefore, the TCM model constructed using the
thermal conductivities of the solids and water from MD simulations and experiments
could not significantly affect the ITRModel, and the Rcu and Riiq had limited effect on the
TCM prediction, so the prediction values in model E were similar to those in model F.
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Figure 5.4 Influence of water pressure on the relationships between ITRmp and ITRMmodel
in the Wenzel and general CB states. (a) and (b) refer to the models E and F.

5.2.3 TCMs under a correction of contact region thickness

To improve the performance of TCM in the CB state based on the previous section, it was
necessary to add a correction about the contact region thickness. Figures 5.2 to 5.4
demonstrate that the data points in the general CB states under the pressure condition of
P3 deviated significantly from the black straight line. When considering the Wenzel and
general CB states, the 6 values exceeded 12.0 within the water pressure range (10 to 40
MPa) because models C to F resembled models A and B in that all heat transfer paths
from water to the solid bottom became identical once Riiq approached infinity. Models C
to F did not accurately predict heat transfer paths in the general CB states. Consequently,
it was essential to consider heat transfer from the nanopillar sidewalls, even in the CB
state, which was the actual CB state.

Figure 5.5 depicts the 1D density profile of the SPC/E and CG water molecules in the
actual CB states along the z-direction. It was observed that the maximum peak of the
SPC/E water density was larger than that of the CG water density. A possible reason for
this was that the SPC/E model might not accurately represent the water density around
250 K, showing values higher than the experimental data, while the CG model aligned
more closely with the experimental values [16]. Water molecules did not fill the groove
due to the weak van der Waals forces between water and Cu. The penetration thickness
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of water molecules in the groove, as shown in Figure 5.5, depended primarily on the water
pressure, which was adjusted by the number of water molecules in the Cu-water systems.
Increasing the number of water molecules to increase the water pressure resulted in more
water molecules penetrating the grooves.
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Figure 5.5 1D density profile of the CG and SPC/E water molecules along the z-direction
in the actual CB states. The dots, diamonds, and squares correspond to the different water
pressures of P1, P2, and P3. The nanopillar widths of 1.91 nm and 1.40 nm were related
to S19 in (a) and S14 in (b), respectively. The water pressure ranged from 10 to 40 MPa
(P3 to P1).

In order to describe the contact region between the nanopillar sidewalls and water
molecules approximately, a scheme for calculating the contact region thickness was
proposed in the present study, as shown in Figure 5.6.
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¢Lcr

Figure 5.6 Calculation method of the contact region thickness in Cu-water systems. The
Lgro, Re, and Ler represent the half of the Lgroove, the radius of the approximated circle, and
the contact region thickness in the z-direction, where the unit of 0 is radians.

Considering the 1D density profiles of water within the groove in the actual CB states,
the contact region thickness (Ler) was defined and calculated using the following
equations:

2Rc —Lun _ Lgro

= 5.2

Lgro Lth ( )

6=2"- arctan£ (5.3)

2R¢ — Lin '
S —OR.2 — 2Lgro * (Re = Len) (5.4
seg c 2

Sseg

Ler = T; 2Lgro = Lgroove (5.5)
gro

The original water thickness (L) was determined by subtracting the maximum position
where the water density was not greater than 0.01 g/cm?® from the position of the top
nanopillar surface along the z-direction. The calculations in Eq. (5.2) were based on the
principle of triangle similarity, which included a small right triangle formed by red and
green lines, as well as adjacent right triangles, the angle (0) of a sector at a circular point,
and the area (Sseg) of a segment of a circle were calculated by Eq. (5.3) and Eq. (5.4),
respectively, as illustrated in Figure 5.6. It was assumed that the contact region thickness
(Ler), calculated using Eq. (5.5), corresponded to the height at which the area (Sseg) of the
segment of a circle was converted into a rectangular area with the same groove width.
The related values of L and Ler are given in Table 5.2. It was assumed that the heat flow
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was from the water to the nanopillar sidewalls through the contact region thickness (Lcr)
in the actual CB states. Therefore, the TCMs could be directly applied to the actual CB
states by replacing Lnano with Ler in Eq. (2.34) and Eq. (2.35) for Riig, and by replacing
L+ with Ler in Eq. (2.36) for Rs.iig3 and Rs.iig4.

Table 5.2 The original water thickness (L) and contact region thickness (Lcr) in Cu-water
systems. The L and Ler in Cu-water systems were based on the 1D density of the water
profile and calculated by Eq. (5.2) to Eq. (5.5), respectively.

Cases Lt Ler Cases L Ler

CG-S19-P1-CB 0.92 0.70 | SPC/E-S19-P1-CB 0.88 0.65
CG-S19-P2-CB 0.74 0.54 | SPC/E-S19-P2-CB 0.68 0.48
CG-S19-P3-CB 0.52 0.37 | SPC/E-S19-P3-CB 0.50 0.34
CG-S14-P1-CB 0.80 0.57 | SPC/E-S14-P1-CB 0.77 0.54
CG-S14-P2-CB 0.65 0.46 | SPC/E-S14-P2-CB 0.62 0.43
CG-S14-P3-CB 0.47 0.32 | SPC/E-S14-P3-CB 0.48 0.32

For models C to F, the contact region thickness within the groove using MD simulations
in the actual CB state under an approximate water pressure range (40 to 10 MPa) was
depicted in Figure 5.7. The values of 6(C)-P3 to d(F)-P3 for the CG model were 1.09,
0.70, 0.84, and 0.94, respectively. For the SPC/E model, the values of 6(C)-P3 to 6(F)-P3
were 0.94, 1.26, 0.88, and 1.03, respectively. Compared with the general CB states, which
neglected the contact region thickness in the groove, the values of 3(C)-P3 to o(F)-P3
were significantly reduced, indicating that the energy transfer between water and the
nanopillar sidewalls played a crucial role in the heat transfer process in the actual CB
states. Figure S5.13 in the Appendix shows the definition of the heat flow rate of the
"bottom", "sidewalls", and the "top", which were calculated by MD simulations. In the
actual CB states, the energy proportion was consistent with the general perception, the
top nanopillar surface carried most of the S-L energy transfer process; there was almost
no energy transfer ("bottom", close to zero) between the groove bottom surface and the
water; the energy transfer between the nanopillar sidewalls and water accounts for about
30% or lower in Figure S5.16. Only considering the models A to F of energy transfer on
the top nanopillar surface in Figures 5.2 to 5.4, there was a large deviation. Therefore, the
present study just emphasized that the energy transfer through the nanopillar sidewalls
and water was very important when predicting ITRs calculated by TCMs. The energy
proportions of each case calculated by MD simulations were also shown in Figures S5.14
to S5.16 of the Appendix. The lower water pressure reduced the number of water
molecules in the groove, and the § in the actual CB states increased, as highlighted by the
red square region in Figure 5.7(a) because a smaller contact region thickness decreased
the contribution of S-L Rs.iig3 and Rs-ligs. Instead, the Rsiq3 and Rs.iigs of the S-L vapor
interfaces might replace the S-L Rs.iig3 and Rs.iig4 in the TCMs. In the CB state, the trends
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in the magnitude of R values for the solids and liquids were similar to those in the Wenzel
state. The R values in all TCMs were shown in Table S5.1 and Figures S5.1 to S5.12 of
the Appendix.
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Figure 5.7 Relationship between ITRmodet and ITRwmp in the Wenzel and actual CB states
under a correction of contact region thickness. The water pressure ranged from 10 to 40
MPa (P3 to P1).

Compared to models A and B, Figures S5.23(c) and (d) of the Appendix show that the
rate of heat flow in the right and left paths of heat transfer calculated by MD simulations
was close to that derived by TCMs due to the heat flux on the nanopillar sidewalls.
Therefore, models C and D could be used to predict the ITRs of nanostructure surfaces
calculated by MD simulations. In models E and F, the Q calculated by MD simulations
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agreed well with the Q derived by the TCMs compared to models A to D. Firstly, it was
necessary to consider the energy transfer between the nanopillar sidewalls and the liquid.
Secondly, the differences in surface temperatures should be considered to predict ITRs
via TCMs correctly. From another perspective, there was no significant change in Figures
S5.23(c) to (f) of the Appendix in the Q derived by TCMs, and that calculated by MD
simulations, when using the experimental thermal conductivity and thermal conductivity
calculated by MD simulations. The thermal conductivity from the experiments and
thermal conductivity calculated by MD simulations had limited effects on TCMs.

In summary, the energy transfer between the nanopillar sidewalls and the liquid was very
essential. The description of appropriate heat transfer paths and heat flux distribution were
the key factors for the prediction of ITRs via TCMs. The above two points were the
reasons why TCMs could reasonably and approximately predict the ITRs of the
nanostructure surface.

5.3 The effect of nanopillar widths on the relationship between

ITRModel and ITRMD

5.3.1 TCMs in the Wenzel state

Studying the nanopillar widths in the Wenzel state was helpful in observing the
performance of the TCM. Figures 5.8 to 5.10 show the influence of nanopillar widths on
the relationship between ITRmp and ITRmodel in the Wenzel and general CB states,
assuming that the liquid molecules do not penetrate the grooves at all. The blue and red
markers represent the CG and SPC/E models under various water pressures, with the dots
(S19) and diamonds (S14) corresponding to the nanopillar widths of 1.91 nm and 1.40
nm, respectively.

In the Wenzel and general CB states, all & values for the nanopillar widths of S19 and S14
in Figures 5.8 to 5.10 exceeded 8.0. To verify the accuracy of the TCMs, the & values
were firstly discussed in the Wenzel state (ITRs <25 K-m?*/W).

Figures 5.8 (a) and (b) correspond to the relationship between ITRmodel and ITRmp in
models A and B, respectively. The 6(A)-S19 and 8(A)-S14 values for the CG model in
Wenzel states were 4.38 and 4.78, respectively. The 8(B)-S19 and 8(B)-S14 values for the
CG model in Wenzel states were 3.71 and 3.97, respectively. In the cases of the SPC/E
model, the 8(A)-S19 and o(A)-S14 values in Wenzel states were 3.89 and 4.17,
respectively, and the 6(B)-S19 and 6(B)-S14 values were 3.90 and 4.36, respectively. The
0(A) values were almost identical to the o(B) values for both CG and SPC/E models in
the Wenzel states, indicating that the nanopillar widths had little effect on 6(A) and &(B).
The reasons for the large deviations and similar values between the models were
discussed in Section 5.2.
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Figure 5.8 Relationship between ITRModel and ITRMp by models A (a) and B (b) in the
Wenzel and general CB states. The blue and red represent the CG and SPC/E models
under various water pressures. The dots (S19) and diamonds (S14) correspond to the
nanopillar widths of 1.91 nm and 1.40 nm, respectively.

Figure 5.9 shows the relationship between ITRmodel and ITRwmp, which includes model C
in (a) and model D in (b). The 8(C) values for the CG model related to S19 and S14 in
the Wenzel states were 1.06 and 0.99, respectively, while the 6(D) values were 0.69 and
0.51, respectively. For the SPC/E model related to S19 and S14 in the Wenzel states, the
o(C) values were 0.79 and 0.73, respectively, and the (D) values of S19 and S14 were
1.03 and 1.05, respectively. In the Wenzel state, models C and D were improved compared
to models A and B. The reasons for the improvement of models C and D with similar
values were discussed in the previous section. The small nanopillar width could slightly
reduce the deviation between ITRmp and ITRwmodel, which was explained in the next
paragraph.
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Figure 5.9 Relationship between ITRwmodel and ITRwmp in the general CB and Wenzel states
by models C (a) and D (b).
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In Figure 5.10, the 6(E) values for the CG model related to S19 and S14 in the Wenzel
states were 0.64 and 0.48, respectively, while the &(F) values were 1.23 and 1.18,
respectively. The 6(E) values in the Wenzel states using the SPC/E model were 0.72 for
S19 and 0.65 for S14, and the corresponding 6(F) values were 0.71 for S19 and 0.63 for
S14. In models C to F, smaller nanopillar widths could slightly reduce 6 (*), indicating
that the grooves of the nanostructure surfaces produced by small nanopillar widths could
accommodate more water molecules, thereby strengthening the right side of the heat path
in the TCM diagrams. When the nanopillar size approached zero, the TCMs of a
nanostructure surface could be converted to predict the thermal resistances of a flat
surface, and the ITRwmodel aligned with the ITRaat under approximate water pressures.
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Figure 5.10 Relationship between ITRModet and ITRmp in models E (a) and F (b).

5.3.2 TCMs under a correction of contact region thickness

When considering the Wenzel states and the contact region thickness (Lcr) in the actual
CB states, as shown in Figure 5.11, the 8(C)-S19 to 6(F)-S19 values for the CG model
were 1.14, 0.69, 0.99, and 1.08, respectively, and the 5(C)-S14 to 5(F)-S14 values for the
CG model were 0.89, 0.72, 0.54, and 1.15, respectively. In the cases of the SPC/E model,
the 0(C)-S19 to &(F)-S19 values were 0.90, 0.99, 0.91, and 0.79, respectively, and the
0(C)-S14 to 8(F)-S14 values were 0.90, 1.32, 0.73, and 1.16, respectively. The 6(C) to
O(F) values for both water models were significantly reduced compared to those without
the correction of contact region thickness. To approximately predict the ITRs in the actual
CB state of a nanostructure surface using TCMs, it was essential to consider the heat
transfer under a correction of contact region thickness on nanostructure surfaces,
regardless of the nanopillar widths. The correction ensured a more approximate
representation of the heat transfer process in the actual CB states as described in Section
2.8.2.
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Figure 5.11 Relationship between ITRmodet and ITRmp in the actual CB and Wenzel
states under a correction of contact region thickness (Lecr).
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6 Application of TCMs in water-graphene-Cu systems

The present chapter was used to verify the generalizability of thermal circuit models
(TCMs) by investigating the water models and defective surfaces on the relationships
between interfacial thermal resistances (ITRs) calculated by MD simulations and those
predicted by TCMs in water-graphene-Cu systems. The calculation models and numerical
details are introduced in Section 6.1. The effects of water models on the relationship
between the ITRs calculated by MD simulations and those predicted by the TCMs are
shown in Section 6.2, where the TCMs are explained in Section 2.8. The effects of the
defective surfaces on the relationship between the ITRs calculated by MD simulations
and those predicted by TCMs are described in Section 6.3.

6.1 Calculation models and numerical details

In the present chapter, the thermal resistance (R) of flat surfaces and six TCMs were used
to predict the interfacial thermal resistances (ITRs) of a nanostructure surface. [ITRmp and
TCMs were based on Chapter 4 with more water pressure cases, as given in Tables S4.1
to S4.4. Some components of TCMs in the present chapter were also based on Chapter 3
because there were some interactions between water and Cu, such as Rs-iig3. The ITRModel
was calculated by six TCMs of the Cu surfaces coated with the graphene. The related
tables and figures in the Appendix were shown by only one of three MD simulations. The
root mean square error (3, RMSE) was shown in Section 5.1.

