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a b s t r a c t 

Graphene-based materials are considered for the solution of the thermal management problem of current 

and next generation micro/nano-electronics with high heat generation densities. However, the hydropho- 

bic nature of few-layer graphene makes passing heat to a fluid very challenging. We introduced an active 

and local manipulation of heat transfer between graphene and water using an applied, non-uniform elec- 

tric field. When water undergoes electric field induced orientation polarization and liquid dielectrophore- 

sis, a substantial increase in heat transfer develops due to a decrease in interfacial thermal resistance 

and increase in thermal conductivity. By using two locally embedded pin and plate electrodes of different 

sizes, we demonstrated a two-dimensional heat transfer control between two parallel few-layer graphene 

slabs. We obtained local heat transfer increase up to nine times at pin electrode region with an ultra-low 

Kapitza resistance through the studied non-uniform electric field strength range creating highly-ordered 

compressed water in the experimentally measured density limits. With this technique, heat can be (i) 

distributed from a smaller location to a larger section and/or (ii) collected to a smaller section from a 

larger region. Current results are important for hot spot cooling and/or heat focusing applications. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Thermal management is crucial for the continuing progress in 

icro/nanoscale electronic, optoelectronic, and photonic devices 

1] . The non-uniform heat dissipation common in most of these 

pplications induces local hotspots, which effects the reliability of 

he device operation and lifetime of the components. Among the 

eat transfer control techniques, the two-dimensional graphene 

ith superior thermal conductivity is considered a promising ma- 

erial to address the heat dissipation issues of the next generation 

evices [2-3] such that graphene-based smart systems with heat 

ransfer control features have attracted considerable attention [ 1 , 4- 

 ]. However, graphene’s large interface thermal resistance creates 

 bottleneck for a potential heat transfer route from graphene to 

mbient fluid or coolant [7-10] . 

When two dissimilar materials come into contact, a tempera- 

ure jump occurs at the interface due to the phonon mismatch 

nown as interfacial thermal resistance (ITR). Especially with in- 

reased surface to volume ratio at micro/nano scales, ITR severely 

nterrupts the heat transfer process. There are multiple experimen- 

al, theoretical, and computational studies regarding dependence of 

TR and the resulted heat transfer onto interface properties such as 
∗ Corresponding author. 

E-mail address: muratbarisik@iyte.edu.tr (M. Barisik). 
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urface wetting [11] , surface temperature [12] , thickness of solid 

oating [ 13 , 14 ], surface atomic density [15] , and liquid pressure

16] . Among these, modulating the surface wetting has been found 

s the most effective approach to regulate ITR. Multiple studies 

ave been dedicated to enhancing the interface heat transfer of 

ydrophobic graphene by increasing the surface wettability using 

urface functionalization [ 8 , 9 ] and surface charge patterning [10] , 

ll of which provide a passive control of surface wetting. How- 

ver, recent technologies require more sophisticated, active con- 

rol techniques for need-based heat transfer. Surface wetting can 

e manipulated by an applied electric field [ 17 , 18 ]. In the case of

n ionic liquid, a prominent net force develops on the ions, which 

s the conventional electrowetting-on-dielectric (EWOD) principal 

19] . But, in the case of a polar dielectric liquid, a uniform elec- 

ric field cannot create body forces; instead, it can manipulate 

olecular dipoles. We recently practiced such an idea to actively 

ontrol ITR at a silicon/water interface [20] . Simply, dipolar water 

olecules were oriented along the applied electric field direction. 

his orientation polarization induced water to electro-stretch nor- 

al to surface which reduced the ITR substantially as a function 

f applied electric field. This systematic provides an active uniform 

eat transfer control through silicon and nano-confined water. 

A polar dielectric liquid can also be controlled locally using 

 non-uniform electric field. Known as liquid dielectrophoresis 

LDEP), an electromechanical force is applied on polar molecules 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120801
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120801&domain=pdf
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s a Maxwell stress tensor, towards the higher electric field inten- 

ity region [21] . LDEP is frequently used as an alternative driving 

echnique for microfluidics to execute various operations with bulk 

ielectric liquids, including the well-known dielectrowetting [18] . 

hile current studies mostly employ LDEP for liquid actuation, 

DEP can also be used for local manipulation of the solid/liquid 

oupling and resulting ITR. Such an idea will be innovative for heat 

ransfer control at micro/nanoscales to steer heat transfer from a 

otspot or toward a heat sink. To the best of our knowledge, ITR 

ontrol via LDEP has never been investigated in literature. 

The current work explores a graphene-based smart system 

pplicability for thermal management purposes, where the heat 

ransfer rate can be controlled actively and locally by an applied 

niform and non-uniform electric field. We will employ Molec- 

lar Dynamics (MD) to calculate heat transfer at atomic level 

hile corresponding electric fields will be resolved by solving the 

aplace equation numerically to support MD findings. First, a one- 

imensional heat conduction through water confined in a graphene 

hannel under a uniform electric field will be examined. Later, we 

ill examine spatial effects of non-uniform electric field and re- 

ulting two-dimensional heat transfer. We will characterize electric 

eld induced effects in terms of change in electrohydrodynamics 

f water and coupling at the water/graphene interface for varying 

harge of electrodes. 

. Simulation Details 

Non-equilibrium molecular dynamics (NEMD) simulations 

f water confined between few-layer graphene walls as de- 

cribed in Figure 1 were performed with LAMMPS (Large-scale 

tomic/Molecular Massively Parallel Simulator) algorithm. First, 
Figure 1. Simulation domain of graphene/water system for 

2 
 uniform electric field was developed between two parallel 

ew-layer graphene walls by defining the outmost graphene 

heet at each side as electrodes and applying equally distributed 

harge per carbon molecule. Negative and positive charges at 

qual magnitudes were assigned at these opposing electrodes 

n each side. Applied charges per atoms were varied between 

.018 and 0.12 e per atom, which are in the range presented 

n the literature [ 7 , 9 , 22 ]. A computational domain with a cross-

ectional area of 3.9 ×3.9 nm in the surface parallel directions 

ith periodic boundary conditions was found adequate to cap- 

ure corresponding physics, as the uniform electric field system 

evelops a one-dimensional variation ( Figure 1 (a)). We applied a 

xed non-periodic boundary condition in surface normal direction 

hich basically acts like a vacuum as the atoms do not interact 

ith outside of the system through this boundary. The thickness 

f few-layer graphene was optimized to obtain a bulk behavior in 

olid temperature, which was optimized to be 2 nm at each side. 

hile the height of channel was varied as 2.8, 4, 5.7 and 7 nm, 

t was kept at 5.7 nm in detailed investigations. The number of 

ater molecules was adjusted to obtain a 1 g/cm 

3 of bulk water 

ensity. For example, 2690 water molecules were simulated in for 

.7 nm height channel. 

