
RSC Advances

PAPER
Enhanced therm
aInstitute of Engineering Thermophysics, Chi

China. E-mail: zhanghang@iet.cn
bUniversity of Chinese Academy of Sciences,
cMaterials Science, Schrödinger, New York, N
dInstitute of High Performance Computing

138632
eInstitute of Materials Research and Enginee

138634. E-mail: ding_ding@imre.a-star.edu

† Shuyu Chen and Ming Yang contributed

Cite this: RSC Adv., 2019, 9, 4563

Received 1st December 2018
Accepted 24th January 2019

DOI: 10.1039/c8ra09879d

rsc.li/rsc-advances

This journal is © The Royal Society of C
al conductance at the graphene–
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Highly efficient thermal transport between graphene and water is crucial in applications such as

microscopic heat dissipation, solar steam generation, sea-water desalination, and thermally conductive

composites. However, a practical approach for enhancing thermal transport across graphene–water

interfaces is lacking. We propose an effective and universal method to improve thermal-transport

properties at the interface between multilayer graphene and water by a factor of �4 by grafting

functionalized groups onto graphene. The most improved interfacial thermal conductance was 121.0 �
11.4 MW m�2 K�1. This design is compatible with industrial processes. We also undertook molecular-level

analyses to unveil the underlying mechanism for heat-transport enhancement. This study could provide

new approaches for engineering heat transport across two-dimensional materials and water interfaces.
I. Introduction

Graphene,1 as a material with excellent mechanical properties,2

ultrahigh electric and thermal conductivities,3–5 and special
optical properties,6 has garnered attention worldwide. Among
these features, its excellent thermal properties have great
potential for thermal management in elds such as electronics
and biochemistry.7–9 If the characteristic dimensions of objects
reach nanometer scales, thermal resistances on the interfaces
have increasingly important roles and even dominate thermal-
transport properties.10–12

Some studies have demonstrated that the thermal conduc-
tivity of graphene can reach approximately 5000 W m�1 K�1 at
room temperature,3,13 but the interfaces between graphene and
so materials demonstrate only mediocre interfacial thermal
conductance.14,15 Therefore, attention has focused on improving
thermal-transport properties across graphene–so-material
interfaces. Ma et al.16 suggested that charge decoration on gra-
phene can decrease the Kapitza resistance between graphene and
water. Alexeev et al.17 found that the number of the layers in few-
layer graphene determined the Kapitza resistance between
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graphene and water by molecular dynamics (MD) simulations.
Cao et al.18 found that the interfacial thermal resistance between
graphene and water could be reduced with interlayer function-
alization by oxygen atoms. Wang et al.19 demonstrated that
intercalated water can enhance thermal transport between the
cell membrane–graphene interface.

Functionalization on graphene is considered an effective
approach to improve thermal transport across interfaces
between graphene and so materials.20,21 Yang et al.22

improved the solar-to-vapor conversion efficiency by func-
tionalizing graphene with hydrophilic groups through exper-
iments. Teng et al.23 improved the thermal conductivity of
GNS-lled epoxy composites through non-covalent function-
alization to graphene in experiments. Wang et al.24 used MD
simulation to study the interfacial thermal resistance in
polymer composites reinforced by various covalently func-
tionalized types of graphene. Wang et al.25 investigated
thermal transport across graphene–polymer interfaces func-
tionalized with end-graed polymer chains using MD simu-
lations. Tang et al.26 found thermal transport between
graphene and polymers to be enhanced with alkane chains
functionalized to graphene via MD simulations. Lin et al.27

found that alkyl-pyrene as a linker candidate could enhance
out-of-plane thermal conductance of the graphene–organic
compound interface through MD simulations. However, very
few studies have utilized functionalized graphene (FG) to
achieve highly efficient thermal transport across graphene–
water interfaces.

We report a theoretical study on improving the thermal-
transport properties of graphene–water interfaces by graing
alkane chains (CnH2n+1) on graphene. To provide a systematic
RSC Adv., 2019, 9, 4563–4570 | 4563
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Fig. 1 Functionalized graphene (FG) structure by alkane chains and
bonding details (schematic). Blue spheres represent carbon atoms and
white spheres represent hydrogen atoms. In the FGmodels, the alkane
chains (CnH2n+1) were grafted in an orderly fashion to one side of the
graphene surface by sp3-hybridized C–C bonds.
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study, a series of FG–water models were built with different
alkane chain lengths and surface coverage for tunable inter-
facial thermal conductance. This work could provide new
insights for applications such as self-assembled monolayers,28

nanoscale microchannels,29 microelectronics,30 nanouids,31

solar thermal steam generation22 and biological cells.19
Fig. 2 (a) A functionalized graphene–water interface in NEMD simulatio
heat flux and temperature field were created by exchanging the momen
profile of a functionalized graphene–water interface. The temperature
a sharp drop at the interface.
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II. Methods

In the view of the practical applications and literature
mentioned above,16–18 multilayer graphene (MLG) was con-
structed and simulated in the present study, and the outermost
graphene was functionalized. In the FG models, the alkane
chains (CnH2n+1) were graed in an orderly manner to one side
of the graphene surface by sp3-hybridized C–C bonds32 (Fig. 1).
Then, the water molecules were fully lled into the remaining
spaces of the simulation boxes with density of 1 g cm�3. All the
models were designed in a box of 20 Å � 20 Å � 300 Å, with
periodic boundary conditions applied in all directions. There-
aer, the structures were relaxed with the isothermal–isobaric
(NPT) ensemble, and optimized by the conjugate gradient
method.