6.2 The effect of water models on the relationship between ITRmp

and ITRModel

6.2.1 The effect of water pressure on I'TRga¢ calculated by MD

The present section has the same purpose as Section 5.2.1 because the ITR was dependent
on the water pressure. Figure 6.1 shows the relationship between Rfat and water pressure
on Cu coated with pristine graphene; the Raat was defined between graphene and water.
Figures 6.1 (a) and (b) correspond to the CG and SPC/E models. Green, red, blue, and
black curves correspond to the cases in the CAll, CA12, CA21, and CA22 cases,
respectively. The composite surface was referred to as the water-graphene-Cu system in
the present study. The fitting line in the CA11 and CA21 cases was different from that in
the CA12 and CA22 cases because the wettability between water and the pristine
graphene coating was different, and the S-L interaction strengths determined the contact
angles and wettability. The values of Raat on the composite surfaces and water pressure
are given in Table 6.2. Therefore, the fitting lines of the CA11 and CA21 were lower than
those of the CA12 and CA22. The water pressure, Rrat, and fitting coefficients on the
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defective graphene coating are shown in the following Figure S6.1.
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Figure 6.1 The relationships between Riar and water pressure on flat surfaces in the Cu-
graphene-water systems. The Raat denotes the thermal resistance between the graphene
coating and water on flat surfaces in the Cu-graphene-water systems. An approximate
linear line was used to describe the relationship between R and water pressure. The
coefficients of the fitting lines are given in Table 6.1. The red, black, green, and blue
curves correspond to the related label; for example, the label "CA12" referred to the red
fitting lines, including the data points in the CA12 cases. The water pressure values were
similar to the previous report [18].

Table 6.1. The coefficients of the fitting lines in Figure 6.1, y=aa-x+bb. The "CoD"
referred to the coefficient of determination.

Cases aa bb CoD Cases aa bb CoD
CG-CA1l -0.039 174 0.92 SPC/E-CA11 -0.039 168 0.97
CG-CA12 -0.060 29.0 0.98 SPC/E-CA12 -0.072 320 0.96
CG-CA21 -0.036 17.1  0.96 SPC/E-CA21 -0.029 157 0.99
CG-CA22 -0.077  33.1  0.99 SPC/E-CA22 -0.084 339 099
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Table 6.2. The details of the calculation results in the cases of the CG and SPC/E models
on flat surfaces (Cu-graphene-water). The "Number" is the number of the SPC/E and CG
water molecules. "P-MD" refers to the water pressure calculated by MD simulations. The
"Riat" and ITRsat refer to the thermal resistance and ITR, and the units of Raat and ITRfat
are K/W and K-m?/W, respectively. The "CG" and "SPC/E" represent the cases of CG and
SPC/E models for all cases.

Ttems Number | P-MD(MPa) | Ruat (K/'W) | ITRfa (K'm%/W)
CA11-CG-P3 Tisa 6.57 1.80E+09 2.92E-08
CA12-CG-P3 14.36 2.87E+09 4.66E-08
CA21-CG-P3 3150 13.22 1.72E+09 2.80E-08
CA22-CG-P3 21.54 3.15E+09 5.12E-08
CA11-CG-P2 135.27 1.04E+09 1.70E-08
CA12-CG-P2 354 145.12 1.91E+09 3.11E-08
CA21-CG-P2 143.29 1.08E+09 1.76E-08
CA22-CG-P2 152.55 2.11E+09 3.43E-08
CA11-CG-P1 263.22 8.12E+08 1.32E-08
CA12-CG-P1 272.62 1.33E+09 2.15E-08
CA21-CG-P1 3500 271.78 7.88E+08 1.27E-08
CA22-CG-P1 282.35 1.14E+09 2.12E-08
CA11-SPC/E-P3 15.03 1.59E+09 2.58E-08
CA12-SPC/E-P3 3170 31.23 3.04E+09 4.94E-08
CA21-SPC/E-N2 23.34 1.51E+09 2.45E-08
CA22-SPC/E-P3 34.60 3.14E+09 5.10E-08
CA11-SPC/E-P2 122.99 1.28E+09 2.08E-08
CA12-SPC/E-P2 1320 132.64 2.07E+09 3.37E-08
CA21-SPC/E-P2 133.46 1.16E+09 1.88E-08
CA22-SPC/E-P2 142.87 2.11E+09 3.43E-08
CA11-SPC/E-P1 206.73 8.22E+08 1.33E-08
CA12-SPC/E-P1 1420 219.63 1.70E+09 2.76E-08
CA21-SPC/E-P1 213.86 9.53E+08 1.55E-08
CA22-SPC/E-P1 223.15 1.56E+09 2.54E-08

6.2.2 TCMs in the Wenzel state

The composite surfaces were employed to verify the heat transfer process based on TCMs
and to test the generalizability of TCMs on nanostructure surfaces. Figure 6.2 illustrates
the effect of water models on the relationships between ITRmp and ITRModel on the Cu
surfaces coated with the pristine graphene, and the correction for the contact region
thickness of the groove was not considered.

The data points in the present section included various water pressures in the Wenzel and
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CB states. In addition, the TCMs diagram for the composite surfaces is presented in
Figure 2.12. The differences in TCM schemes between the Cu-water and Cu-graphene-
water simulations were discussed in Section 2.8, including variations in the thermal
resistance contributions and the unique interfacial properties of the graphene layer, which
influenced the overall heat transfer mechanism.

The 0(A) to o(F) values of the CG and SPC/E models in the Wenzel and general CB states
were above 22, as shown in Figure 6.2. To verify the accuracy of the TCMs for the
composite surfaces, the § values exclusively in the Wenzel state (ITRs<25 K-m?/W) were
firstly discussed. By focusing on the Wenzel state, it was better to understand the
limitations and potential of the TCMs when applied to Cu-graphene-water composite
surfaces. The 6(A) to d(F) values only in the Wenzel states for the CG and SPC/E models
are given in Table 6.3.

Table 6.3 The 6(A) to o(F) values in the Wenzel state

5(A) 5(B) 5(C) (D) 5(E) S(F)
CG 6.91 5.29 1.62 0.72 1.12 2.29
SPC/E 5.49 6.37 0.53 0.99 1.36 0.92

The prediction accuracy of models A to F using the CG model was similar to that of the
SPC/E model. Models C to F outperformed models A and B. Compared with the Cu-water
system, TCM prediction deviations using the CG and SPC/E models were slightly larger
than those discussed in Section 5.3 because most heat transfer on flat surfaces was
assumed to be between graphene in the x-y plane and liquid to calculate Rs.-iiqs and Rs-ligs,
but most heat transfer on the nanostructure surfaces was between graphene in the y-z
plane and liquid. The results show that the TCMs for the Cu-water system could be
applied to the TCMs on composite surfaces, indicating a certain level of similarity in the
energy transport mechanisms between the nanostructure surfaces in Chapter 5 and those
in the present chapter. The generalizability of the TCMs on the composite surface systems
was verified by approximately predicting the ITRs in the Wenzel state.

There was also a slight difference between models A and B, between models C and D,
and between models E and F. For all cases of the CG and SPC/E model in Cu-graphene-
water systems, the difference in models A to D between Rcu calculated by the thermal
conductivity of MD and that calculated by the experimental thermal conductivity was
below 3% of the R in the left path of heat transfer; the most of difference between Riiq
calculated by the thermal conductivity of MD and that calculated by the experimental
thermal conductivity was less than 15% of the R in the right path of heat transfer. In
models E and F, there was a similar reason as in Chapter 5, and the Riiq and Rcu were
divided into smaller values. It was found that the TCMs constructed using the thermal
conductivities calculated by MD simulations and experimental thermal conductivities of
solid and water could not significantly affect the prediction values. The detailed values of
local thermal resistances are shown in Tables S6.1 to S6.2 and Figures S6.3 to S6.26 of
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the Appendix.

In models A and B, the rate of heat flow in the right path of heat transfer calculated by
MD simulations was always larger than that derived by TCMs, as shown in Figures S6.41
(a) and (b) of the Appendix, there was a similar reason as in Section 5.2.2 to explain that
the models A and B could not predict the ITRwmp.

150 L : 150 T T
@ 1 © ©6s19  ModelA ®) 1 © c6s19  ModelB
& SPC/E-S19 & SPC/E-S19
J R NN
E | CB E !
5 ; 5 | ;
x| Wenzel | x | Wenzel !
a 1 o d o) 1 0 D,
& 50t : . 1 & 50f ! e 1
= j © e = j s @
- | o . - . &) ”
1 =0 ! ~0)
7 120FWenze _ S /7 120FWenzel o 1]
& | oo oU L £ | o 0@n @ Y
0 : : m'r; 1 Iﬁ 0 -l H . |1Inh 1 In
0 " 50 100 150 0 " 50 100 150
ITRuoger (x10°° m2-K/W) ITRuoaer (x10°° m2-K/W)
100 T T T 100 [ T T T
© [ © ces19  ModelC @ [ @ ces19  ModelD
&  SPC/E-S19 L & SPC/E-S19
% 75 y % 75 .
o : o~ : ’ i
£ i CB @ €] £ i CB 0 @ |
G s0f ; 1% 50F ; B
x Wenzel ! o |1x [ Wenzel | ®
E - ® “le | | ® :
= ] = = ] B
N | o) o : O
— 25f G s - 1~ 25 : 5 - 1
12 Wenzel T :
o ] F e e o + P I J
a4 1P eao®cO A ]
g | LoeC | & _
0 G : 10, 15 0 ) [ . 10, 15
0 25 50 75 100 0 25 50 75 100
ITRuoger (x10°° m2-K/W) ITRuoder (x10°° m2-K/W)

Figure 6.2 Effect of water models on the relationship between ITRmp and ITRMmoder in the
Wenzel and general CB states.
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Figure 6.2 (continued) Effect of water models on the relationship between ITRmp and
ITRMmodel in the Wenzel and general CB states.

6.2.3 TCMs under a correction of contact region thickness

It should be considered that the contact region thickness was used to improve the TCM
in the CB state, the same as in Section 5.2.3. The water density distribution in the actual
CB state on nanostructure composite surfaces was depicted in Figures 6.3 and 6.4. The
CG and the SPC/E water molecules within the groove significantly exhibit the penetration
thickness, as shown in Figure 6.3. The 2D contour of the Cu-graphene-water and the Cu-
water systems were presented in Figures 6.4 and 6.5, respectively, which were used to
confirm the difference in the penetration thickness of water within the groove on
nanostructure surfaces. The N1 and N2 cases were used to distinguish by the number of
the SPC/E and CG water molecules, and the information is given in Table 6.4. It was
necessary to explain that employing the number of the SPC/E and CG water molecules in
the CB state for the purpose of distinguishing the various cases in the CB state is
attributable to the pinning effect. The pinning effect was defined as the moving of the
liquid droplet overcoming the resistance against the solid surface[89]. The water density
distribution at the corner was obviously different from the 2D density contours in the Cu-
water system of Chapter 3. In Figure 6.4 with the water molecule of N2, the penetration
thickness of water on the composite surface was similar to that in the case of P3 in the
Cu-water systems. On the composite surface with the water molecule of N1, the density
of water molecules was influenced by the graphene coating and slightly surrounded the
edge of graphene, and in the limited penetration thickness of water, the distribution of
water molecules near the Cu sidewalls was similar to that in the Cu-water systems. It was
speculated that overcoming the pinning effect required different water pressures as the
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liquid moved over uneven and different wettability surfaces, allowing the liquid to
penetrate the grooves.
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Figure 6.3 1D density profile of the SPC/E and CG water molecules along the z-direction

in the actual CB states on the composite surfaces. The red and blue curves correspond to

the SPC/E and CG models, respectively. The dots, squares, diamonds, and crosses

correspond to various wettability states and the number of water molecules.
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Figure 6.4 2D density contour of the water molecules and solids along the z-direction in
the actual CB states on the composite surfaces. The unit of the scalar bar is g/cm?.
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Figure 6.5 2D density contour of the SPC/E and CG water molecules along the z-direction
in the actual CB states in Cu-water systems.
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Table 6.4 The details of the calculation conditions in the CG and SPC/E models on

nanostructure surfaces in Cu-pristine graphene-water systems. The ITRwmp unit is
(K-m?*/W).

Cases states N | pMDMPa) |  ITRw
CAL1-P3 2816 2.19 1.06E-08
CA12-P3 2816 7.08 1.27E-08
CAL1-P2 3000 126.19 8.49E-09

Wenzel

CA12-P2 3000 129.71 9.04E-09

o CALI-PI 3120 234.03 7.43E-09
" | canp 3120 238.17 8.16E-09
CA21-N2 2500 2591 3.75E-08

CA22-N2 . 2500 31.92 5.42E-08

CA21-NI 2580 32.00 3.26E-08

CA22-NI 2580 32.30 4.23E-08

CAL1-P3 2860 10.94 8.72E-09

CA12-P3 2860 13.43 9.36E-09

CALI-P2 2970 97.44 7.37E-09

Wenzel
CA12-P2 2970 98.67 8.70E-09
CALI-PI 3115 237.76 5.91E-09
SPC/E-

CA12-P1 3115 238.83 8.84E-09

CA21-NI 2600 31.51 2.84E-08

CA22-N1 . 2600 37.71 3.92E-08

CA21-N2 2500 27.00 3.59E-08

CA22-N2 2500 3633 5.63E-08

Figure 6.6 shows the relationship between ITRmodel and ITRmp, which incorporated the
correction for the contact region thickness (Lcr) of the groove in the Wenzel and actual
CB states. The d(C) to 8(F) values for the CG and SPC/E models in the Wenzel and actual
CB states are given in Table 6.5.

Table 6.5 The 3(C) to d(F) values for the CG and SPC/E models

Model C Model D Model E Model F
CG 2.96 2.99 3.11 3.69
SPC/E 2.62 2.67 2.86 2.95

The 3(C) to o(F) values of the CG and SPC/E models indicated a significant reduction
compared to those (around 22 K-m?W) without the correction for the contact region
thickness. Compared to the Cu-water systems, the o(C) to o(F) values on the composite
surfaces increased slightly, which might be attributed to the inconsistency of the thermal
resistance of the graphene coating along the x-direction compared to the x-y plane.
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In Figure 6.6, most of the 6(C) to o(F) values in the case of the SPC/E model were slightly
smaller than those in the case of the CG model. The edges of graphene in the Wenzel and
CB states possibly influenced the transport of water molecules and contact region

thickness, resulting in heat transfer of models C to F depending on the water models.