Second, a two-dimensional non-uniform electric field was de- 

eloped between the parallel surfaces by creating a small “pin”

lectrode and a large “plate” electrode at the outmost graphene 

heets on both sides ( Figure 1 (b)). Such a nano-electrode con- 

guration can be manufactured using various techniques [ 23 , 24 ] 

o create a non-uniform electric field similar to existing dielec- 

rophoresis applications [ 24 , 25 ]. These electrodes were centered 

n x-direction. For this investigation, we expanded the width of 

imulation domain as large as permitted by our computational re- 
(a) uniform and (a) non-uniform electric field studies. 
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Table 1 

Electric charges assigned on pin and plate electrodes and number of water 

molecules simulated at each case. 

Case # q plate (e per atom) q pin (e per atom) # of Water Mol. 

1 0 0 6678 

2 -0.025 0.225 6758 

3 -0.05 0.45 6943 

4 -0.075 0.675 7401 

5 -0.1 0.9 8056 

6 -0.12 1.08 8424 
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Table 2 

Molecular interaction parameters used in the current study. 

Molecule Pair σ ( ̊A) ε (eV) q (e) 

O-O 3.166 0.006739 -0.8476 

H-H 0 0 + 0.4238 

C-O 3.19 0.0040627 Varies 
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ources. Our objective was to develop a large enough non-uniform 

lectric field section to capture two-dimensional variation well, 

hile maintaining regions free from electric field effects at both 

nds of the simulation domain near to periodicity. Based on many 

rials, a cross-sectional area of 20 ×2.5 nm with a channel height 

f 4 nm were selected while the sizes of electrodes in x-direction 

ere optimized to 0.85 nm and 7.65 nm for pin and plate elec- 

rodes, respectively. In addition to computational limitations, these 

lectrode sizes also were optimized to maintain a physically rel- 

vant charge density values while creating a non-uniform electric 

led section adequate to observe and characterize electric field ef- 

ects properly. The simulation width was almost three times big- 

er than the size of large plate electrodes such that electric field 

ree regions near periodic boundary conditions at both ends were 

roperly formed. Different than a uniform case, non-uniform elec- 

ric fields created a body force on the water molecules towards 

he high electric field intensity regions, which increased the wa- 

er density as a function of the electric field. In this case, water 

olecules drawn closer to the near electrode regions resulted in 

ecrease of density in the rest of the system. In order to maintain 

 bulk density of 1gr/cm 

3 at the electric field free regions, we in- 

reased the water molecules iteratively. Table 1 lists the number of 

ater molecules simulated at different electrode charges. Charges 

er atom in pin and plate electrodes were varied in a range similar 

ith the literature [ 7 , 9 , 22 ]. Up to 8424 water molecules were mod-

led. Including the more than 270 0 0 carbon atoms forming the 

ulti-layered graphene walls, simulation domains were formed by 

70 0 0 to 520 0 0 total number of atoms. Simulations of such mag-

itude required extensive computational resources and computa- 

ional times. 

SPC/E water model [26] composed of Lennard-Jones and 

oulombic potentials is used with SHAKE algorithm which con- 

trains the bond lengths and angles of this rigid model. It was 

hown that rigid water models yield very similar interfacial struc- 

ures under electric field with the flexible water models [27] . The 

runcated Lennard-Jonnes (L-J) potentials that models the van der 

aals forces is given as, 

truncated ( r i j ) = 4 ε 

( ( (
σ

r i j 

)12 

−
(

σ

r i j 

)6 
) 

−
((

σ

r c 

)12 

−
(
σ

r c 

)6 
)) 

, 

(1) 

here r ij is the intermolecular distance, ε is the depth of the po- 

ential well, σ is the molecular diameter and r c is the cut-off ra- 

ius [28] . In addition, Coulombic potentials ( Equation 2 ) are used 

o model electrostatic forces. 

Coulombic ( r i j ) = 

C q i q j 

4 πε 0 r i j 

(2) 

here ε 0 is the dielectric constant for vacuum, q i values are the 

artial charges, r i j is the distance between two charged pair. The 

daptive Intermolecular Reactive Empirical Bond Order (AIREBO) 

29] potential is used to model the carbon atoms and their inter- 

ctions. Interactions between water and graphene also calculated 
3 
y the combined Lennard-Jones and Coulombic potentials. Param- 

ters for the interactions between similar molecules such as O–O 

nd C–C were taken from the corresponding models. However, the 

arameters determining the interactions of the specific liquid/solid 

ouples are still under investigation in literature. Frequently, in- 

eraction parameters for dissimilar molecules are calculated using 

imple mixing rules as a function of parameters for pairs of identi- 

al molecules. However, the interaction parameters between iden- 

ical molecules are optimized for a bulk material system so that 

arameters calculated based on a mixing rule cannot recover the 

orrect behavior at the given solid/liquid interface. This issue was 

ddressed by Werder et al. through a systematic study [30] . We 

mployed the graphene/water interaction parameters calibrated by 

erder et al., and later validated by many others [ 9 , 10 ] ( Table 2 ). 

Atoms in the outmost layer of both sides were fixed to their 

riginal location to maintain a fixed volume system, while the re- 

aining atoms throughout the domain were free to move. To cal- 

ulate long-range Coulombic interactions of the periodic slab sys- 

em, the particle-particle particle-mesh (PPPM) solver was used. 

he applied electrode charges were adjusted to obtain an equal 

mount of charge with opposite signs at pin and plate electrodes 

o obtain a neutral net charge in the system to satisfy algorithmic 

equirements of PPPM solver. Newton’s equations of motion were 

ntegrated by employing the Verlet Algorithm with a time step of 

.001 ps. Simulations were started from the Maxwell-Boltzmann 

elocity distribution for all molecules at 323K. Initial particle dis- 

ribution was evolved for 2 ×10 6 time-steps (2ns) under NVT con- 

ition at 323K to reach an isothermal steady state. Subsequently, 

ne dimensional heat transfer between graphene sheets was cre- 

ted using the Nose Hover thermostat applied to the two outmost 

raphene sheets of both few-layer graphene walls. Hot and cold 

eservoirs were thermostated at 363K and 283K to induce heat 

ux through the liquid/solid interfaces. Similar temperature gradi- 

nts (10-15 K/nm) can be observed in the recent technologies such 

s Heat Assisted Magnetic Recording (HAMR) [ 31 , 32 ]. The NVE en- 

emble was applied to the remaining carbon and water molecules. 

imulations were performed for an additional 3 ×10 6 time-steps 

3ns) to develop a steady-state heat transfer, after which simula- 

ions were performed for 25 ×10 6 time-steps (25ns) to obtain an 

dequate time averaging. Considering the large number of atoms 

imulated, 30ns simulation times required weeks of calculations 

sing average of 350CPUs in high performance computing per case. 

For cases with uniform electric field, one-dimensional variation 

f temperature was measured by dividing the computational do- 

ain into 100 rectangular bins extending through periodic y- and 

-direction with a thickness of 0.097 nm in z-direction. Smaller 

in thickness of 0.012 nm was also employed to resolve the fine 

etails of the near wall water density distributions with 800 slab 

ins. On the other hand, simulation domain was resolved in two- 

imension for the non-uniform electric field cases. For such a case, 

he computational domain was divided into rectangular bins ex- 

ending through periodic y-direction with the size of 0.077 nm in 

- and 0.818 nm in x-direction to measure temperature. Smaller 

ins with the size of 0.0077 nm in z- and 0.818 nm in x-direction 

ere used to calculate water density distributions. 

Irving-Kirkwood (I-K) expression is used to compute the heat 

ux vector for an N particle system using unity differential opera- 
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Figure 2. Simulation domain for numerical calculation by COMSOL. 
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Figure 3. Density distributions at electrode charges of 0, 0.018, 0.036, 0.044 and 

0.053 e per atom. 
or approximation as follows [33] , 
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1 

V ol 
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(
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V 
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1 
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(
V 

i 
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i, j 
x + V 

i 
y f 

i, j 
y + V 

i 
z f 

i, j 
z 

)
, (5) 

here, V k 
i is the peculiar velocity component of particle i in k - 

irection ( k is the axes of the Cartesian coordinate system), E i 

 equation 4 ) and �i are the kinetic and potential energies of the 

article i, (r k 
j + r k 

i ) is the k th component of the relative distance

ector between particles i and j , W 

i ,j term is given in Equation (5) ,

here f l 
i,j is the intermolecular force exerted on particle i by parti- 

le j in the Cartesian coordinate direction l . First term on the right- 

and side of equation 3 describes the kinetic and potential ener- 

ies carried by the particle i, while the second term represents the 

nergy transfer by force interactions with the surrounding particles 

o particle i . By taking into account the contributions of each atom 

ithin a water molecule, an overall heat flux is calculated in the 

ater volume using Equation (3) . 

For the characterization of MD results, we also performed the- 

retical electric field calculations. Here, our objective was to de- 

cribe the variation of electric field for a given MD simulation 

ase, in order to better explain and support the observed electro- 

ydrodynamics of water. We solved the Laplace equation ( ∇ 

2 ϕ = 

 ) using finite-element scheme with COMSOL Multiphysics ( www. 

omsol.com ) to calculate the spatial non-uniform electric field ( E = 

∇ϕ) induced in the water domain in Cartesian coordinates as 

is the electrical potential and E is the electric field strength. A 

wo-dimensional rectangular domain composed of graphene walls 

nd water was designed at the same size with MD simulations, 

s shown in Figure 2 . Pin and plate electrodes were embedded at 

he outermost regions of solid domains similar to MD system and 

lectrode charges documented in Table 1 were studied while the 

est of the graphene walls were appointed as zero charge bound- 

ry condition. Periodic boundary conditions were applied to the 

wo outermost boundaries in x-direction. The mesh independent 

esults were carefully obtained while using the model parameters 

f relative permittivity of water as 70.7 similar to value deter- 

ined for SPC/E water earlier [34] , electrical conductivity of wa- 

er as 5.5x10 -6 S/m and density of water as 0.9982 gr/cm 

3 at the 

emperature of 293.15 K. 
4 
. Results 

.1. Uniform Electric Field 

A uniform electric field was created through the system shown 

n Figure 1 (a) by applying uniform electrode charges on opposing 

lectrodes at equal magnitudes but opposite signs. Resulting wa- 

er density distributions at different electrode charges are given 

n Figure 3 . We varied the charge value between 0 to 0.12 e per

tom. The well-known density layering with two distinct density 

eaks extending couple of molecular diameter length from the sur- 

aces develops while density reaches its thermodynamic value of 1 

/cm 

3 at the center of channel away from surface effects. These 

ensity layers are formed due to the Van der Waals force field 

f surface and the electric field. With the increase of electrode 

harge, the near wall density layers are pulled towards the surface. 

his is the sign of the change in surface energy or surface wet- 

ing. By increasing the electrode charge, the number of molecules 

n near wall regions increases, which enhances the interfacial en- 

rgy of the initially hydrophobic graphene surface. Furthermore, at 

lectrode charge value of 0.053 e per atom, a solid like density 

istribution develops observed as density fluctuations through the 

hole channel as a result of electro-freezing [ 35 , 36 ]. This behav-

or can easily be seen from the simulation snapshots presented in 

igure 4 (a) to (f). For the electrode charge of 0.053 e and above, a

exagonal structure of (1,0,1) crystallographic ice plane [36] can be 

http://www.comsol.com


O. Yenigun and M. Barisik International Journal of Heat and Mass Transfer 166 (2021) 120801 

Figure 4. The snapshots of the water confined in graphene under uniform electric field with electrode charges of (a) 0, (b) 0.018, (c) 0.036, (d) 0.044, (e) 0.053, (f) 0.062 e 

per atom and (g) the corresponding probability distributions of water dipoles. 
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Figure 5. Temperature distributions of graphene/water system (a) before electro-freezing and (b) after electro-freezing (larger markers indicate averaged temperature profile). 
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bserved through x-z plane. The applied electric field changes the 

ydrogen bond network forcing water to form a crystalline struc- 

ure by electro-freezing. 

As we explained in the introduction, the main influence of a 

niform electric field on a polar dielectric liquid is by affecting 

heir orientations. In order to quantify this, we measured the ori- 

ntations of water molecules at varying electrode charges. We cal- 

ulated the probability distributions by defining an angle ( θ ) be- 

ween the dipole moment vector of the water molecule and the 

urface normal vector as shown in Figure 4 (g). Simply, the cosine 

f the angle θ is equal to -1 when the dipole moment vector is 

acing towards the wall and the cosine of the angle θ is equal to 1 

hen pointing away from the wall. These calculations focused on 

he first hydration shell within the 0.5 nm distance from the wall, 

imilar to earlier descriptions [ 27 , 37 ]. Variation of probabilities of 

osine of each angle presented in Figure 4 (g) for different electrode 

harges. For the zero electric field, the probability of the orienta- 

ions shows an almost random and symmetrical behavior. On the 

ther hand, when an electric field is applied, the water molecules 

re forced to align in electric field direction as a function of magni- 

ude of the electric field. Hence, the probability of water molecules 

acing the surface increases by increasing electrode charge. Specif- 

cally, when the electro-freezing develops at 0.053 e and higher 

lectrode charges, nearly all water dipole moment vectors align 

ith the electric field direction. 