The application of TCMs has highlighted the importance of considering the contact region

thickness for the approximate prediction of ITRs. Although the deviation in the ITRs

predicted by TCMs in the actual CB state in the Cu-graphene-water system slightly

increased, the energy transfer between the nanopillar sidewall and the water still
dominated.
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Figure 6.6 Effect of water models on the relationship between ITRmodel and ITRwmp in the
Wenzel and actual CB states using contact region thickness (Ler).
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It was observed in the actual CB states that ITRmp was slightly larger than the ITRMmodel
in Figure 6.6, the prediction of TCM in the CB state depended on the energy transfer
between water and the nanopillar sidewalls, involving the energy transfer between liquid
and graphene in the y-z plane and that between liquid and Cu. The energy transfer in the
Rs.iig3 path was different from the Rs-ligs path (see Figure 2.12) according to Figure S5.16
in the CA2 cases and Figures S6.27 to S6.32 in the CA22 cases, the energy transfer ratio
of "sidewalls" in the Cu-graphene-water systems was larger than that in the Cu-water
systems under similar contact region thickness. Therefore, it was important to reasonably
distribute the contact region thickness because the energy transfer between the liquid and
graphene in the y-z plane is different from those between liquid and Cu sidewalls.
According to the 2D distribution of the water density, a limited number of water
molecules contacted the Cu walls, compared to the graphene coating. The energy transfer
between Cu and liquid could be inferred to be less than expected, which led to the
phenomenon that the ITRmp was slightly larger than the ITRwmodel in the CB state.

From a heat transfer point of view, compared to Figure S5.23, the Q calculated by MD
simulations and that derived by TCMs in Figures S6.41(c) to (f) of the Appendix had a
larger deviation in models C to F compared to Chapter 5, indicating the energy transfer
derived by TCMs could not smoothly match that calculated by MD simulations, because
the interaction between the water models and the graphene coating introduced additional
complexity due to the different thermal behavior of graphene in different orientations and
interactions with water molecules and the pinning effect, which affected the accuracy of
TCMs in composite surfaces. There was no significant change in Figures S6.41(c) to (f)
of the Appendix in the Q derived by TCMs and Q calculated by MD simulations when
using the experimental thermal conductivity and thermal conductivity calculated by MD
simulations, which was similar to Chapter 5. In summary, the energy transfer between the
nanopillar sidewalls and the liquid was essential and it is necessary to consider the
appropriate paths and distribution of heat transfer to estimate ITRs via TCMs.

6.3 The effect of defective surfaces on the relationship between

ITRmp and ITRwmode

6.3.1 TCMs in the Wenzel state

Similar to Section 6.2.2, the calculation results of the defective graphene surface in the
Wenzel state were used to verify the generality of the TCMs. The values of the 6(A) and
0(B) in the CG and SPC/E model ranged from 5.0 to 7.0. The reasons why models A and
B could not accurately predict ITRs were discussed in Section 6.2. Figures 6.7(a) and (b)
show that ITRs predicted by the TCMs were larger than those calculated by MD
simulations. Under larger defect concentrations, models A and B tended to slightly reduce
the prediction error, probably because the influence of the graphene coating on the ITRs
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calculated by MD simulations and predicted by the TCMs decreased with increasing
defect concentration. For example, if the defect concentration was 100%, the system
changed from a system with graphene coverage to a bare copper system, and the 6(A) and
d(B) of the Cu-graphene-water system were close to those of the Cu-water system.
However, since water filled the grooves in the Wenzel state, the contribution of graphene
to the ITRs could not dominate. In the Wenzel state, the 6(C) to &(F) values of the CG
model were less than 2.4, and those of the SPC/E model were less than 1.6, which
indicated that models C to F could predict the ITRs. The values of 3(C) to o(F) of the CG
and SPC/E models were close to those of the Cu-water systems. Although the prediction
errors of models C to F almost tended to decrease with the increase of defect concentration,
it was still not very obvious, and a possible reason was that the numerical difference
between defect concentrations was not very large. The 6(A) to 6(F) values between the
ITRs calculated by MD and those predicted by TCMs are given in Table 6.6.

Table 6.6 The 6(C) to 6(F) values under the different defect concentrations

CG SPC/E
SV0.0 SV2.1 SV2.8 SV0.0 SV2.1 SV2.8

S(A) | 691 6.56 6.39 5.49 5.33 5.32
3B) | 532 5.21 5.05 6.37 5.94 6.06
3C) | 1.62 1.35 1.24 0.53 0.67 0.51
8D) | 072 0.64 0.73 0.99 0.98 0.91
8E) | L2 0.97 1.17 1.36 1.32 1.30
3F) | 229 2.06 2.22 1.44 0.92 0.97
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Figure 6.7 Effect of defective surfaces on the relationship between ITRwmodel and ITRMD

in the Wenzel and general CB states.
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Figure 6.7 (continued) Effect of defective surfaces on the relationship between ITRmodel
and ITRwmp in the Wenzel and general CB states.

6.3.2 TCMs under a correction of contact region thickness

For the cases of defective graphene surfaces, it was still required a correction of contact
region thickness to verify the generality of TCMs in the actual CB state. Figure 6.8 shows
the relationships between the ITRs calculated by MD simulations and those predicted by
TCMs after a correction for the contact region thickness. Compared with the uncorrected
values of the §(C) to 8(F), which were more than around 30 K-m?/W, the values of §(C)
to 8(F) were greatly reduced, which indicated that the energy transfer between the liquid
and the nanopillar sidewalls should be considered when using TCM to predict the ITRs
containing the CB state in Chapter 5 and section 6.2. The 6(C) to d(F) values between the
ITRs calculated by MD simulations and those predicted by TCMs are given in Table 6.7.
The 3(C) to o(F) values of the CG model were similar to Section 6.3.1 and tended to
decrease with increasing defect concentration. However, the SPC/E model shows an
increasing trend of 6(C) to 6(F) with increasing defect concentration, which was the
opposite trend of the CG model. Considering that the 3(C) to 6(F) values of the SPC/E
model in the Wenzel state slightly tended to decrease with increasing defect concentration,
the main factor causing the increase could be in the CB state. Compared with the Cu-
water system, the values of 6(C) to d(F) slightly increased due to the influence of the
graphene edge and the pinning effect on the TCMs, similar to section 6.2. It was observed
in Figure 6.8 that ITRmp was slightly larger than ITRmodel, the reason has been explained
in Section 6.2.3.
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Table 6.7. The 6(C) to 6(F) values between the ITRs calculated by MD simulations and
those predicted by TCMs under a correction of contact region thickness.

CG SPC/E
SV0.0 SV2.1 SV2.8 SV0.0 SV2.1 SV2.8
o(C) 2.96 2.83 2.23 2.62 2.72 3.10
o(D) 2.99 2.94 2.17 2.67 2.68 3.10
O(E) 3.11 2.89 2.25 2.86 2.90 3.23
O(F) 3.69 3.53 2.92 2.95 2.97 3.34
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Figure 6.8 Effect of water models on the relationship between ITRmodel and ITRwmp in the

Wenzel and actual CB states using contact region thickness (Lcr).
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7 Conclusions

7.1 Summary and Conclusions

With the development of microelectronic devices and energy miniaturization, the
estimation of the solid-liquid (S-L) interfacial thermal resistance (ITR) of a nanostructure
surface is indispensable in nanoscale thermal management. Cu as a common thermal
conductive carrier and graphene coating as an improvement in heat transfer have high
research value in studying S-L heat transfer processes. For example, micro heat pipes
(MHPs) are usually composed of a Cu-water system, and the graphene coating[8] could
improve the heat transfer performance of micro heat pipes; the Cu nanostructure surfaces
could enhance the boiling heat transfer [32]. The present dissertation aimed to evaluate
and predict the S-L ITR to design the heat transfer of nanostructure surfaces by the
possibility of evaluating and predicting the ITRs in thermal management. It was examined
that the exponential trend between the density depletion length (DDL) and the ITRs could
be applied to the Wenzel and Cassie-Baxter (CB) states in MD simulations, and six
thermal circuit models (TCMs) were proposed to predict the ITRs of nanostructure
surfaces. The summary and main conclusions of the present dissertation are as follows:

In Chapter 1, the background information of the present dissertation is introduced.
The literature survey included the development history of ITRs in research and industry,
such as Kapitza research and MHPs. The former research results of S-L ITRs on flat
surfaces were explained, mainly focusing on MD simulations; S-L ITRs mainly depended
on the wettability, liquid adsorption layer, and water pressure. The geometry and
nanostructure wettability (the Wenzel and CB states) became important factors affecting
the ITRs on nanostructure surfaces. After the literature survey, it was found that: (i) DDL
had the potential to evaluate S-L ITRs and it was worth studying in the case of
nanostructure surfaces; (ii) so far, there were insufficient reports about predicting the ITRs
of nanostructure surfaces by TCMs; (iii) it was still needed to be explored whether the
CG model with the potential for large-scale calculations could replace the SPC/E model
in the above aspects.

In Chapter 2, the theoretical basis and calculation methods were introduced. The
classical theory including the energy of MD simulations, and some physical quantities
such as temperature were introduced in the present chapter. The force fields of atoms and
molecules were shown via the mathematical forms describing the potential energy of
particles in MD simulation, such as the REBO potential function of graphene and the
EAM potential function of Cu. The calculation methods of contact angles that were
related to the wettability, and the calculation methods of water pressure and DDL were
shown in Chapter 2. Finally, the six TCMs and the solutions of equivalent thermal
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resistance in TCMs were proposed. Models A and B were established under the condition
that there was no energy transfer between water and nanopillar sidewalls. Models C and
D assumed that heat transfer between water and solid occurred at similar temperatures of
the nanopillar sidewalls and groove bottom surfaces. Models E and F were similar to
models C and D, but the temperature of nanopillar sidewalls was different from the groove
bottom surfaces. Models A, C, and E employed the thermal conductivities of solid and
water calculated by MD simulations, and other TCMs used the experimental thermal
conductivities.

In Chapter 3, two exponential curves were employed to describe the relationships
between DDL and I'TRs on nanostructure surfaces under different water pressures
in Cu-water systems. The effects of the water models, water pressure, and nanopillar
width on the relationship between the DDL and the ITRs were investigated using NEMD
simulations on various flat and nanostructure surfaces by changing the S-L interaction
strength, the number of water molecules, the surface geometry in Cu-water systems.
Using the SPC/E and CG models, the temperature jumps at the S-L interface were almost
independent of the water pressure. The exponential curve was a good way to describe the
relationships between S-L ITRs and DDL on flat surfaces. The discontinuous exponential
curves could be related to the relationships between DDL and S-L ITRs on the
nanostructure surface in the Wenzel and Cassie-Baxter states. Although there were
deviations in the ITR values calculated using the CG and SPC/E models, the S-L ITRs
defined between the groove bottom surfaces and the water near the top nanopillar surface,
the relationships between DDL and S-L ITRs using the CG and SPC/E models were
strongly related to overall exponential curves.

The CG model could replace the SPC/E model for the S-L ITR simulations. The
intersection of the exponential curves of the nanostructure surfaces could be related to the
transition between the Wenzel and Cassie-Baxter states. Meanwhile, regardless of water
models, the DDL almost depended on water pressure, surface wettability, and surface
roughness. The S-L ITRs increased with the decrement in water pressure; the S-L ITRs
using the CG model were slightly higher than those of the SPC/E models under most
different pressure conditions. There was a similar deviation of S-L ITRs, defined between
the water near the top nanopillar surface and groove bottom surface, between CG and
SPC/E models on nanostructure surfaces in the Wenzel state.

In Chapter 4, the exponential growth trends of DDL were examined to evaluate S-L
ITRs on flat surfaces in the case of the graphene coating. On nanostructure surfaces,
the exponential curves were also examined for the relationships between ITR and
DDL. The effects of the water models and defect surfaces on the relationship between the
DDL and S-L ITRs were investigated using NEMD simulations on flat and nanostructure
surfaces by changing the S-L interaction strength and the defective graphene coating. The
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exponential curves between DDL and S-L ITR on flat surfaces with changing defect
concentrations and the wettability surfaces of Cu and graphene were slightly different
from those in Chapter 3. The DDL on flat surfaces could roughly evaluate the S-L ITR
under approximate water pressure. On the nanostructure surface, the relationship between
DDL and S-L ITR was also examined, similar to Chapter 3.

In Chapter 5, the TCM predictions of models C to F made agreements with I'TRs
calculated by MD simulations in Cu-water systems. The TCM predictions were not
strongly dependent on the nanopillar widths and water models. In the Wenzel state, the
ITRs calculated by MD simulations were usually smaller than the ITRs predicted by
simple TCMs of models A and B. In the Wenzel state, the ITRs calculated by MD
simulations could well match the ITRs predicted by the proposed TCM built on models
C to F, and the heat path of proposed TCMs on models E and F performed very well when
predicting the ITRs. The TCMs built on models C to F could also predict the ITRs of
nanostructure surfaces in the Wenzel and CB states under a correction of contact region
thickness. The CG model could replace the SPC/E water model for ITR calculation.

In Chapter 6, the composite surface slightly weakened the accuracy of the TCM
predictions in the Wenzel and CB states because the graphene coating affected the
distribution of energy exchange proportion between the nanopillar sidewalls and
liquid. In Cu coated with single-layer pristine and defective graphene, the ITRs predicted
by the simple TCMs on models A and B were larger than those calculated by MD
simulations, and the proposed TCMs based on models C to F were able to predict the
ITRs of composite surfaces in the Wenzel state, which showed no significant difference
with Chapter 5. While the TCM predictions slightly depended on the water models and
defective surfaces, the 6 values of all models slightly increased compared with those
without coatings. The reason for the decrease in the accuracy of the TCM was that the
energy transfer between the solid and the liquid was a little poorly matched with that
calculated by MD simulations. In the Wenzel state, the graphene coating slightly affected
the TCM prediction because the energy exchange in the groove was still dominated by
the Cu-water interactions. In the CB state, the edge of the graphene coating affected the
distribution of energy exchange proportions, resulting in lower predicted values than the
calculated values.

7.2 Current problems and future challenges

The present dissertation aimed to evaluate and predict S-L ITRs of nanostructure surfaces.
The relationship between ITRs and DDL could be used for nanostructure surfaces
including the CB state. The TCMs that consider the energy transfer between the nanopillar
sidewalls and water even in the CB state could be used to predict ITRs of nanostructure
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surfaces. In general thermal management, the present dissertation could provide support
for designing nanostructure surfaces and evaluating ITRs.

In Chapter 5, the prediction accuracy decreased slightly as the decrement in water
pressure in the CB state. The heat transfer could occur if the water molecule in the gas
state replaced the liquid water with the solid wall. The heat transfer process of solid-liquid
mixing gas was more complicated than that of the S-L heat transfer process. The reliability
of TCM requires further verification. In Chapter 6, the prediction accuracy in the CB state
was slightly affected by the graphene coating, which depends on the contact region
thickness, so further research is needed to focus on the contact region thickness on the
composite surface.