Next, we created a one-dimensional heat conduction through 

hese systems by assigning 363K and 283K at the opposing hot and 

old reservoirs. The resulting temperature distributions are given 

n Figure 5 under varying electrode charges. We observed a lin- 

ar variation of temperature through the water domain except the 
5 
ery near wall regions, where the temperature fluctuates due to 

he density layering. These temperature profiles show variation by 

he applied electric field. Basically, the slopes of the temperature 

rofiles increase by increasing the electrode charge. Temperature 

istributions of systems under electro-freezing are given separately 

n Figure 5 (b). In these solid like systems, strong temperature fluc- 

uations are measured with small averaging bin size. On the other 

and, when a larger averaging applied, linear temperature profiles 

an be easily observed. It is important to note that even in a sys- 

em with highly ordered water molecules, Fourier’s Law of heat 

onduction is still applicable. 

Through these heat transfer processes; sudden temperature 

umps between water and graphene are observed at the inter- 

aces due to the phonon mismatch. This is the well-known in- 

erfacial thermal resistance (ITR) which is frequently character- 

zed by the Kapitza Length ( L K ) defined as L K = �T / (∂T /∂z) liquid ,

here, �T is the temperature jump at the liquid/solid interface 

nd ∂ T/ ∂ z the temperature gradient of the liquid. We applied lin- 

ar temperature fits onto temperature distribution of water and 

raphene in both hot and cold side. Between these linear temper- 

ture fits, we measured the temperature jumps at both hot and 

old interfaces. We studied variation of ITR in terms of L K un- 

er varying electrode charges in Figure 6 (a). For no electric field 

ase, a high L K value of ~25nm is measured on the hydrophobic 

ew-layer graphene surface similar to literature [ 38 , 39 ]. The cur- 

ent interfacial parameters were shown to develop 86 ° wetting an- 

le [30] validating week thermal coupling. With the application 

f electric field, L K shows a drastic decrease until reaching to a 

onstant value through electro-frozen cases. This a very important 

utcome; prior to electro-freezing, L decreases up to 83% of its 
K 
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Figure 6. (a) Kapitza length and (b) Thermal conductivity of water and (c) non-dimensional heat flux as a function of electrode charge. 
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o electric field value. This substantial reduction of ITR is due to 

nhanced solid/liquid coupling at the interface or surface wetting. 

arlier researchers explained the enhanced surface wetting by an 

pplied electric field in literature [ 17 , 18 ]. It was also mentioned

n literature that the Coulombic interactions between the charged 

arbon atoms and water molecules supports heat dissipation [10] . 

bserved behavior is also similar to enhanced interface coupling 

y increasing liquid pressure which also yields increasing inter- 

ace layering of water [ 16 , 40 ]. We also observed temperature de-

endence of ITR. The L K values on the hot surface are lower than 

he L K values on the cold surface. This is a similar output with our 

revious study [12] . Two different temperature dependent varia- 

ion in ITR was observed for hydrophobic and hydrophilic surfaces. 

hile L K increased by increasing temperature on a hydrophilic sur- 

ace as a result of lessening density layering on surface by increas- 

ng temperature, an opposed behavior was observed for hydropho- 

ic surfaces. Over a hydrophobic surface, the weak density layering 

evelops negligible temperature dependence that L K decreased by 

ncreasing temperature due to dominant enhanced phonon dynam- 

cs at higher temperatures. The graphene develops lower L K values 

n hot surface; but by the increasing electrode charge, wetting in- 

reases that the difference between the L K values of hot and cold 

urface lessens. Interestingly, L K values of hot surface still do not 

xceed the values on cold surface, since the amount of electric field 

pplied is not enough for to complete the transition of graphene 

rom hydrophobic to hydrophilic [41] . When the system reaches to 

lectro-freezing, the liquid domain shrinks at the crystalline form 

hich increases the L K values. More importantly, the thermal cou- 

ling between the solid-like crystalline water and graphene devel- 

ps stronger dependence onto phonon dynamics, almost similar to 

he theoretically described solid-solid ITR [42] . The classical theo- 

ies of phonon dynamics of solids explain enhanced phonon activ- 

ties at higher temperatures well. At electro-frozen condition, crys- 

alline water vibrates less increasing the phonon mismatch at cold 

urface higher than its value at liquid case. 

In addition to ITR, we studied the electric field effects on ther- 

al conduction through the water domain. The thermal conduc- 

ivities of water under different electric fields were calculated 

rom the liquid temperature gradients using Fourier’s Law as k = 

/ (∂ T /∂ z) liquid , where k is the thermal conductivity of water and 

 is the heat flux through the system. Figure 6 (b) presents the k 

alues for different electrode charges. At zero electric field, ther- 

al conductivity is calculated as 0.8 W/mK at the average temper- 

ture of 325 K, which agrees with the literature [ 43 , 44 ]. This value

s slightly different than the experimental measurements due to 

he limitations in SPC/E model as explained by earlier researchers 

 44 , 45 ]. Conductivity decreases some prior to electro-freezing due 

o the restricted molecular diffusion and hydrogen bonding activi- 

ies of water molecules under electric field. After reaching the crys- 

alline structure, conductivity shows a sudden jump and then re- 
6 
ains constant with the increased electric field. Change in water 

hermal conductivity is not as dominant as the change in ITR un- 

er increasing electric field. 

As a result, the total heat transfer through water/graphene sys- 

em varies by electric field; the heat flux substantially increases up 

o 3 times by an applied electric field as shown in Figure 6 (c). This

ajor enhancement is basically due to large decrease in ITR under 

lectric field. Heat flux reaches this value right at electro-freezing 

fter which it remains constant. We further explored this behav- 

or at different height confinements. We modeled different chan- 

el heights of 2.8, 4, and 7 nm. For these cases, we only focused 

n zero electric charge case and five different electrode charge val- 

es corresponding to electro-freezing conditions. Different height 

ystems develop different heat flux values for the same temper- 

ture difference applied between the hot and cold reservoirs. For 

omparison, we normalized each case by its value at no-charge. 

 universal behavior is observed in normalized heat flux behav- 

or presenting negligible confinement height dependence at these 

cales. 

.2. Non-uniform Electric Field 

Up to this point, we described a uniform manipulation and con- 

rol of the of ITR and resulting heat transfer between graphene and 

ater. From here, we will practice the local control of heat trans- 

er by a non-uniform electric field. For this purpose, we defined 

 smaller pin electrode and a larger plate electrode centered at 

he width of graphene/water system. We extended simulated do- 

ain to obtain regions with negligible electric field near periodic 

oundaries at both ends. By this way, we attained a proper pe- 

iodic effect on heat transfer physics to measure only influence 

f the given non-uniform electric field. The simulation and elec- 

rode sizes were optimized to cover an adequate resolution of non- 

niformity in two-dimension allowed by our simulation capabili- 

ies. Different than the uniform case, a net electrostatic force de- 

elops on water molecules under non-uniform electric field. We 

hould note here that similar electrostatic forces develop in the 

arlier uniform electric field cases as well, but forces on nega- 

ive and positive poles of water molecules are equal to each other 

ielding zero net force; they only create a torque which eventually 

s the reason for the alignment of dipoles in electric field direction. 

or non-uniform electric field, forces developing on opposite sides 

f a water molecule become different as the electric field is non- 

omogeneous. Such a net electric field force on a dipole can be 

pproximated as � F = 

�
 p · �

 ∇ 

�
 E as a function of the water dipole mo- 

ent vector ( � p ) and the gradient of electric field in tensor form 

 

�
 ∇ 

�
 E ). While the water dipoles tend to get in line with electric 

eld direction, a net body force is expected to develop on a wa- 

er molecule in electric field gradient direction towards the higher 

lectric intensity regions. 
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We started our characterizations by calculating the theoretical 

lectric field distributions in the system at the studied electrode 

harges. To specify a simulation case, we used charge value of its 

late electrode while the charge on corresponding pin electrode 

as assigned inversely proportional to electrode size at opposite 

ign. By this way, the total charge on the plate and pin electrodes 

ere equal to each other to maintain a zero net charge in the sys- 

em required by LAMMPS calculations. Figure 7 (a)-(f) present elec- 

ric field contours and lines as the solution of the Laplace equation 

sing the finite element solver COMSOL. Electric field results at dif- 

erent electrode charges were normalized with the maximum elec- 

ric field strength (2.05 V/nm) measured through all these cases, 

hich is at 0.12 e plate electrode charge. At each case, highest 

lectric field strength develops near the pin electrodes. Electric 

eld decreases away from both electrodes towards periodic bound- 

ries. Results show the non-uniform electric field and the resulting 

wo-dimensional variation of electric field intensity through simu- 

ation domain. The electric field lines describe the direction of the 

lectric field vectors in each system. The molecular snapshots of 

he MD simulations under the corresponding non-uniform electric 

elds are presented in Figure 7 (g)-(l) at different electrode charges. 

irst, we can easily observe that an LDEP force develops increas- 

ng the water population near electrode regions. By increasing the 

lectric field, we observed the bending of graphene layers at both 

in and plate electrode sides. This behavior becomes evident start- 

ng with the electrode charge of q plate = 0.05 e. Next, we calcu- 

ated water dipole vectors in two-dimensional space. Figure 7 (m)- 

r) presents directions of water dipole vectors as blue arrows on 

op of corresponding simulation snapshots. The influence of the 

lectric field can be observed easily as the random distribution of 

ipole vectors at no electric charge changes quickly by application 

f electrode charges. At q plate = 0.05 e, line-up of dipole vectors in 

lectric field directions between the electrodes becomes obvious. 

his shows that the system is undergoing an electro-freezing like 

rdering, even the molecular picture of the system does not show 

 crystal structures due to the non-uniform electric field. This re- 

ult is also consistent with the uniform electric field conditions 

s the electro-freezing started at a similar q = 0.053 e. With an 

ncrease of electrode charges, more dipole moment vectors align 

ith the electric field lines given through Figure 7 (a)-(f). The solid- 

ike ordering of water is clearer for these cases in simulation snap- 

hots. These are not perfect crystal structures formed under uni- 

orm electric field, but mostly appear as multi grain structures 

ompressed towards the regions with high electric field intensities. 

way from electrodes, we observed mostly random dipole distribu- 

ions near periodic boundaries, except the highest electrode charge 

f q plate = 0.12 e. The effect of LDEP forces can also be seen clearly

rom the density contours in two-dimension given in Figure 7 (s)- 

x). Water density of 1 gr/cm 

3 is measured in most of the chan- 

el except the near interface region developing well-known den- 

ity layering while the few layer graphene density is 2.267 gr/cm 

3 

imilar to literature [46] . With an increase in electrode charges, 

his solid-like water layering increases and grows towards channels 

ulk. High local water densities are measured near interface simi- 

ar to density layering observed over highly hydrophilic surfaces by 

arlier studies [16] . As the non-uniform electric field forces water 

olecules to move towards the high electric field gradient region, 

ce-like average density values are observed similar to literature 

eporting density values as high as 2.51 g/cm 

3 bulk density [47- 

9] . The electro-freezing formation starting from near electrode 

egions towards the bulk liquid can be easily observed by solid 

ike water density variation. This local density structuring is very 

imilar with the local variation of the non-uniform electric field 

hown in Figure 7 (a)-(f). As explained earlier, LDEP forces pull wa- 

er molecules towards the near electrode regions which yields an 

ncrease in density as a function of electric field, and depletion in 
7 
he rest of the simulation domain. We compensated for this by 

dding further water molecules in simulation domain until the re- 

ions near periodicity reaches to bulk value of 1g/cm 

3 . We should 

lso note here that water density increases near both pin and plate 

lectrodes, but pin electrode region develops a higher density in- 

rement. While water molecules away from electrodes were un- 

ffected, the local water density and resulting pressure were var- 

ed in two dimensions as a function of the non-uniform electric 

eld. 

Next, we developed heat transfer by assigning 363K and 283K 

emperatures at the outmost two layers of both graphene walls 

n opposite sides. Figure 8 presents the two-dimensional tem- 

erature contours of water domains under increasing electrode 

harges while heat transfer and electric field are at the same di- 

ection and pin electrode is located at the hot reservoir side. Due 

o the extremely high in-plane thermal conductivity of graphene, 

ach graphene layer remains at an almost constant temperature in 

-direction along the channel. Graphene temperature only varies 

n cross-plane direction normal to interface. For this case, each 

raphene layer was shown as a line and its constant temper- 

ture values were written on the figures. At zero-electric field 

 Figure 8 (a)), a one-dimensional variation of water temperature 

ormal to interface can be clearly seen. Once the electric field is 

pplied, water temperature starts to vary in two-dimension; specif- 

cally, temperature near electrode regions increases at hot reser- 

oir and decreases at cold reservoir side, as a function of electric 

eld strength values. Simply, the substantial temperature jumps 

etween graphene and water at both hot and cold sides decrease 

s a result of increased thermal coupling by electric field. With an 

ncrease in electrode charge, this non-uniform temperature vari- 

tion between the electrodes becomes very prominent, and wa- 

er and graphene surface temperatures are almost equalized at 

igh electric strength regions. Convergence of water temperature 

o graphene surface temperature is stronger at pin electrode side 

ue to higher LDEP forces. Specifically, pin electrode region has a 

igher thermal coupling allowing higher heat transfer through a 

pecific local spot. Such local control of thermal coupling would be 

esired in the case of a hot-spot cooling or heat flow guiding. 