The contact region thickness in the CB state in Chapters 5 and 6 still requires MD
calculations, so it is desirable to calculate and derive the contact region thickness based
on surface tension, Laplace pressure, and geometric factors.

Considering practical applications in engineering, the evaluation of the DDL and the
prediction of TCMs still need further verification under the MD simulations considering
the electrical double layer. The verification of how the liquid molecular size influences
the prediction of S-L ITRs on nanostructure surfaces using TCMs should be investigated
further.
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Appendix Chapter 2

Table S2.1 The thermal conductivity employed using the MD simulations and

experiments under the water pressure of 0 MPa to 30 MPa in the Cu-graphene-water

systems.
kcu-exp and Kiigexp are based on the report [63] and open database[62] for all cases.
Items Kiig-MD kcu-MD Kiig-exp Kcu-exp

CA11-SV0.0 0.35 431 0.58
CAI11-SV2.1 0.41 2.96 0.59
CA11-SV2.8 0.39 2.88 0.58
CA12-SV0.0 0.41 3.12 0.60
CAI12-SV2.1 0.39 3.15 0.59
CA12-SV2.8 0.41 2.28 0.60

G CA21-SV0.0 0.42 8.74 0.58
CA21-SV2.1 0.42 4.25 0.58
CA21-SV2.8 0.37 8.16 0.58
CA22-SV0.0 0.40 6.96 0.59
CA22-SV2.1 0.39 3.55 0.59
CA22-SV2.8 0.47 2.29 0.59 406
CA11-SV0.0 0.76 4.22 0.60
CAI11-SV2.1 0.83 4.28 0.60
CAI11-SV2.8 0.74 4.63 0.59
CA12-SV0.0 0.83 5.54 0.62
CAI12-SV2.1 0.91 4.52 0.61

SPC/E CA12-SV2.8 0.85 5.17 0.62
CA21-SV0.0 0.79 3.98 0.59
CA21-SV2.1 0.87 4.15 0.62
CA21-SV2.8 0.89 3.91 0.59
CA22-SV0.0 0.73 4.44 0.60
CA22-SV2.1 0.97 6.04 0.60
CA22-SV2.8 0.83 4.15 0.61
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Table S2.2 The thermal conductivity employed using the MD simulations and
experiments under the water pressure of 100 MPa to 200 MPa in the Cu-graphene-

water systems.

Items Kiig-MD kcu-MD Kiig-exp kcu-exp
CA11-SV0.0 0.44 5.20 0.65
CA11-SV2.1 0.45 5.66 0.65
CA11-SV2.8 0.47 4.87 0.65
CA12-SV0.0 0.45 3.83 0.65
CA12-SV2.1 0.46 3.43 0.66
CA12-SV2.8 0.43 3.63 0.65

G CA21-SV0.0 0.43 3.07 0.65
CA21-SV2.1 0.45 6.46 0.64
CA21-SV2.8 0.45 4.96 0.65
CA22-SV0.0 0.49 3.81 0.65
CA22-SV2.1 0.52 5.71 0.65
CA22-SV2.8 0.47 10.94 0.66 406
CA11-SV0.0 0.84 5.79 0.65
CA11-SV2.1 0.83 4.78 0.65
CA11-SV2.8 0.95 3.36 0.64
CA12-SV0.0 0.99 2.88 0.65
CA12-SV2.1 0.78 8.85 0.66
CA12-SV2.8 0.87 3.18 0.65

SPC/E
CA21-SV0.0 0.84 6.77 0.65
CA21-SV2.1 0.89 4.52 0.64
CA21-SV2.8 0.78 5.46 0.64
CA22-SV0.0 0.85 6.26 0.65
CA22-SV2.1 0.81 4.38 0.65
CA22-SV2.8 0.83 3.49 0.65
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Table S2.3 The thermal conductivity employed using the MD simulations and
experiments under the water pressure in excess of 200 MPa in the Cu-graphene-

water systems.

Items Kiig-MD kcu-MD Kiig-exp kcu-exp
CA11-SV0.0 0.50 5.35 0.69
CA11-SV2.1 0.49 5.01 0.69
CA11-SV2.8 0.49 3.61 0.69
CA12-SV0.0 0.46 5.97 0.70
CA12-SV2.1 0.53 3.68 0.69
CA12-SV2.8 0.57 6.06 0.69

G CA21-SV0.0 0.48 4.90 0.69
CA21-SV2.1 0.44 6.06 0.69
CA21-SV2.8 0.48 3.73 0.68
CA22-SV0.0 0.56 4.76 0.69
CA22-SV2.1 0.55 3.82 0.69
CA22-SV2.8 0.58 5.19 0.69
CA11-SV0.0 0.92 5.65 0.67 406
CA11-SV2.1 1.00 3.40 0.67
CA11-SV2.8 1.00 341 0.67
CA12-SV0.0 1.01 2.63 0.68
CA12-SV2.1 1.09 2.22 0.68

SPC/E CA12-SV2.8 0.86 8.41 0.69
CA21-SV0.0 0.90 3.33 0.67
CA21-SV2.1 0.92 4.40 0.67
CA21-SV2.8 1.00 3.54 0.67
CA22-SV0.0 0.92 4.31 0.68
CA22-SV2.1 0.98 3.80 0.68
CA22-SV2.8 0.97 4.72 0.68
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Appendix Chapter 3

S3.1 The effect of slab sizes and interval time on I'TRs using the SPC/E model

The influence of slab sizes (dz) and the interval time "dt" on the S-L temperature jump
and ITRaat on flat surfaces is shown in Figure S3.0. The temperature fluctuation of water
was conducted using MD simulations. When the interval time was 2.0 fs, and the slab
size was 0.3 nm or 0.5 nm, the temperature fluctuation occurred near the cold surface.
This temperature fluctuation was jointly affected by the slab sizes and "dt". Under the
same interval time, the larger the slab size, the more stable it was because the larger slab
region contained enough water molecules, which expanded the average temperature
sample of water molecules, making the temperature gradient of water smooth. This
phenomenon was similar to the previous report[18, 54, 90, 91] because the temperature
fluctuation close to solid surfaces was mainly caused by the van der Waals force between
solid and liquid[18]. Under the same slab size, the reduction of "dt" might not decrease
the temperature fluctuation because water molecules could still be in a situation of high-
speed rotation and movement. Under similar cases, the increase in temperature difference
at an interval time of 1.0 fs and with an interval time of 2.0 fs was about 1 K to -0.2 K.
The different interval time (dt) did not greatly impact the temperature difference. The
present study was closely related to ITRs and needed to consider the effect of "dt" and
slab sizes on the ITRs of flat surfaces calculated by MD, as shown in Figure S3.0. Figures
S3.0 (a to ¢) and (d to f) on flat surfaces correspond to the cases of CA1-(P1 to P3) and
CA2-(P1 to P3), respectively. The details of water pressure on flat surfaces are given in
Table 3.1. Under the same "dt" condition, the ITRna decreased slightly depending on the
increase in slab size. When calculating the temperature gradient using the least squares
method to calculate the SPC/E water sample, the increase in slab size eliminated the
higher temperature fluctuations of water near the cold surface. Under the same slab size,
the ITRs did not strongly depend on "dt", including temperature jumping of nanostructure
surfaces using the SPC/E model, which is shown in Figures S3.1 to S3.8, and the bars of
the ITRs related to the slab sizes and interval time on nanostructure surfaces are shown
in Figures S3.12 and S3.13. In short, the influence of slab sizes and "dt" on temperature
jumps and ITRs on flat and nanostructure surfaces was limited. Therefore, the slab size
of 0.3 nm was employed in the present dissertation, and "dt" was shown in Section 2.4.
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Figure S3.0 The influences of slab sizes and interval time on ITR#at using the SPC/E
model on flat surfaces. The light and dark bars describe the calculation results for the
interval time of 2.0 fs and the interval time of 1.0 fs, respectively. The light color bar and
the adjacent dark color bar form one of three groups. The groups from left, middle, and
right correspond to the slab size of 0.3 nm, the slab size of 0.5 nm, and the slab size of
1.0 nm, respectively. (a) to (c) related to the water pressure of P1 to P3 in the CA1 cases,
respectively. (e) to (f) related to the water pressure of P1 to P3 in the CA2 cases,

respectively.
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Figures S3.1 to S3.11 Temperature gradient in Cu-water systems
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Figure S3.1 The effect of the slab sizes on temperature jumping between Cu and SPC/E
water on flat surfaces with the dt of 1.0 fs. Red, green, and blue correspond to the slab

sizes of 0.3 nm, 0.5 nm, and 1.0 nm, respectively. (a) to (c) related to the water pressure
of P1 to P3 in the CAI cases, respectively. (d) to (f) related to the water pressure of P1 to

P3 in the CA2 cases, respectively.
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Figure S3.2 The effect of the slab sizes on temperature jumping between Cu and SPC/E
water on flat surfaces with the dt (r-RESPA) of 2.0 fs. Red, green, and blue correspond to
the slab sizes of 0.3 nm, 0.5 nm, and 1.0 nm, respectively. (a) to (c) related to the water

pressure of P1 to P3 in the CA1 cases, respectively. (d) to (f) related to the water pressure
of P1 to P3 in the CA2 cases, respectively.
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Figure S3.3 The effect of the slab sizes on temperature jumping between Cu and SPC/E

water on nanostructure surfaces in the Wenzel states with the dt of 1.0 fs and the nanopillar
width of S19. Red, green, and blue correspond to the slab sizes of 0.3 nm, 0.5 nm, and
1.0 nm, respectively. (a) to (c) related to the water pressure of P1 to P3 in the CA1 cases,
respectively. (d) to (f) related to the water pressure of P1 to P3 in the CA2 cases,

respectively.
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Figure S3.4 The effect of the slab sizes on temperature jumping between Cu and SPC/E
water on nanostructure surfaces in the Wenzel states with the dt of 1.0 fs and the nanopillar
width of S14. Red, green, and blue correspond to the slab sizes of 0.3 nm, 0.5 nm, and
1.0 nm, respectively. (a) to (c) related to the water pressure of P1 to P3 in the CA1 cases,
respectively. (d) to (f) related to the water pressure of P1 to P3 in the CA2 cases,
respectively.
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Figure S3.5 The effect of the slab sizes on temperature jumping between Cu and SPC/E

water on nanostructure surfaces in the Wenzel states with the dt (-RESPA) of 2.0 fs and
the nanopillar width of S19. Red, green, and blue correspond to the slab sizes of 0.3 nm,
0.5 nm, and 1.0 nm, respectively. (a) to (c) related to P1 to P3 in the CAl cases, and (d)

to (f) related to P1 to P3 in the CA2 cases, respectively.

131



N S AN N
320 - (a) ®, 2.0fs-0.3 nm
r O 2.0fs-0.5 nm

I O 2.0fs-1.0 nm
300

280/

260/

2400 .,

LA R B B S

320

300}
280/

260

2401 .

320+

300/

280/

Temperature (K)

260/

240l
0

2 4 6 8 10120
Z (nm)

8 10 12

Figure S3.6 The effect of the slab sizes on temperature jumping between Cu and SPC/E

water on nanostructure surfaces in the Wenzel states with the dt (-RESPA) of 2.0 fs and
the nanopillar width of S14. Red, green, and blue correspond to the slab sizes of 0.3 nm,
0.5 nm, and 1.0 nm, respectively. (a) to (c) related to P1 to P3 in the CAl cases, and (d)

to (f) related to P1 to P3 in the CA2 cases, respectively.
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Figure S3.7 The effect of the slab sizes on temperature jumping between Cu and SPC/E

water on nanostructure surfaces in the Cassie-Baxter states with the dt of 1.0 fs. Red,

green, and blue correspond to the slab sizes of 0.3 nm, 0.5 nm, and 1.0 nm, respectively.
(a) to (c) related to the water pressure of P1 to P3 with the nanopillar width of S19,
respectively. (d) to (f) related to the water pressure of P1 to P3 with the nanopillar width

of S14, respectively.
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Figure S3.8 The effect of the slab sizes on temperature jumping between Cu and SPC/E
water on nanostructure surfaces in the Cassie-Baxter states with the dt (r-RESPA) of 2.0
fs. Red, green, and blue correspond to the slab sizes of 0.3 nm, 0.5 nm, and 1.0 nm,
respectively. (a) to (c) related to the water pressure of P1 to P3 with the nanopillar width
of S19, respectively. (d) to (f) related to the water pressure of P1 to P3 with the nanopillar
width of S14, respectively.

134



320 T T T T T T T L E S B B
@ cecatp 1) o cocaxps
o  CG-CA1-P2 o CG-CA2-P2
[ g - T o) CG-CA2-P3 |
a0l o CG-CA1-P3 1 ]
g L 1 ]
D
g |
T 280} 1 ]
(¢] L
o
e
8 | | |
260} 1 ]
foeeeccce 0000000
240 L P IR TSR ISR MO SR ENT SR ST | | | | | 1

0 2 4 6 8 10 120 2 4 6 8 10 12
Z (nm)
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Figures S3.12 to S3.13 The effect of the slab sizes and interval time on I'TR using the
SPC/E
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Figure S3.12 The effect of the slab sizes and interval time on ITRwmp using the SPC/E
model on nanostructure surfaces in the Wenzel states. (a to ¢), (d to f), (g to 1), and (j to I)
correspond in the Wenzel states to the cases of CA1-(P1 to P3)-S19, those of CA1-(P1 to
P3)-S14, those of CA2-(P1 to P3)-S19, and those of CA2-(P1 to P3)-S14, respectively.
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Figure S3.13 The effects of the slab sizes and interval time on ITR using the SPC/E model
on nanostructure surfaces in the CB states. (a to ¢) and (d to f) correspond to the cases of
CA2-(P1 to P3)-S19 and those of CA2-(P1 to P3)-S14, respectively.
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Table S3.1 The details of the cases of the CG and SPC/E models on flat surfaces (Cu-
water systems).

The unit of water pressure (P-MD) calculated by MD simulations is MPa. The units of
Riiat and ITRpa are K/W and K-m?/W, respectively. The "N" is the number of water
molecules. The DDL refers to the density depletion length with the unit of nm. P1 to P3
were used to distinguish different water pressures.

Items N P-MD(MPa) | DDL Rflat I'TRflat
CA1-P1 3524 110.13 0.078 | 4.38E+08 | 7.12E-09
CAl-P2 3424 47.94 0.082 | 5.25E+08 | 8.53E-09
CA1-P3 3340 2.65 0.087 | 5.97E+08 | 9.70E-09
G CA2-P1 3524 128.78 0.098 | 8.28E+08 | 1.35E-08
CA2-P2 3424 66.69 0.108 | 9.32E+08 | 1.51E-08
CA2-P3 3340 21.96 0.118 | 1.21E+09 | 1.97E-08
CA1-P1 3524 116.57 0.055 | 3.99E+08 | 6.48E-09
CAl-P2 3424 44.86 0.056 | 4.63E+08 | 7.52E-09
SPC/E CA1-P3 3372 7.53 0.058 | 4.70E+08 | 7.63E-09
CA2-P1 3524 135.86 0.077 | 7.10E+08 | 1.15E-08
CA2-P2 3424 60.19 0.086 | 8.54E+08 | 1.39E-08
CA2-P3 3372 35.81 0.091 | 1.04E+09 | 1.69E-08
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Table S3.2 The details of the cases of the CG and SPC/E models on nanostructure
surfaces in the Cu-water system under a slab size of 0.3 nm.