We started to characterize the non-uniform heat transfer by cal- 

ulating the local ITR in terms of Kapitza length. We defined local 

egions with a width equal to pin electrode size through the chan- 

el as shown in Figure 9 (a). We averaged the temperature values 

n x-direction inside these regions and obtained a single temper- 

ture profile in z-direction for each region. Even though the cur- 

ent non-uniform system has two-dimensional temperature varia- 

ion, these one-dimensional water temperature distributions deter- 

ined in local regions were very close to linear behavior. Similar 

o the systematic used in earlier uniform electric field section, the 

emperature jumps at both hot and cold interfaces were measured 

etween the applied linear fits of water and graphene tempera- 

ure distributions. Calculated L K values of hot and cold interfaces 

re given in Figure 9 (b) and (c). At zero electric field case, high

 K values of 22.5 and 27.5nm were measured showing week ther- 

al coupling between graphene and water. These values and tem- 

erature dependence of L K are similar to earlier results and dis- 

ussions. By the application of electric field, L K shows a drastic 

ecrease at regions close to pin and plate electrodes. This reduc- 

ion in L K lessens away from the electrodes as both electric field 

trength and LDEP forces decreases. While at q Plate = 0.025 e case 

evelops almost no change in L K away from electrode regions, in- 

reasing electrode charge yields decrease of L K near periodic re- 

ions. This change is not as dominant as the L K reduction in be- 

ween the electrodes. Hence, we can still consider that we cap- 

ured local influence of non-uniform electric field with appropri- 

te periodic conditions in the axial extent. The influence of non- 

niform electric field on to the graphene/water interface are by (i) 
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Figure 7. (a-h) Electric field contours, ( g-l) molecular orientations, (m-r) dipole moment vectors of water molecules and (s-x) density contours at different electrode charges. 

8 
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Figure 8. Temperature contours at different electrode charges of (a) q plate = 0, (b) 0.025 e, (c) 0.05 e, (d) 0.075 e, (e) 0.1 e and (f) 0.125 e. 

Figure 9. (a) Representation of the regions for local measurements. Temperature 

counter of q plate = 0.12e case was used in figure. Local variation of (b) L K-Hot , (c) 

L K-Cold , and (d) water density measured at each local region for different electrode 

charges. 
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9 
nhancing the Columbic interactions, (ii) aligning the water dipoles 

n electric field direction yielding electro-stretching, and (iii) creat- 

ng LDEP forces directed toward the higher electric field regions. 

hese three major mechanisms increase the interface coupling as 

 function of the local electric field and its gradient that L K shows 

trong variation as a function of the non-uniform electric field. We 

alculated an average water density in each of these local regions 

o characterize the increase of pressure due to the exerted body 

orces by LDEP. At low electrode charges of 0.025 and 0.05 e, L K in

oth pin and plate side shows 50% and 80% decrease, but density 

hows a negligible change through the channel. By increasing elec- 

rode charge to 0.075 e, L K undergoes a 90% decrease while density 

hows up to 20% increase in line with pin electrode region. By fur- 

her increase of electrode charge yields almost negligible ultra-low 

 K values (~0nm) at the pin electrode, and water density continues 

o increase. Decreasing L K by increasing density and pressure was 

lso shown in detail in our previous work [16] . 

Next, we focused on characterization of local L K values mea- 

ured along the pin and plate electrode regions as a function of 

pplied charge. We averaged the local L K values to coincide with 

late electrode extent at cold reservoir side and refer it as L K-Plate . 

imilarly, L K value measured in line with pin electrode at the hot 

ide was labeled as LK-Pin . We compared the L K results of non- 

niform electric field with the results of earlier uniform electric 

eld case ( L K-Uniform 

) in Figure 10 (a). The L K-Uniform 

, L K-Pin and L K-Plate 

alues actually present very similar behavior until the electro- 

reezing around q = 0.05 e. In this charge range, both uniform and 

on-uniform cases develop up to 83% decrease in L K values. In- 

erestingly, L K-Uniform 

and L K-Pin are almost identical while L K-Plate 

as slightly higher values. This is due to both lower LDEP in plate 

lectrode side and reduced phonon activities at the lower tem- 

erature. We should note here that in this charge range, LDEP 

oes not create much of a pressure build up in between the non- 

niform electrodes. Hence, we can simply state that the uniform 

nd non-uniform electric fields create very similar heat transfer 

nhancement in low electrode charge range. Actually, a uniform 

lectric field can also be utilized for local heat transfer control in 

etween two opposing finite and equal size electrodes . But non- 

niform field can provide local heat transfer control between dif- 

erent size regions , which allows the collection and distribution of 

eat to/from a smaller location from/to a larger region . Simply, 

or the current configuration as pin electrode is on the hot side, 

he reduced L K at a small local spot near pin electrode increases 

eat removal from that location, while the removed heat is trans- 
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Figure 10. (a) Kapitza Length values at hot and cold interfaces under varying uniform and non-uniform electric fields. (b) Local water thermal conductivities in line with 

pin and plate electrodes compare to water thermal conductivity under uniform electric field. 
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erred to a larger area on the other side of the channel through 

educed L K region near the plate electrode. 

Starting with q Plate = 0.05 e, increase of electrode charge creates 

o further decrease in ITR under uniform electric field that the 

owest ITR remains as L K = 5 nm on the hot side. Instead, the non-

niform electric field continues to decrease the ITR. The advantage 

f LDEP particularly reveals itself in this charge range as it allows 

o obtain ultra-low ITR values. Simply, L K-Pin undergoes a 99% re- 

uction at q Plate = 0.1 e and becomes almost zero at q Plate = 0.125 e.

nother main advantage of non-uniform field also appears after 

lectro-freezing as it continues to create low L K for the cold sur- 

ace side different than the uniform case. The cold surface under 

niform electric field undergoes strong temperature dependence 

tarting with electro-freezing at q Plate = 0.05 e and develop an L K in- 

rease to 12 nm compare to its prior to electro-freezing value of 6 

m. Instead, the non-uniform case attains very low L K value by the 

elp of LDEP body forces. Basically, LDEP offsets the lower phonon 

ctivities so that cold surface develops only slightly higher L K than 

ot side under non-uniform electric field. In order to characterize 

he variation of L K-Pin and L K-Plate , we applied mathematical fits as a 

unction of the electrode charge. An exponential decrease of L K-Pin 

nd L K-Plate are observed while the difference between them remain 

lmost constant through different electrode charges. 