The units of ITRy, and ITR¢ are K-m?/W. The nanopillar widths were "S19" and "S14".
The "CB" refers to the CB state.

Items State N P-MD DDL ITRw ITR¢
CA1-S19-P1 3154 | 221.87 | 0.168 | 5.38E-09 | 1.80E-09
CA1-S19-P2 3065 | 14141 | 0.170 | 5.65E-09 | 1.98E-09
CA1-S19-P3 2864 | 4.46 0.188 | 7.60E-09 | 3.28E-09
CA1-S14-P1 3253 | 196.50 | 0.166 | 5.41E-09 | 2.01E-09
CA1-S14-pP2 3161 | 122.38 | 0.173 | 5.74E-09 | 2.20E-09
CA1-S14-P3 Wenzel 2978 | 4.65 0.186 | 7.48E-09 | 3.26E-09
CA2-S19-P1 3244 | 249.59 | 0.195 | 7.24E-09 | 3.48E-09
CA2-S19-P2 3154 | 171.53 | 0.212 | 8.07E-09 | 4.83E-09
CA2-S19-P3 3065 | 35.45 0.247 | 1.26E-08 | 8.38E-09

G CA2-S14-P1 3345 | 223.28 | 0.196 | 6.87E-09 | 3.84E-09
CA2-S14-pP2 3253 | 149.03 | 0.212 | 9.26E-09 | 5.87E-09
CA2-S14-P3 3161 | 35.54 0.249 | 1.26E-08 | 8.55E-09
CA2-S19-P1 2650 | 30.26 0.613 | 2.18E-08 | 1.86E-08
CA2-S19-P2 2600 | 25.76 0.693 | 2.57E-08 | 2.21E-08
CA2-S19-P3 CB 2550 | 24.34 0.785 | 2.78E-08 | 2.45E-08
CA2-S14-P1 2650 | 21.41 0.808 | 3.01E-08 | 2.69E-08
CA2-S14-pP2 2600 | 17.70 0.882 | 3.39E-08 | 3.04E-08
CA2-S14-P3 2550 | 15.18 0.972 | 3.62E-08 | 3.22E-08
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Table S3.2 (continued) The details of the cases of the CG and SPC/E models on
nanostructure surfaces in the Cu-water system under a slab size of 0.3 nm.
Items State N P-MD | DDL ITRm ITR¢

CA1-S19-P1 3154 | 226.79 | 0.138 | 4.05E-09 | 2.37E-09
CA1-S19-P2 3065 | 14032 | 0.134 | 4.50E-09 | 2.71E-09
CA1-S19-P3 2897 | 3.74 0.137 | 5.47E-09 | 3.49E-09
CA1-S14-P1 3253120292 | 0.139 | 4.48E-09 | 2.81E-09
CA1-S14-P2 3161 | 12092 | 0.132 | 4.93E-09 | 3.07E-09
CA1-S14-P3 | 3014 | 8.11 0.137 | 5.85E-09 | 3.94E-09
CA2-S19-P1 | Ve 3154 250,14 | 0.171 | 6.16E-09 | 4.54E-09
CA2-S19-P2 3065 | 170.44 | 0.177 | 6.95E-09 | 5.08E-09

SPC/E CA2-S19-P3 2897 | 43.09 | 0.202 | 1.02E-08 | 8.03E-09
CA2-S14-P1 3253 | 228.77 | 0.171 | 6.66E-09 | 4.99E-09
CA2-S14-P2 3161 | 149.60 | 0.183 | 7.25E-09 | 5.51E-09
CA2-S14-P3 3014 | 44.58 | 0.203 | 9.71E-09 | 7.75E-09
CA2-S19-P1 2650 | 33.34 | 0.613 | 2.11E-08 | 1.95E-08
CA2-S19-P2 2600 | 29.85 | 0.695 | 2.27E-08 | 2.12E-08
CA2-S19-P3 2550 | 22.26 | 0.769 | 2.61E-08 | 2.45E-08
CA2-S14-P1 B 2650 | 22.73 | 0.795 | 2.79E-08 | 2.65E-08
CA2-S14-P2 2600 | 18.25 | 0.874 | 3.13E-08 | 2.94E-08
CA2-S14-P3 2550 | 14.09 | 0951 | 3.69E-08 | 3.52E-08
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Figures S3.14 to S3.15 Relationship between DDL and ITR using the CG model with
CA3 cases.
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Figure S3.14 Relationship between DDL and ITR on flat surfaces using the CG model
with the CA3 cases. The CA3 cases have more weak wettability compared to the CA2
cases. The exponential curve can appropriately express the relationship between DDL and
ITR.
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Figure S3.15 Relationship between DDL and ITR on nanostructure surfaces using the CG
model with the CA3 cases in the Wenzel state. The CA3 cases have more weak wettability
compared to the CA2 cases. The exponential curve can appropriately express the
relationship between DDL and ITR.
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Appendix Chapter 4

Table S4.1 The details of the cases of CG and SPC/E models on flat surfaces in Cu-

graphene-water systems under water pressure of 1 to 50 MPa

Items N P-MD DDL ITR frat
CA11-SV0.0 6.57 0.167 2.92E-08
CA11-SV2.1 6.48 0.169 2.50E-08
CA11-SV2.8 5.98 0.169 2.40E-08
CA12-Sv0.0 3154 14.36 0.203 4.66E-08
CA12-SV2.1 14.75 0.189 4.47E-08
CA12-SV2.8 14.86 0.194 4.67E-08

G CA21-SV0.0 13.22 0.179 2.80E-08
CA21-SV2.1 14.57 0.169 2.78E-08
CA21-SV2.8 13.59 0.169 2.70E-08
CA22-SV0.0 3150 21.54 0.204 5.12E-08
CA22-SV2.1 21.98 0.193 4.55E-08
CA22-SV2.8 22.04 0.192 4.54E-08
CA11-SV0.0 15.03 0.144 2.58E-08
CA11-SV2.1 13.75 0.146 2.35E-08
CA11-SV2.8 13.83 0.143 2.31E-08
CA12-Sv0.0 31.23 0.179 4.94E-08
CA12-SV2.1 27.63 0.170 4.61E-08

SPC/E CA12-SV2.8 3170 30.15 0.172 4.24E-08
CA21-SV0.0 23.34 0.142 2.45E-08
CA21-SV2.1 27.22 0.143 2.21E-08
CA21-SV2.8 21.23 0.142 2.58E-08
CA22-SV0.0 34.60 0.179 5.10E-08
CA22-SV2.1 33.27 0.168 4.81E-08
CA22-SV2.8 37.21 0.170 4.38E-08

145



Table S4.2 The details of the cases of CG and SPC/E models on flat surfaces in Cu-

graphene-water systems under water pressure of 90 to 200 MPa.

Items N P-MD DDL ITR flat
CA11-SV0.0 135.27 0.167 1.70E-08
CAI11-SV2.1 135.97 0.159 1.84E-08
CAI11-SV2.8 135.03 0.158 1.97E-08
CA12-SV0.0 145.12 0.180 3.11E-08
CA12-SV2.1 144.73 0.170 2.88E-08
CA12-SV2.8 143.33 0.171 2.83E-08

CG 3354
CA21-SV0.0 143.29 0.168 1.76E-08
CA21-Sv2.1 143.14 0.157 1.91E-08
CA21-SV2.8 143.52 0.157 1.84E-08
CA22-SV0.0 152.55 0.181 3.43E-08
CA22-SV2.1 151.34 0.171 2.96E-08
CA22-SV2.8 151.24 0.171 2.76E-08
CA11-SV0.0 122.99 0.147 2.08E-08
CAI11-SV2.1 124.85 0.135 1.77E-08
CAI1-SV2.8 122.55 0.136 1.73E-08
CA12-SV0.0 132.64 0.164 3.37E-08
CA12-SV2.1 135.69 0.150 3.19E-08
CA12-SV2.8 133.03 0.150 2.71E-08
SPC/E CA21-Sv0.0 3320 133.46 0.147 1.88E-08
CA21-SV2.1 130.56 0.138 1.95E-08
CA21-SV2.8 130.80 0.138 1.73E-08
CA22-SV0.0 142.87 0.163 3.43E-08
CA22-SV2.1 141.56 0.153 3.01E-08
CA22-SV2.8 138.97 0.157 2.98E-08
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Table S4.3 The details of the cases of CG and SPC/E models on flat surfaces in Cu-

graphene-water systems under water pressure of 200 to 300 MPa.

Items N P-MD DDL ITR flat
CA11-SV0.0 263.22 0.157 1.32E-08
CAI11-SV2.1 263.90 0.147 1.38E-08
CAI11-SV2.8 264.67 0.147 1.27E-08
CA12-SV0.0 272.62 0.168 2.15E-08
CA12-SV2.1 272.76 0.157 2.05E-08
CA12-SV2.8 271.59 0.155 1.83E-08

G CA21-SV0.0 3500 271.78 0.159 1.27E-08
CA21-Sv2.1 273.05 0.149 1.25E-08
CA21-SV2.8 269.14 0.149 1.31E-08
CA22-SV0.0 282.35 0.167 2.12E-08
CA22-SV2.1 281.63 0.157 1.93E-08
CA22-SV2.8 279.16 0.160 1.80E-08
CA11-SV0.0 206.73 0.144 1.33E-08
CAI11-SV2.1 206.13 0.134 1.46E-08
CAI1-SV2.8 205.47 0.134 1.41E-08
CA12-SV0.0 219.63 0.157 2.76E-08
CA12-SV2.1 219.76 0.148 2.19E-08
CA12-SV2.8 219.40 0.147 2.31E-08

SPC/E CA21-Sv0.0 3420 213.86 0.146 1.55E-08
CA21-SV2.1 213.43 0.134 1.45E-08
CA21-SV2.8 214.74 0.137 1.48E-08
CA22-SV0.0 223.15 0.158 2.54E-08
CA22-SV2.1 223.90 0.146 2.32E-08
CA22-SV2.8 219.99 0.145 2.27E-08
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Table S4.4 The details of the cases of CG and SPC/E models on nanostructure
surfaces in Cu-graphene-water systems

The "N1" and "N2" are the number of the CG and SPC/E water molecules in the CB states,
respectively.

Items states N P-MD | DDL ITR¢ ITRwn
CA11-SVv0.0 2.19 10.217 | 4.85E-09 | 1.06E-09
CA11-SV2.1 2.82 10.214 | 4.69E-09 | 1.04E-09
CAI11-SV2.8 P3 2216 2.98 10.215 | 4.88E-09 | 1.09E-09
CA12-SV0.0 Wenzel 7.08 | 0.228 | 6.01E-09 | 1.27E-08
CA12-SV2.1 6.86 | 0.235 | 5.63E-09 | 1.17E-08
CA12-SV2.8 6.80 | 0.229 | 5.70E-09 | 1.17E-08
CA21-SV0.0 2591 |0.822 | 3.30E-08 | 3.75E-08
CA21-SV2.1 27.73 1 0.835 | 3.00E-08 | 3.35E-08
CA21-SV2.8 CB 2500 26.01 | 0.827 | 2.82E-08 | 3.19E-08
CA22-SV0.0 N2 31.92 | 0.844 | 5.07E-08 | 5.42E-08
CA22-SV2.1 30.90 | 0.843 | 4.54E-08 | 4.96E-08
CA22-SV2.8 30.74 | 0.844 | 4.32E-08 | 4.71E-08
CA21-SV0.0 32.00 | 0.691 | 2.87E-08 | 3.26E-08
CA21-SV2.1 28.68 | 0.694 | 2.70E-08 | 3.02E-08

G CA21-SV2.8 CB 2580 28.47 10.698 | 2.63E-08 | 2.97E-08
CA22-SV0.0 N1 32.30 | 0.694 | 3.96E-08 | 4.23E-08
CA22-SV2.1 28.28 1 0.695 | 3.96E-08 | 4.32E-08
CA22-SV2.8 30.68 | 0.694 | 3.95E-08 | 4.31E-08
CA11-SVv0.0 126.19 | 0.200 | 3.56E-09 | 8.49E-09
CA11-SV2.1 125.72 | 0.202 | 2.75E-09 | 7.81E-09
CAI11-SV2.8 P2 126.67 | 0.204 | 3.78E-09 | 8.53E-09
CA12-SV0.0 Wenzel 3000 129.71 | 0.204 | 3.83E-09 | 9.04E-09
CA12-SV2.1 130.20 | 0.206 | 3.93E-09 | 9.27E-09
CA12-SV2.8 131.23 | 0.213 | 3.97E-09 | 9.25E-09
CA11-SVv0.0 234.03 | 0.184 | 3.02E-09 | 7.43E-08
CA11-SV2.1 233.01 | 0.188 | 2.73E-09 | 6.84E-08
CAI11-SV2.8 P1 3120 234.08 | 0.190 | 2.77E-09 | 7.00E-08
CA12-SVv0.0 Wenzel 238.17 | 0.184 | 3.29E-09 | 8.16E-08
CA12-SV2.1 237.33 | 0.194 | 2.68E-09 | 7.17E-08
CA12-SV2.8 237.36 | 0.195 | 3.13E-09 | 7.37E-08
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Table S4.4 (continued) The details of the cases of CG and SPC/E models on

nanostructure surfaces in Cu-graphene-water systems

Items N P-MD | DDL ITR¢ ITRt
CAI11-SV0.0 10.94 | 0.169 | 5.82E-09 | 8.72E-09
CAI1-SV2.1 13.90 | 0.176 | 5.49E-09 | 8.40E-09
CAI1-SV2.8 P3 2860 12.28 | 0.180 | 5.40E-09 | 8.13E-09
CA12-SV0.0 | Wenzel 13.43 | 0.186 | 6.22E-09 | 9.36E-09
CAI12-SV2.1 18.44 | 0.190 | 5.98E-09 | 9.05E-09
CA12-SV2.8 17.32 | 0.191 | 5.87E-09 | 9.02E-09
CA21-SV0.0 31.51 | 0.651 | 2.70E-08 | 2.84E-08
CA21-SV2.1 32.05 | 0.661 | 2.45E-08 | 2.64E-08
CA21-SV2.8 CB 2600 3341 | 0.662 | 2.54E-08 | 2.69E-08
CA22-SV0.0 NI 37.71 | 0.650 | 3.72E-08 | 3.92E-08
CA22-SV2.1 36.76 | 0.654 | 3.68E-08 | 3.88E-08
CA22-SV2.8 35.23 | 0.651 | 3.40E-08 | 3.59E-08
CA21-SVv0.0 27.00 | 0.818 | 3.42E-08 | 3.59E-08
CA21-SV2.1 27.08 | 0.826 | 3.16E-08 | 3.31E-08
CA21-SV2.8 CB 23.61 | 0.827 | 3.26E-08 | 3.38E-08

SPC/E CA22-SV0.0 N2 2500 36.33 | 0.816 | 5.51E-08 | 5.63E-08
CA22-SV2.1 3590 | 0.825 | 4.88E-08 | 5.05E-08
CA22-SV2.8 36.90 | 0.834 | 5.29E-08 | 5.50E-08
CAI11-SV0.0 97.44 | 0.164 | 4.51E-09 | 7.37E-09
CAI1-SV2.1 97.46 | 0.168 | 4.57E-09 | 7.31E-09
CAI1-SV2.8 P2 2970 96.88 | 0.169 | 4.61E-09 | 7.21E-09
CA12-SV0.0 | Wenzel 98.67 | 0.175 | 5.41E-09 | 8.70E-09
CAI12-SV2.1 101.18 | 0.174 | 5.58E-09 | 8.70E-09
CA12-SV2.8 100.80 | 0.179 | 5.48E-09 | 8.81E-09
CAI11-SV0.0 237.76 | 0.162 | 3.43E-09 | 5.91E-09
CAI1-SV2.1 234.61 | 0.162 | 3.71E-09 | 6.25E-09
CAI1-SV2.8 Pl 3115 239.20 | 0.165 | 3.67E-09 | 6.14E-09
CA12-SV0.0 | Wenzel 238.83 | 0.166 | 5.48E-09 | 8.84E-09
CAI12-SV2.1 239.95 | 0.167 | 5.37E-09 | 8.57E-09
CA12-SV2.8 238.82 | 0.171 | 5.58E-09 | 8.81E-09
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Appendix Chapter 5

Table S5.1 The detailed thermal resistance of CG models in Cu-water systems.

The Rs-lig3,4 was referred to as Rs.iig3 and Rs-lig4. The Rs, Riig, Rs-1ig1, Rs-lig2, Rs-1ig3, and Rs-
lig4 have the same meanings in Section 2.8.2. "Unlimited" means the values were very
high. Rs and Riiq are calculated by the thermal conductivities of MD simulations.

Items State Rs Riiq Rs-iig1 Rs-iig2 Rs-1ig3.4
CA1-S19-P1 6.68E+07 | 4.52E+08 | 5.81E+08 | 5.13E+08 | 6.70E+08
CA1-S19-P2 9.45E+07 | 4.36E+08 | 8.34E+08 | 7.36E+08 | 9.61E+08
CA1-S19-P3 3.54E+07 | 4.95E+08 | 1.26E+09 | 1.12E+09 | 1.46E+09
CA1-S14-P1 9.11E+07 | 3.66E+08 | 9.01E+08 | 4.72E+08 | 7.63E+08
CA1-S14-P2 1.29E+08 | 3.53E+08 | 1.22E+09 | 6.38E+08 | 1.03E+09
CA1-S14-P3 4.83E+07 | 4.01E+08 | 1.72E+09 | 9.02E+08 | 1.46E+09
CA2-S19-P1 Wenzel 5.68E+07 | 4.35E+08 | 8.03E+08 | 7.09E+08 | 9.26E+08
CA2-S19-P2 8.96E+07 | 4.58E+08 | 1.38E+09 | 1.22E+09 | 1.59E+09
CA2-S19-P3 6.92E+07 | 4.88E+08 | 2.38E+09 | 2.10E+09 | 2.75E+09

ca CA2-S14-P1 7.74E+07 | 3.52E+08 | 1.36E+09 | 7.12E+08 | 1.15E+09
CA2-S14-P2 1.22E+08 | 3.71E+08 | 2.11E+09 | 1.10E+09 | 1.78E+09
CA2-S14-P3 9.44E+07 | 3.95E+08 | 3.25E+09 | 1.70E+09 | 2.75E+09
CA2-S19-P1 5.68E+07 | 1.83E+08 | 2.42E+09 6.63E+09
CA2-S19-P2 8.96E+07 | 1.49E+08 | 2.46E+09 8.69E+09
CA2-S19-P3 6.92E+07 | 1.08E+08 | 2.47E+09 o 1.29E+10
CA2-S14-P1 B 7.7AE+07 | 1.22E+08 | 3.39E+09 Unlimited 8.30E+09
CA2-S14-P2 1.22E+08 | 1.02E+08 | 3.43E+09 1.05E+10
CA2-S14-P3 9.44E+07 | 7.73E+07 | 3.45E+09 1.49E+10
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Table S5.1 (continued) The detailed thermal resistance of the SPC/E models in Cu-water
systems. The Rs-iig3.4 was referred to as Rs.iiqg3 and Rs.iiga. The Rs, Riig, Rs-tig1, Rs-1ig2, Rs-
lig3, and Rs-iigs have the same meanings in Section 2.8.2. "Unlimited" means the values
were very high. Rs and Rig are calculated by the thermal conductivities of MD
simulations.

Items State Rs Riiq Rs.iig1 Rs.iig2 Rs.iig3 4
CAI1-S19-P1 7.90E+07 | 2.14E+08 | 6.98E+08 | 6.16E+08 | 8.05E+08
CAI1-S19-P2 8.23E+07 | 2.29E+08 | 8.24E+08 | 7.27E+08 | 9.50E+08
CA1-S19-P3 8.32E+07 | 2.33E+08 | 1.02E+09 | 9.03E+08 | 1.18E+09
CA1-S14-P1 1.08E+08 | 1.74E+08 | 1.00E+09 | 5.24E+08 | 8.45E+08
CAI1-S14-P2 1.12E+08 | 1.85E+08 | 1.16E+09 | 6.09E+08 | 9.83E+08
CA1-S14-P3 1.13E+08 | 1.88E+08 | 1.39E+09 | 7.26E+08 | 1.17E+09
CA2-519p1 | " (7795107 | 192E+08 | 749E+08 | 6.61E+08 | 8.64E108
CA2-S19-P2 9.45E+07 | 2.32E+08 | 1.26E+09 | 1.12E+09 | 1.46E+09
CA2-S19-P3 7.58E+07 | 2.26E+08 | 2.07E+09 | 1.83E+09 | 2.38E+09

SPC/E CA2-S14-P1 1.06E+08 | 1.55E+08 | 1.22E+09 | 6.40E+08 | 1.03E+09
CA2-S14-P2 1.29E+08 | 1.88E+08 | 1.90E+09 | 9.97E+08 | 1.61E+09
CA2-S14-P3 1.03E+08 | 1.83E+08 | 2.81E+09 | 1.47E+09 | 2.37E+09
CA2-S19-P1 7.79E+07 | 7.54E+07 | 2.13E+09 6.24E+09
CA2-S19-P2 9.45E+07 | 6.76E+07 | 2.15E+09 8.52E+09
CA2-S19-P3 7.58E+07 | 4.68E+07 | 2.20E+09 o 1.23E+10
CA2-S14-P1 B 1.06E+08 | 5.06E+07 | 3.00E+09 Unlimited 7.76E+09
CA2-S14-P2 1.29E+08 | 4.83E+07 | 3.03E+09 9.98E+09
CA2-S14-P3 1.03E+08 | 3.58E+07 | 3.07E+09 1.33E+10
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Table S5.1 (continued) Rs and Riiq are calculated by experimental thermal conductivities

Items State Rs Riiq
CA1-S19-P1 5.37E+05 3.08E+08
CA1-S19-P2 5.37E+05 3.25E+08
CA1-S19-P3 5.37E+05 3.43E+08
CAI-S14-P1 7326405 2.50E+08
CA1-S14-P2 7.32E+05 2.63E+08
CA1-S14-P3 7.32E+05 2.78E+08
CA2-S19-P1 Wenzel 5.37E+05 3.04E+08
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CA2-S14-P3 7326405 5.19E+07
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Figures S5.1 to S5.12 The detailed values in TCMs in Cu-water systems
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Figure S5.1 The local thermal resistances for the CG model in the case of the nanopillar
width of S14 under the water pressure of P1(top-left), P2(top-right), and P3(bottom) in
the Wenzel (CA1) state. All values were components of TCMs. The unit is 108 K/W.
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Figure S5.2 The local thermal resistances of model A to model F for the CG model in the
case of the nanopillar width of S19 under the water pressure of P1(top-left), P2(top-right),
and P3(bottom) in the Wenzel (CA1) state. All values were components of TCMs. The
unit is 108 K/W.
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Figure S5.3 The local thermal resistances of model A to model F for the CG model in the
case of the nanopillar width of S14 under the water pressure of P1(top-left), P2(top-right),
and P3(bottom) in the Wenzel (CA2) state. All values were components of TCMs. The

unit is 108 K/W.
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Figure S5.4 The local thermal resistances of model A to model F for the CG model in the
case of the nanopillar width of S19 under the water pressure of P1(top-left), P2(top-right),
and P3(bottom) in the Wenzel (CA2) state. All values were components of TCMs. The

unit is 108 K/W.
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Figure S5.5 The local thermal resistances of model A to model F for the CG model in the
case of the nanopillar width of S14 under the water pressure of P1(top-left), P2(top-right),
and P3(bottom) in the CB state. All values were components of TCMs. The unit is 10®

K/W.
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Figure S5.6 The local thermal resistances of model A to model F for the CG model in the
case of the nanopillar width of S19 under the water pressure of P1(top-left), P2(top-right),
and P3(bottom) in the CB state. All values were components of TCMs. The unit is 10®

K/W.
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Figure S5.7 The local thermal resistances of model A to model F for the SPC/E model in
the case of the nanopillar width of S14 under the water pressure of P1(top-left), P2(top-
right), and P3(bottom) in the Wenzel (CAT1) state. All values were components of TCMs.
The unit is 108 K/W.
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Figure S5.8 The local thermal resistances of model A to model F for the SPC/E model in
the case of the nanopillar width of S19 under the water pressure of P1(top-left), P2(top-
right), and P3(bottom) in the Wenzel (CA1) state. All values were components of TCMs.

The unit is 108 K/W.
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Figure S5.9 The local thermal resistances of model A to model F for the SPC/E model in
the case of the nanopillar width of S14 under the water pressure of P1(top-left), P2(top-
right), and P3(bottom) in the Wenzel (CA2) state. All values were components of TCMs.
The unit is 108 K/W.

162



y Model A,.B Model EF |

,LModeIA,B Model EF |

|—| |—|
RS."ijl 7.49 R\iq 192, 3.02 R1 R2 Rs_ﬁit 1286 R|iq 232,321 R1 R2 ‘
RS lig1: | ‘ R . |
) -lig1: 7.49 ] S-ligt: 12.6
Rou 0779, 0.00837 Reviioz: .51 ‘ | Riqe 1,522, 3.0072 RCu 0945, 0.00537 Reviaz: 112 | Rigr.a0pm s
Rze== RCu*l‘ 0.779/2, 0.00537/2 ‘ ‘ Rg—= RCuT: 0.945/2, 0.00537/2
RB RB
Model C,D Model C,D
RS—I\qS: 8.64 RSflqu: 146
RS—Mqt 7.49 R RS-quT' 126 Re.
| | Riiq1.92, 3.02 S-lig4: 8.64 : Riig 2.2, 3.21 S-ligd: 14 6
Reu 0.779, 0.00s37 R; Reu 0.945, 0.00537 R;
. Riig* 5 Riig+
Rs.ig3. s.64 Re, ‘ ““| Rs.iga. 145 Rey '“i
Rs Re Rsigz 81| Rg R Rsuiqz 112
Rsiigz 661 | ofiat f64 ! R joz: 11.2 | ot 148 i
i R4 ! R4

|

RS-IiT: 207

Rsi

Rs

E——

4, Model A,.B Mod

el E,F
- 1
R;
226,328 R
: T
RS lig1:
i Hlig1: 20.7
RICu 0.758, 0.00537 Rs-lig2: 183 ‘ | i 22612, 32812
RCu*:‘O.TSBI'Z, 0.00537/2 ‘
Re
Model C,D
RS—I\qS: 238
Rsuiqr: 207 R
| ; Riq2.26 328 SHiqd: 23.8
Reu o758, 0.00537 R,
Rs-nq?.: 238 Reur ‘ an*l
Raia. RS-I\qZ' 183
Rsaigo: 1.3 | ofia%: 738 :
. R
4

|

E——

——

Figure S5.10 The local thermal resistances of model A to model F for the SPC/E model
in the case of the nanopillar width of S19 under the water pressure of P1(top-left), P2(top-
right), and P3(bottom) in the Wenzel (CA2) state. All values were components of TCMs.

The unit is 108 K/W.
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Figure S5.11 The local thermal resistances of model A to model F for the SPC/E model
in the case of the nanopillar width of S14 under the water pressure of P1(top-left), P2(top-
right), and P3(bottom) in the CB state. All values were components of TCMs. The unit is

10® K/W.
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Figure S5.12 The local thermal resistances of model A to model F for the SPC/E model
in the case of the nanopillar width of S19 under the water pressure of P1(top-left), P2(top-
right), and P3(bottom) in the CB state. All values were components of TCMs. The unit is
10® K/W.
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Figure S5.13 Calculation method of heat flow rate

The energy transfer between the solid surface atoms and water molecules was calculated
by Eq. (S5.1). The Quocal* was the local rate of heat flow with the unit of the W. F;; was
the pairwise forces between water molecules and solid surface, v; and ¥; correspond to
the velocities of solid surface atoms and water molecules, respectively. The term
"sidewalls" was used to describe the energy transfer occurring in the nanopillar sidewalls,
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which included half of the energy transfer observed in the corner-like regions, as
illustrated in the red frames of Figure S5.13(b). The term "top" refers to the energy
transfer occurring on the top nanopillar surface, which included half of the total energy
transfer observed in the corner, as illustrated in the red frames of Figure S5.13(b).

1 -
Qiocal_s = 2 Z Z (Fjj - (Vi—Vj)) ; *€ top, sidewalls, bottom (S5.1)

i€liquid jesolid

(a)

. [T T 00000ee ()
| Atoms like these are not included in the red region
N

Figure S5.13 Calculation method of local heat flow rate for “top”, “sidewalls” and
“bottom”. The definition of the "sidewalls" is indicated by the red frames that consist of
(a) and (b). The grey atomic layer is just to highlight the surface atoms of the solid walls,

including the "top", the "sidewalls" and the "bottom".

Equation (S5.2) was used to calculate the energy ratios, such as corresponding to Figures
S5.14 to S5.16. Qratio-+ Was the ratio of heat flow rate.