As we performed long averaging times, fluctuations in temper- 

ture due to dynamic nature of phonon-interface interactions were 

aintained at low levels. We analyzed the statistical variation 

n our results to determine the error margins. Using the total 

imulation time of 25ns, different time averages obtained at every 

ns, 5ns, 10ns and 25ns. These 20 different data sets yielded 20 

ifferent L K values, based on which the standard deviations in 

 K measurements were obtained. Specifically, Kapitza values of 

ifferent char ge values at the pin electrode side with error mar- 

ins were L K-Pin-q = 0e = 22.6 ±0.97nm, L K-Pin-q = 0.025e = 10.65 ±0.9nm, 

 K-Pin-q = 0.05e = 4.59 ±0.44nm, L K-Pin-q = 0.075e = 2.66 ±0.18nm, 

 K-Pin-q = 0.1e = 1.29 ±0.25nm and L K-Pin-q = 0.12e = 0.4 ±0.32nm. By in- 

reasing electrode charge, fluctuations and error values were 

ound decreasing. Even though low L K results of high electrode 

harges becomes comparable to statistical fluctuations, errors are 

t negligible range. As the local results at small pin electrode side 

ere measured from small averaging bins containing limited num- 

er of molecules, fluctuations and errors of L K values from larger 

late side were smaller than pin electrode errors and negligible. 

We continued by characterizing the thermal conductivity of wa- 

er under non-uniform electric field. Based on the local water den- 

ity values measured in each region given in Figure 9 (d), we cal- 

ulated water thermal conductivities based on literature [ 43 , 49 , 50 ].

pecifically, local water thermal conductivities in each region taken 

rom thermodynamic tables provided by Ref. [50] except the high 
10 
ear electrode densities ( ρwater > 1.2kg/m 

3 ) developing at high elec- 

rode charges of q Plate ≥ 0.075 e. For these densities corresponding 

o solid-like compressed water, we used the data provided by Ref 

43] and Ref [49] for 300K. Water thermal conductivities for pin 

nd plate electrode regions at different electrode charges are given 

n Figure 10 (b) compare to results of uniform electric field cases. 

rior to electro-freezing, a slight decrease of thermal conductiv- 

ty develops, but it is less than uniform electric field case as the 

olecular diffusion of water is restricted less under non-uniform 

lectric field. After which, LDEP forces create density increase so 

he thermal conductivity increases. Electro-freezing under uniform 

lectric field creates a single crystalline structure which enhances 

hermal conductivity substantially. Differently, non-uniform electric 

eld does not yield a single crystalline structure such that ther- 

al conductivity does not show any significant increase around 

 Plate = 0.05 e. Instead, thermal conductivity shows a gradual in- 

rease by increasing electrode charges due to increasing density 

nd solid-like molecules ordering of water under non-uniform 

lectric field. This eventually yields higher thermal conductivities 

han uniform case for q Plate = ≥0.75 e cases. Water conductivity at 

in electrode side is higher than plate side when the LDEP forces 

ecomes prominent. 

At this point, we also considered the possible influence of the 

irection of heat transfer compared to the direction of electric field 

nd the location of pin electrode. Up to here, we studied cases 

here both heat transfer and electric field are in the same di- 

ection, and pin electrode is on hot reservoir side. However, dif- 

erent configurations are possible. In literature, the directional de- 

endence of the heat transfer through a non-homogeneous do- 

ain is described as “thermal rectification” which has been stud- 

ed for various systems including graphene. For instance, it was 

resented that in-plane heat transfer of a graphene layer consisting 

on-uniform/asymmetric structural defects [51] or solid stiffness 

52] shows strong directional dependence. Simply, the asymmetric- 

ty of a system allows an easier heat transfer in one direction than 

he heat transfer in the same axis but in the opposite way. In our 

ase, the non-uniform electric field creates non-homogenous inter- 

ace coupling and water structuring that we wanted to test our 

ystem for possible heat transfer rectification. First of all, we ob- 

erved that direction of electric field has no effect on heat transfer. 

he water dipole orientation changes according to electric field di- 

ection, but very similar water structuring and ITR develop through 

he system independent from direction of electric field. For such 

 case, we tested our system by changing the heat transfer di- 

ection where pin electrode is on cold reservoir side. We applied 

 Plate = 0.1 e since it yields a distinct non-uniformity as the elec- 

ric field dominated region in between the pin and plate electrodes 

evelops an almost “triangular shape” non-uniform electric field 
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Figure 11. Temperature contours of q Plate = 0.075 e case with different heat transfer directions as the pin electrode on (a) hot and (b) cold reservoir side. 
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hile the periodic regions evidently free from electric field effects. 

ence, we can simply state that there is a distinct inhomogeneity 

n the system. Figure 11 presents the temperature counters of two 

lignments: the pin electrode is on hot side Figure 11 (a)) and pin 

lectrode is on cold side ( Figure 11 (b)). When the pin electrode 

as on hot reservoir side, water temperature near the pin elec- 

rode was higher than the remaining system due to substantially 

ecreased temperature jump (or increased thermal coupling) be- 

ween the hot reservoir graphene and water ( Figure 11 (a)); on the 

ther side of this system, plate electrode creates comparably lower 

ecrease of temperature jump on cold surface, but water near cold 

late electrode were at a lower temperature than the rest. An op- 

osite but very similar behavior develops when the heat transfer 

irection is changed ( Figure 11 (b)). While the behavior is similar, 

e focused on the quantitative characterization of heat transfer in 

hese two cases. First, we compared the L K-Pin and L K-Plate values: 

 K-Pin-Hot = 2.66 nm and L K-Plate-Cold = 6.34 nm were measured when 

he pin is on hot side, and L K-Pin-Cold = 3.72 nm and L K-Plate-Hot = 4.59

m were developed if the pin is on cold side. Through these out- 

omes, temperature dependent ITR shows itself. Simply, L K-Pin in- 

reases when it is on the cold side due to temperature depen- 

ence of phonon dynamics, and similarly, L K-Plate decreases when 

t is on the hot side with enhanced phonon activities. The first 

ffect of changing the heat transfer direction is decreasing the 

ifference between L K-Pin and L K-Plate . However, increase of L K-Pin 

nd decrease of L K-Plate are almost in the same order that the to- 

al ITR in the system remains same. Hence, ITR mechanisms of the 

urrent system under a non-uniform electric field does not create 

ny rectification. Second, we focused on the thermal conductivity 

f the water in these two cases. Even though there is a differ- 

nce between LDEP forces and resulting water densities and ther- 

al conductivities of opposing pin and plate electrode regions, we 

bserved that this difference is not strong enough to create any 

ectification. Ultimately, we measured the heat flux in both con- 

guration using Equations (3) -( (5) and calculated very similar heat 

ransfer rates on the order of 2 GW/m 

2 . As a result, current heat

ransfer under non-uniform electric field does not show depen- 

ence on the direction of heat transfer. 