Qlocal—*

Qratio—» = (S5.2)
Qlocal—top + Qlocal—sidewalls + Qlocal—bottom
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Figures S5.14 to S5.16 Energy transfer ratio between water and Cu
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Figure S5.14 Energy transfer ratio between water and Cu calculated by MD simulations
with nanopillar width of S19 (left) and S14 (right) in the CAl cases. The "bottom",
"sidewalls" and "top" refer to the energy transfer between water and the bottom of the

groove, that between water and the nanopillar sidewalls, and that between water and the
top nanopillar surface, respectively.
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Figure S5.15 Energy transfer ratio between water and Cu calculated by MD simulations
with nanopillar width of S19 (left) and S14 (right) in the Wenzel (CA2) state.
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Figure S5.16 Energy transfer ratio between water and Cu calculated by MD simulations
with nanopillar width of S19 (left) and S14 (right) in the CB (CA2) state.
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Figures S5.17 to S5.22 2D temperature distribution in Cu-water systems

When calculating the 2D temperature of the SPC/E water molecules, one “resolved
temperature” is calculated considering the temperature of a “completely” water molecule
and the centroid of a “completely” water molecule. The centroid position is considered
instead of the oxygen and hydrogen atomic positions.
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Figure S5.17 2D temperature distribution of the solids and water in the CA1 cases with
the nanopillar width of S14. The unit of the scaler bar is K. (a) to (c) were related to the
water pressure of P1 to P3 in the SPC/E model. (d) to (f) were related to the water pressure
of P1 to P3 in the CG model.
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Figure S5.18 2D temperature distribution of the solids and water in the CA2 cases with

the nanopillar width of S14.
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Figure S5.19 2D temperature distribution of the solids and water in the case of CB state
with the nanopillar width of S14.
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Figure S5.20 2D temperature
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Figure S5.21 2D temperature distribution of the solids and water in the CA2 cases with
the nanopillar width of S19.
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Figure S5.22 2D temperature distribution of the solids and water in the case of CB state
with the nanopillar width of S19.

Figure S5.23 The energy transfer obtained by MD simulations and that calculated

by TCMs in Cu-water systems

In Cu-water systems, the Qmb-right was the rate of heat flow in the right path of heat transfer
calculated by MD simulations, as shown in Eq. (S5.3). The Qwmb-left Was the rate of heat
flow in the left path calculated by MD simulations, as shown in Eq. (S5.4). The Qiocal-
sidewalls, Qlocal-bottom, and Qlocal-top Were calculated by Eq. (S5.1). The Qwmodel-left Was the rate
of heat flow based on the models A to D of the left path of heat transfer in TCM and
calculated by Eq. (S5.5). The QModel-AB-right Was the rate of heat flow based on the models
A and B of the right path of heat transfer, which was calculated by Eq. (S5.6). The Qmodel-
c.Dright Was the rate of heat flow based on the models C and D of the right path of heat
transfer, as shown in Eq. (S5.7). The Reqm in Eq. (S5.8) was a component in Eq. (S5.9) to
Eq. (S5.11). For models E and F, the Qmodel-top, QModel-btm, and QModel-sidewalls were the heat
flow rate of the groove bottom surface, the nanopillar sidewalls, and the top nanopillar
surface, respectively, which were calculated using Eq. (S5.9) to Eq. (S5.11) based on
TCMs. The components of related equations were explained in Section 2.8.2.

QMD—right = Qlocal—sidewalls + Qlocal—bottom

Qmp-left = Qlocal—top
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Qmodel-teft = ATen - (Rs—_1iqr + Rs) ™! (S5.5)

QModel—A,B—right = ATth ’ (RS—liqZ + Rliq)_1 (85-6)
Qmodel—c,p—right = ATt * (R52}ig2 RS 21ig3 RS2 1iga) ™ + Riig) (85.7)
Reqm = R1R2R2 - R1R2R4 - R1R3R4 - R1R4RB - R2R3R4 - R3R4RB (85.8)
QmModel-top = (R2Rz = RzR3 — RzR4 — R4Rp) - ATy Rggm (55.9)
QModel-btm = (~R1R3 — R{Rg + RE—R;R;3 + R;Rg — RsRp)ATy,Regm  (S5.10)
QModel—sidewalls = (RlRZ - R1R4 - R2R2'|'R2R3) : ATthRg&m (85-11)

To verify the basis of TCM in Cu-water systems, Figure S5.23 shows the rate of heat flow
calculated by MD simulations and that derived by TCMs. The rate of heat flow derived
by TCMs was calculated by Eq. (S5.5) and (S5.6) in models A and B, by Eq. (S5.5) and
(S5.7) in models C and D, by Eq. (§5.9) to (S5.11) in models E and F. The dots correspond
to the QModel-A,B-right and QModel-c,D-right. The diamonds correspond to the Qwmodel-left. The
dots, diamonds, and squares in (e) and (f) correspond to the Qmodel-btm, QModel-top, and
QModel-sidewalls, respectively.
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Figure S5.23 The energy transfer obtained by MD and that calculated by TCMs in Cu-
water systems. The dots correspond to the right path of the TCMs. The diamonds
correspond to the left path of the TCMs.
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Figure S5.23 (continued) The energy transfer obtained by MD simulations and that
calculated by TCMs in Cu-water systems. The dots, diamonds, and squares correspond to
the bottom, top, and sidewalls of the TCMs in (e) and (f).
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Appendix Chapter 6

Figures S6.1 to S6.2 Relationship between the water pressure and Rpac on flat

surfaces in Cu-graphene-water systems
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Figure S6.1 Relationship between the CG water pressure and thermal resistances (Rfiat)
on flat surfaces in Cu-graphene-water systems. An approximate line was used to describe
the relationship between R and water pressure. The green and red lines were referred to
as the fitting lines between water pressure and Rsat. (a), (b), and (c¢) correspond to the
cases SV0.0, SV2.1, and SV2.8, respectively. The coefficients of green, blue, black, and
red fitting functions (y=aa-x+bb) in (a), (b), and (c) are shown in Table S6.0.
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Table S6.0 The coefficients of green, blue, black, and red fitting functions

(y=aa-x+bb).
Lines Defect surfaces | aa bb CoD
CG-green -0.03849 17.38 0.92
CG-red -0.05988 28.99 0.98
CG-blue -0.03614 17.13 0.96
CG-black -0.07741 33.12 0.99
SV0.0
SPC/E-green -0.0393 16.8 0.97
SPC/E-red -0.07193 31.98 0.96
SPC/E-blue -0.02943 15.72 0.99
SPC/E-black -0.08415 33.94 0.99
CG-green -0.02676 15.37 0.99
CG-red -0.05786 27.63 0.97
CG-blue -0.03614 17.31 0.99
CG-black SV2.1 -0.0656 29 0.99
SPC/E-green -0.02876 14.78 0.99
SPC/E-red -0.07777 30.45 0.99
SPC/E-blue -0.02492 14.6 0.94
SPC/E-black -0.0601 29.94 0.97
CG-green -0.02683 15.2 0.98
CG-red -0.06807 28.89 0.97
CG-blue -0.03043 16.58 0.96
CG-black SV2.8 -0.06744 28.67 0.98
SPC/E-green -0.02902 14.48 0.99
SPC/E-red -0.06366 27.13 0.93
SPC/E-blue -0.0357 16.24 0.95
SPC/E-black -0.07153 29.22 0.99
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Figure S6.2 Relationship between SPC/E-water pressure and thermal resistances (Rfiat)
on flat surfaces in Cu-graphene-water systems. An approximate line was used to describe
the relationship between R and water pressure. The coefficients of green, blue, black, and
red fitting functions (y=aa-x+tbb) in (a), (b), and (c) are shown in Table S6.0.
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Table S6.1 The detailed R of the CG models on nanostructure surfaces in Cu-
graphene-water systems under a correction of contact region thickness

The Rs.1ig3 4 was referred to as Rs.iig3 and Rs-liga. Rs-1igs,6 was referred to as Rs.iige and Rs-
lige. The Rs, Riig, Rs-liq1, Rs-lig2, Rs-1ig3, Rs-liga, Rs-1igs, and Rs-liqs have the same meanings in
Section 2.8.3. "Unlimited" means the values were very high, such as 1E+99. All R unit is
K/W. Rcu and Riig-mp are calculated by the thermal conductivities of MD simulations. Rcu
for all cases is 5.20x10° K/W calculated by the experimental thermal conductivities.

Items states Reu Rji-MD Rii-Exp RiigitRs Rsig2 Rs.igsa Rs.iigs.6
CAI11-SV0.0 4.90E+07 5.83E+08 3.51E+08 4.40E+09 1.12E+09 1.51E+09 2.28E+10
CAI11-SV2.1 7.12E+07 4.96E+08 3.47E+08 3.82E+09 1.12E+09 1.51E+09 2.01E+10
CAI11-SV2.8 P3 7.33E+07 5.28E+08 3.51E+08 3.80E+09 1.12E+09 1.51E+09 1.99E+10
CA12-SV0.0 Wenzel 6.76E+07 5.02E+08 3.41E+08 7.14E+09 1.11E+09 1.50E+09 3.76E+10
CA12-SV2.1 6.70E+07 5.22E+08 3.46E+08 6.13E+09 1.11E+09 1.50E+09 3.58E+10
CA12-SV2.8 9.27E+07 4.97E+08 3.41E+08 6.49E+09 1.11E+09 1.50E+09 3.74E+10
CA21-SV0.0 2.41E+07 1.78E+08 1.28E+08 4.12E+09 1.43E+10 2.13E+10
CA21-SV2.1 4.96E+07 1.68E+08 1.22E+08 3.90E+09 1.53E+10 2.15E+10
CA21-SV2.8 CB 2.59E+07 1.99E+08 1.27E+08 3.67E+09 1.46E+10 2.08E+10
CA22-SV0.0 N2 3.03E+07 1.85E+08 1.24E+08 6.99E+09 1.43E+10 4.04E+10
CA22-SV2.1 5.94E+07 1.98E+08 1.28E+08 6.11E+09 1.34E+10 3.55E+10
CA22-SV2.8 9.20E+07 1.59E+08 1.26E+08 6.36E+09 1.37E+10 3.50E+10

Unlimited
CA21-SV0.0 2.41E+07 1.78E+08 1.81E+08 4.07E+09 7.78E+09 2.10E+10
CA21-SV2.1 4.96E+07 1.75E+08 1.77E+08 3.89E+09 7.86E+09 2.14E+10
CA21-SV2.8 CB 2.59E+07 2.01E+08 1.80E+08 3.65E+09 7.86E+09 2.07E+10
CA22-SV0.0 N1 3.03E+07 1.85E+08 1.87E+08 6.99E+09 7.19E+09 4.03E+10
CA22-SV2.1 5.94E+07 1.90E+08 1.84E+08 6.14E+09 7.28E+09 3.58E+10
CA22-SV2.8 9.20E+07 1.55E+08 1.82E+08 6.36E+09 7.23E+09 3.50E+10
CAI11-SV0.0 4.06E+07 4.59E+08 3.14E+08 3.48E+09 7.78E+08 1.05E+09 1.65E+10
CAI11-SV2.1 3.73E+07 4.56E+08 3.14E+08 2.93E+09 7.80E+08 1.05E+09 1.58E+10
CAI11-SV2.8 P2 4.33E+07 4.32E+08 3.15E+08 2.84E+09 7.77E+08 1.05E+09 1.55E+10
CA12-SV0.0 Wenzel 5.51E+07 4.57TE+08 3.12E+08 5.40E+09 7.69E+08 1.04E+09 2.79E+10
CA12-SV2.1 6.15E+07 4 42E+08 3.08E+08 4.83E+09 7.67TE+08 1.04E+09 2.64E+10
CA12-SV2.8 5.81E+07 4.70E+08 3.13E+08 4.86E+09 7.64E+08 1.03E+09 2.63E+10
CAI11-SV0.0 3.95E+07 4.04E+08 2.95E+08 2.64E+09 4.80E+08 6.48E+08 1.10E+10
CAIl1-SV2.1 4.21E+07 4.17E+08 2.95E+08 2.51E+09 4.83E+08 6.52E+08 1.20E+10
CAI11-SV2.8 P1 5.84E+07 4.13E+08 2.96E+08 2.45E+09 4.80E+08 6.48E+08 1.17E+10
CA12-SV0.0 Wenzel 3.53E+07 4.38E+08 2.93E+08 3.93E+09 4.69E+08 6.33E+08 1.94E+10
CA12-SV2.1 5.73E+07 3.81E+08 2.94E+08 3.59E+09 4.71E+08 6.36E+08 1.83E+10
CA12-SV2.8 3.48E+07 3.60E+08 2.95E+08 3.39E+09 4.71E+08 6.36E+08 1.68E+10
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Table S6.2 The detailed R of the SPC/E models on nanostructure surfaces in Cu-
graphene-water systems under a correction of contact region thickness

The Rs.1ig3 4 was referred to as Rs.iig3 and Rs-liga. Rs-1igs,6 was referred to as Rs.iige and Rs-
lige. The Rs, Riig, Rs-liq1, Rs-lig2, Rs-1ig3, Rs-liga, Rs-1igs, and Rs-liqs have the same meanings in
Section 2.8.3. "Unlimited" means the values were very high, such as 1E+99. All R unit is
K/W. Rcu-mp and Riig-mp are calculated by the thermal conductivities of MD simulations.
Rcu for all cases is 5.20x10° K/W calculated by the experimental thermal conductivities.