As a final step, we characterized the local variation of heat 

ransfer rates through the system under varying non-uniform elec- 

ric field. We measured an average heat transfer rate of the 
11 
hole system based on Equation (3) - (5) at different electrode 

harges. Then, we calculated local heat flux values through each 

egion (described in Figure 9 ) based on their total thermal resis- 

ance as Q Local = ( T Hot − T Cold ) / R Local−Total . Basically, the total ther- 

al resistance of each local region can be written as R Local−Total = 

 Gr−H + R K−H + R H 2 O + R K−C + R Gr−C where R Gr−H and R Gr−C are the 

hermal resistances of graphene walls at hot and cold reservoir 

ides, R K−H and R K−C are the interfacial thermal resistances of 

he graphene/water interfaces at hot and cold reservoir sides, and 

 H 2 O 
is the thermal resistance of water in the middle of the two 

raphene slabs [53] . We calculated the local thermal resistance of 

ater ( R H 2 O = L H 2 O / k H 2 O ) from the thickness of water slab ( L H 2 O ) 

nd its local thermal conductivities ( k H 2 O ). Similarly, we deter- 

ined graphene thermal resistance ( R Gr = L Gr−‖ / k Gr−‖ ) using the 

ocal cross-plane thickness ( L Gr−‖ ) and thermal conductivities of 

raphene walls in surface normal direction ( k Gr−‖ ).We should men- 

ion here that the high electrode charges ( q Plate ≥0.75 e) creat- 

ng bending of graphene at high electric intensity regions due to 

DEP forces result in local increase of cross-plane thermal con- 

uctivity of graphene. The thermal resistance of interface is the 

unction of local temperature jump and heat transfer rate as R K = 

T Inter face / q Local . We would like to underline here that it is impor- 

ant to calculate the interface temperature jump from the tempera- 

ure fits describing the bulk behavior of both solid and liquid sides. 

specially, if any electric charge is applied on just the graphene 

ayer facing the liquid, behavior and the resulting temperature of 

his graphene layer differentiate from the bulk behavior of few- 

ayer graphene. Calculating a temperature jump between this near- 

st graphene layer and liquid yields a very erroneous ITR and/or 

 K and a misleading characterization of heat transport as done 

y Ref [10] . Instead, we calculated local temperature jumps from 

ulk profiles of solid and liquid sides. As the temperature jumps 

re known, we calculated the local thermal resistance of interface 

nd the heat transfer rate at the corresponding region by a cou- 

led iterative solution. Finally, we obtained local heat transfer rates 

n each region along the x-direction for every different electrode 

harges. We validated these local heat flux values by comparing 

heir average with the total heat flux calculation of Equation (3) - 

5) and obtained an exact match. 

Based on these findings, we determined the heat flux values of 

in and plate electrode regions. The local heat transfer rate from 
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Figure 12. Variation of local heat rates at pin and plate electrode regions under 

non-uniform electric field as a function of electrode charge. Results of uniform elec- 

tric field case are given for comparison. 
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in electrode region ( Q Pin ) and the average of local heat fluxes 

long the plate electrode ( Q Plate ) are presented in Figure 12 . Heat

uxes measured under uniform field ( Q Uniform 

) are also given for 

omparison. Prior to the electro-freezing around q = 0.05 e, the 

 Uniform 

, Q Pin and Q Plate increases at a very similar rate by increas- 

ng the electrode charge. Heat transfer triples for both uniform and 

on-uniform cases in this charge range. This is expected as the 

DEP does not create noteworthy effect at low charge values that 

eat transfer enhancement of both uniform and non-uniform elec- 

ric fields remains very similar. As explained previously, the ad- 

antage of using a non-uniform electric field for local heat transfer 

ontrol in low charge range is the difference in size of enhanced 

eat transfer regions on opposing surfaces allowing to distribute 

eat from a smaller location to a larger section and/or collect heat 

o a smaller section from a larger region. Starting with q = 0.05 e 

ase, a uniform electric field does not create any further improve- 

ents in heat transfer, while heat flux at both pin and plate elec- 

rodes of non-uniform field continues to increase substantially by 

ncreasing electrode charge, as a result of LDEP. Here, the local 

eat transfer increase is due to the decrease in total thermal resis- 

ance by decreasing temperature jump and increasing water ther- 

al conductivity. At q = 0.075 e, a five-times increase of Q Pin de- 

elops as a result of decreased L K with a slightly increased water 

ressure and resulting thermal conductivity. Starting with q = 0.1 e, 

ery low L K values are obtained that continued increase of heat 

ransfer is mostly due to enhanced thermal conductivity of water 

n between. At q = 0.12 e, a nine-times increase in heat transfer rate 

s obtained at Q Pin . For such a case, the highly ordered water den-

ity reaches to 1.5 gr/cm 

3 , which is in the range of experimentally 

bserved high pressure water density values [ 43 , 49 ]. The average 

f heat fluxes over plate electrode region remains lower than the 

in electrode results due to comparably lower LDEP forces at large 

late electrode regions. 

. Conclusion 

Heat transfer between water and few-layer graphene was 

tudied under applied uniform and non-uniform electric fields. 

hrough the electrostatic interactions, both uniform and non- 

niform electric fields altered the graphene/water interface energy 

nd created orientation polarization of water by aligning dipoles 

o the direction of the electric field. In addition to these effects, 

 non-uniform electric field also created a net force on water 

olecules towards higher electric field gradient region due to liq- 

id dielectrophoresis (LDEP). We found that these mechanisms can 

ocally manipulate the interfacial thermal resistance, thermal con- 
12 
uctivity, and the resulting heat transfer. By increasing the elec- 

ric field intensity, we measured up to 86% decrease of Kapitza 

ength near electrodes under both uniform and non-uniform elec- 

ric fields prior to electro-freezing; in this electrode charge range, 

eat transfer increases up to 3.2 times through electrode regions. 

ith the help of LDEP, non-uniform electric field can create further 

eduction in interface resistance and yields ultra-low Kapitza resis- 

ance values with up to 99% reduction near pin electrode interface. 

he non-uniform electric field also creates thermal conductivity in- 

rease by compressing water such that heat transfer increases up 

o 9 times at pin electrode region. As a result, we demonstrated 

hat the heat transfer between water and graphene can be con- 

rolled actively and locally in two-dimensional space by an applied 

on-uniform electric field. 
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