Items states Ree-MD Ri-MD Rjiq-Exp Rg.igitRs Rsig2 Rgiig3 4 Rsigs,
CA11-SV0.0 4.99E+07 2.67E+08 3.40E+08 4.52E+09 8.94E+08 1.21E+09 2.15E+10
CA11-SV2.1 4.93E+07 2.45E+08 3.42E+08 3.84E+09 8.90E+08 1.20E+09 1.89E+10
CA11-SV2.8 P3 4.56E+07 2.74E+08 3.44E+08 3.89E+09 8.92E+08 1.20E+09 1.86E+10
CA12-SV0.0 Wenzel 3.80E+07 2.46E+08 3.30E+08 8.00E+09 8.91E+08 1.20E+09 4.07E+10
CA12-SV2.1 4.67E+07 2.25E+08 3.33E+08 7.22E+09 8.84E+08 1.19E+09 3.82E+10
CA12-SV2.8 4.08E+07 2.39E+08 3.31E+08 6.40E+09 8.86E+08 1.20E+09 3.42E+10
CA21-SV0.0 5.30E+07 1.33E+08 1.78E+08 4.35E+09 6.81E+09 1.95E+10
CA21-SV2.1 5.09E+07 1.23E+08 1.74E+08 3.87E+09 6.79E+09 1.82E+10
CA21-SV2.8 CB 5.39E+07 1.17E+08 1.79E+08 3.61E+09 6.77E+09 1.98E+10
CA22-SV0.0 N2 4.75E+07 1.53E+08 1.85E+08 8.11E+09 6.19E+09 4.05E+10
CA22-SV2.1 3.49E+07 1.15E+08 1.85E+08 6.63E+09 6.20E+09 3.65E+10
CA22-SV2.8 5.08E+07 1.33E+08 1.83E+08 6.25E+09 6.23E+09 3.52E+10

Unlimited
CA21-SV0.0 5.30E+07 1.33E+08 1.16E+08 4.35E+09 1.48E+10 1.97E+10
CA21-SV2.1 5.09E+07 1.21E+08 1.12E+08 3.89E+09 1.47E+10 1.83E+10
CA21-SV2.8 CB 5.39E+07 1.18E+08 1.17E+08 3.68E+09 1.49E+10 2.03E+10
CA22-SV0.0 N1 4.75E+07 1.53E+08 1.21E+08 8.13E+09 1.26E+10 4.07E+10
CA22-SV2.1 3.49E+07 1.15E+08 1.21E+08 6.64E+09 1.26E+10 3.66E+10
CA22-SV2.8 5.08E+07 1.33E+08 1.17E+08 6.22E+09 1.32E+10 3.50E+10
CA11-SV0.0 3.64E+07 2.42E+08 3.14E+08 3.57E+09 7.82E+08 1.06E+09 1.71E+10
CA11-SV2.1 4.41E+07 2.45E+08 3.14E+08 3.41E+09 7.82E+08 1.06E+09 1.58E+10
CA11-SV2.8 P2 6.28E+07 2.15E+08 3.16E+08 3.22E+09 7.83E+08 1.06E+09 1.54E+10
CA12-SV0.0 Wenzel 7.31E+07 2.05E+08 3.14E+08 6.33E+09 7.81E+08 1.05E+09 3.26E+10
CA12-SV2.1 2.38E+07 2.62E+08 3.09E+08 5.59E+09 7.78E+08 1.05E+09 2.97E+10
CA12-SV2.8 6.64E+07 2.34E+08 3.13E+08 5.35E+09 7.78E+08 1.05E+09 2.73E+10
CA11-SV0.0 3.73E+07 2.23E+08 3.02E+08 2.68E+09 6.02E+08 8.13E+08 9.81E+09
CA11-SV2.1 6.20E+07 2.04E+08 3.02E+08 2.41E+09 6.06E+08 8.18E+08 1.06E+10
CA11-SV2.8 P1 6.19E+07 2.03E+08 3.02E+08 2.28E+09 6.00E+08 8.11E+08 9.92E+09
CA12-SV0.0 Wenzel 8.02E+07 2.01E+08 2.98E+08 3.84E+09 6.01E+08 8.11E+08 1.94E+10
CA12-SV2.1 9.51E+07 1.87E+08 2.99E+08 3.41E+09 5.99E+08 8.09E+08 1.55E+10
CA12-SV2.8 2.51E+07 2.36E+08 2.96E+08 3.30E+09 6.01E+08 8.11E+08 1.57E+10
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The detailed values in TCMs in the Wenzel state on the composite surface for the
CG model
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Figure S6.3 The local thermal resistances for the CG model in the Wenzel (CA11) state
under the cases of pristine graphene (SV0.0). The top-left, top-right, and bottom of the

figures correspond to the water pressure of P1, P2, and P3, respectively. All values were
components of TCMs. The value unit is 108 K/W.
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Figure S6.4 The local thermal resistances for the CG model in the Wenzel (CA11) state
under the cases of pristine graphene (SV2.1). The top-left, top-right, and bottom of the

figures correspond to the water pressure of P1, P2, and P3, respectively. All values were
components of TCMs. The value unit is 108 K/W.
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Figure S6.5 The local thermal resistances for the CG model in the Wenzel (CA11) state
under the cases of pristine graphene (SV2.8). The top-left, top-right, and bottom of the

figures correspond to the water pressure of P1, P2, and P3, respectively. All values were
components of TCMs. The value unit is 10® K/W.
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Figure S6.6 The local thermal resistances for the CG model in the Wenzel (CA12) state
under the cases of pristine graphene (SV0.0). The top-left, top-right, and bottom of the

figures correspond to the water pressure of P1, P2, and P3, respectively. All values were
components of TCMs. The value unit is 10® K/W.
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Figure S6.7 The local thermal resistances for the CG model in the Wenzel (CA12) state
under the cases of pristine graphene (SV2.1). The top-left, top-right, and bottom of the

figures correspond to the water pressure of P1, P2, and P3, respectively. All values were
components of TCMs. The value unit is 108 K/W.
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Figure S6.8 The local thermal resistances for the CG model in the Wenzel (CA12) state
under the cases of pristine graphene (SV2.8). The top-left, top-right, and bottom of the

figures correspond to the water pressure of P1, P2, and P3, respectively. All values were
components of TCMs. The value unit is 108 K/W.
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The detailed values in TCMs in the CB state on the composite surface for the CG
model
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Figure S6.9 The local thermal resistances of model A to model F for the CG model in the
CB (CAZ21) state under the cases of pristine graphene (SV0.0). The left and right figures

correspond to the number of water molecules of N1 and N2, respectively. All values were
components of TCMs.
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Figure S6.10 The local thermal resistances of model A to model F for the CG model in
the CB (CA21) state under the cases of defective graphene (SV2.1). The left and right

figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 10 K/W.
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Figure S6.11 The local thermal resistances of model A to model F for the CG model in
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values were components of TCMs. The unit is 10 K/W.
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Figure S6.12 The local thermal resistances of model A to model F for the CG model in
the CB (CA22) state under the cases of pristine graphene (SV0.0). The left and right

figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 108 K/W.
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values were components of TCMs. The unit is 10 K/W.
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Figure S6.14 The local thermal resistances of model A to model F for the CG model in
the CB (CA22) state under the cases of defective graphene (SV2.8). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 108 K/W.
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The detailed values in TCMs in the Wenzel state on the composite surface for the
SPC/E model
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Figure S6.15 The local thermal resistances of model A to model F for the SPC/E model
in the Wenzel (CA11) state under the cases of pristine graphene (SV0.0). The top-left,
top-right, and bottom of the figures correspond to the water pressure of P1, P2, and P3,
respectively. All values were components of TCMs. The unit is 108 K/W.
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Figure S6.16 The local thermal resistances of model A to model F for the SPC/E model
in the Wenzel (CA11) state under the cases of pristine graphene (SV2.1). The top-left,
top-right, and bottom of the figures correspond to the water pressure of P1, P2, and P3,
respectively. All values were components of TCMs. The unit is 108 K/W.
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Figure S6.17 The local thermal resistances of model A to model F for the SPC/E model
in the Wenzel (CA11) state under the cases of pristine graphene (SV2.8). The top-left,
top-right, and bottom of the figures correspond to the water pressure of P1, P2, and P3,
respectively. All values were components of TCMs. The unit is 108 K/W.
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Figure S6.18 The local thermal resistances of model A to model F for the SPC/E model
in the Wenzel (CA12) state under the cases of pristine graphene (SV0.0). The top-left,
top-right, and bottom of the figures correspond to the water pressure of P1, P2, and P3,
respectively. All values were components of TCMs. The unit is 108 K/W.
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Figure S6.19 The local thermal resistances of model A to model F for the SPC/E model
in the Wenzel (CA12) state under the cases of pristine graphene (SV2.1). The top-left,
top-right, and bottom of the figures correspond to the water pressure of P1, P2, and P3,
respectively. All values were components of TCMs. The unit is 108 K/W.
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Figure S6.20 The local thermal resistances of model A to model F for the SPC/E model
in the Wenzel (CA12) state under the cases of pristine graphene (SV2.8). The top-left,
top-right, and bottom of the figures correspond to the water pressure of P1, P2, and P3,
respectively. All values were components of TCMs. The unit is 108 K/W.
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The detailed values in TCMs in Cu-graphene-SPC/E water systems in the CB state

for the SPC/E model
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Figure S6.21 The local thermal resistances of model A to model F for the SPC/E model
in the CB (CAZ21) state under the cases of pristine graphene (SV0.0). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All

values were components of TCMs.
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Figure S6.22 The local thermal resistances of model A to model F for the SPC/E model
in the CB (CA21) state under the cases of defective graphene (SV2.1). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 10 K/W.
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Figure S6.23 The local thermal resistances of model A to model F for the SPC/E model
in the CB (CA21) state under the cases of defective graphene (SV2.8). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All

values were components of TCMs.
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Figure S6.24 The local thermal resistances of model A to model F for the SPC/E model
in the CB (CA22) state under the cases of pristine graphene (SV0.0). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 10% K/W.
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Figure S6.25 The local thermal resistances of model A to model F for the SPC/E model
in the CB (CA22) state under the cases of defective graphene (SV2.1). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 108 K/W.
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Figure S6.26 The local thermal resistances of model A to model F for the SPC/E model
in the CB (CA22) state under the cases of defective graphene (SV2.8). The left and right
figures correspond to the number of water molecules of N1 and N2, respectively. All
values were components of TCMs. The unit is 10% K/W.
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Figures S6.27 to S6.32 Energy transfer ratio between water and solid
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Figure S6.27 Energy transfer ratio between water of the CG model and Cu coated with
pristine graphene (SV0.0) calculated by MD simulations in the Wenzel (left) and CB
(right) states. The "bottom", "sidewalls" and "top" refer to the energy transfer between
water and the groove bottom surface, that between water and the nanopillar sidewalls,
and that between water and the graphene surface, respectively.
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Figure S6.28 Energy transfer ratio between water of the CG model and Cu coated with

defective graphene (SV2.1) calculated by MD simulations in the Wenzel (left) and CB
(right) states.
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Figure S6.29 Energy transfer ratio between water of the CG model and Cu coated with

the defective graphene (SV2.8) calculated by MD simulations in the Wenzel (left) and
CB (right) states.
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Figure S6.30 Energy transfer ratio between water of the SPC/E model and Cu coated with

the pristine graphene (SV0.0) calculated by MD simulations in the Wenzel (left) and CB
(right) states.
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Figure S6.31 Energy transfer ratio between water of the SPC/E model and Cu coated with

the defective graphene (SV2.1) calculated by MD simulations in the Wenzel (left) and
CB (right) states.
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Figure S6.32 Energy transfer ratio between water of the SPC/E model and Cu coated with

the defective graphene (SV2.8) calculated by MD simulations in the Wenzel (left) and
CB (right) states.
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Figures S6.33 to S6.40 2D temperature distribution in Cu-graphene-water systems
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Figure S6.33 2D temperature distribution of the solids and water in the CA11 cases under
the water pressure of P1.

(@)

280

E eravenrnassnndh frdiannssosinnnd ponanosrnanieasd
E dproessssccvannaails T : peaserssssnansny peserssossvrenay
N R 2 faseasrerrsssnai s

fsasenssnussnnne
frrassnsesensnas
ITTTETY TR LT S 2l
fsoeen seand g fo

srsssancasnn

PEIBRERES u---ﬂra.ct.un:;pnttn sessrrrannenaseiiecahens i’lttl
LEEE L] PRAEREEREARANEN L L L e L e s Y]

SseessasRIeneRsfEnpEIIIRTI SNBSS

PHAEESERET -tq‘!!l‘ill!ﬁ!ll.i
sinsseennr LLTT LY
4easses

260

MENUEECDEN

fsssrssasavnnnan
fesvrasasasvaeny .
SITT sevrebes

fusesssssnnsosns F0
jesssssnosnrance
FEARETh RSN !l‘tthlloo!!‘
snssnNiesunsd srsasssvancsnesatbbestintiasin

add LA TR L LA LT
s sune »oe Y
jesnssnnrocsnnes §

E

5 iesrscesenunnnnl peasesesunsssrel pavsoaserssasnad
.u_) 4 fusrstasnevednng ok e o aad ZL LTI EL L 22 ) ¢ s DLEEL L EL L L
(’é pesnsvasssentiead & 2 2 pasacansnavasselh fesasensvonvannnd |
>

250

ssscassavisnneatddRss RN

2 FAVRI LG AFEIIR R M IS IE RS I FRRRERY L A X L A A LA K L AL L] R e L L L)
1 2 3 4 1 2 3 4 1 2 3 4
X (nm) X (nm) X (nm)

Figure S6.34 2D temperature distribution of the solids and water in the CA11 cases under
the water pressure of P2.
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Figure S6.35 2D temperature distribution of the solids and water in the CA11 cases under
the water pressure of P3.
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Figure S6.36 2D temperature distribution of the solids and water in the CA12 cases under
the water pressure of P1.
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Figure S6.39 2D temperature distribution of the solids and water in the CA21 cases under
the water pressure of N1(top) and N2(bottom).
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Figure S6.40 2D temperature distribution of the solids and water in the CA22 cases under
the water pressure of N1(top) and N2(bottom).
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Figure S6.41 The energy transfer obtained by MD simulations and that calculated
by TCMs in Cu-graphene-water systems

The QModel-A,B-right for models A and B was calculated by Eq. (S5.6). The Qmodel-A,B-left and
QModel-cD-left Were calculated by Eq. (S5.5). The Rwmodel-c Drighte in Eq. (S6.1) was a
component, as shown in Eq. (S6.2). Qmodel-c,p-right for models C and D was calculated by
Eq. (S86.2). For models E and F, the Qwmodel-top, QModel-btm, and QModel-sidewalls in Cu-
graphene-water systems were the local heat flow rate of the groove bottom surface, the
nanopillar sidewalls, and the top nanopillar surface, respectively, which were calculated
using Eq. (55.9) to Eq. (S5.11) based on TCMs. The components of related equations
were explained in Section 2.8.3.

RModel—C,D—right—c = (Rgiliqz+R§11iq3+R§11iq4+R§11iq5+R§31iq6)_1 (S6- l)

Qmodel-¢,D-right = ATih (RModel-c,p-right—c + Riig) (56.2)
To verify the basis of TCM in the Cu-graphene-water system, Figure S6.41 shows the rate
of heat flow calculated by MD simulations and that derived by TCMs. The dots
correspond to the QModel-A,B-right and QModel-C,D-right. The diamonds correspond to the Qmodel-
left. The dots, diamonds, and squares in (e) and (f) correspond to the QModel-btm, QModel-top,
and QModel-sidewalls, Tespectively.
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Figure S6.41 The energy transfer obtained by MD simulations and that calculated by
TCMs in Cu-graphene-water systems. The dots correspond to the right path of the TCMs.
The diamonds correspond to the left path of the TCMs.
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Figure S6.41 (continued) The energy transfer obtained by MD simulations and that
calculated by TCMs in Cu-graphene-water systems. The dots, diamonds, and squares
correspond to the bottom, top, and sidewalls of the TCMs in (e) and (f).
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