The interfacial thermal conductance was calculated
through non-equilibrium molecular dynamics (NEMDs),
which are based on the Muller–Plathe approach.33 In NEMDs,
heat sink and heat source were applied. The heat ux and
temperature eld were created by exchanging the momentum
between atoms in heat sink and heat source. Periodic
boundary conditions were applied in all directions.34 Some
details are shown in Fig. 2(a). All NEMD simulation processes
were carried out in Forcite.35 DREIDING, a generic force eld,
was used to describe the interatomic interactions in the
system. DREIDING has been used widely to simulate the
structures and dynamics of organic and main-group inorganic
n (schematic). In NEMD, heat sink and heat source were applied. The
tum between atoms in the heat sink and heat source. (b) Temperature
changes linearly along the heat-flux direction in bulk water and has

This journal is © The Royal Society of Chemistry 2019
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molecules, and the van der Waals interactions are described by
the Lennard-Jones potential.36 DREIDING is suitable for gra-
phene–water systems.

A small time step of 0.5 fs was chosen for all simulations.
Prior to the simulations, all models were relaxed using an
isothermal–isobaric (NPT) ensemble at 300 K and 1 atm for 1
ns to release residual stresses. To further relax the structures,
a constant volume in a canonical (NVT) ensemble at 300 K was
used. Then, the systems were simulated using a micro-
canonical (NVE) ensemble with two thermostated regions.
The momentum exchange between the heat sink and heat
source was done every 1000 time steps. Aer the simulations
had reached a steady state, the temperature proles were
averaged over 4 ns to calculate the interfacial thermal
conductance between graphene and water.

The interfacial thermal conductance (G) was calculated as

G ¼ q/DT (1)
Fig. 3 Relative interfacial thermal conductance G/G0 of water and
functionalized graphene compared with a pristine graphene–water
interface. (a) Different length of alkane chains. (b) Different functional-
group coverage (FGC). The interfacial thermal conductance was
improved significantly by surface functionalization. The improvement
increased with the FGC in general, except when FGC was >3% in long
chains (over –C75H151 FG).
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where DT is the temperature drop at the interface between
graphene and water, and q is the heat ux through the interface.
q was calculated as

q ¼ 1

2A

dDEðtÞ
dt

(2)

where DE is the energy variation in the thermostat. In our
simulations, we used a constant energy exchange rate, and
approximated heat uxes were achieved across all models.
III. Results and discussions

First, we simulated the interfacial thermal conduction between
pristine graphene and water. The temperature prole was found
to change linearly along the heat-ux direction in bulk water
and had a sharp drop at the graphene–water interface
(Fig. 2(b)). The interfacial thermal conductance (G) was calcu-
lated by heat ux over the temperature drop. Then, the inter-
facial thermal conductance of FG with different alkane chains
(–CnH2n+1) was calculated. To have a direct insight of the effect
of functionalization of the graphene surface on the interface,
the relative interfacial thermal conductance G/G0 (where G0 is
the interfacial thermal conductance between pristine graphene
and water) was carried out to describe the enhancement. Here,
the G0 between ve-layer graphene and water was calculated to
be 30.8 � 2.2 MW m�2 K�1, which is in accordance with the
reported thermal resistance of graphene–water: �4.0 � 10�8 K
m2 W�1 (�25.0 MW m�2 K�1) from Alexeev et al.,17 �3.2 � 10�8

K m2 W�1 (�31.2 MW m�2 K�1) from Ma et al.16 and �2.9 �
10�8 K m2 W�1 (�34.5 MW m�2 K�1) from Cao et al.18 The
functional group coverage (FGC) was dened as the ratio of the
number of alkane chains to the carbon atoms of the outermost
layer of graphene.

The interfacial thermal conductance was found to be
improved signicantly by surface functionalization. The best
improved interfacial thermal conductance reached 121.0� 11.4
Fig. 4 Phonon DOSs of pristine graphene, water, –C40H81 function-
alized graphene and the corresponding functional group in stable state
(C40H82). The functionalized alkane alters the phonon vibration modes
of graphene dramatically.

RSC Adv., 2019, 9, 4563–4570 | 4565



Fig. 5 (a) Phonon DOSs and (b) phonon DOSsmultiplied by the frequency of functionalized graphenewith various numbers of C atoms in alkane
chains compared with water and pristine graphene. The distribution of energy is indicated by the phonon DOSs multiplied by frequency.
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MWm�2 K�1 at –C65H131 FG in 7% FGC. The interfacial thermal
conductance increased by a factor of 1.3–1.8 under a FGC of
1.5%. At 3% FGC, the improvement could be as much as four-
fold. At 3% FGC, the interfacial thermal conductance was found
4566 | RSC Adv., 2019, 9, 4563–4570
to increase as the alkane chains became longer. Such a trend
was found at 1.5% FGC for some short chains, but the
increasing trend was not obvious if the increase was more than
–C18H37. To carry out a systematic investigation, FGs were
This journal is © The Royal Society of Chemistry 2019
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simulated further with various chain lengths (–C40H81,
–C55H111, –C65H131, –C80H161 and –C90H181) and different FGCs
(1.5%, 3%, 4.5% and 7%). In general, the relative interfacial
thermal conductance increased with coverage (Fig. 3(b)), and
showed a clear trend with respect to the alkane length at 3%
FGC. However, the relative interfacial thermal conductance did
not increase if the coverage was >3% in –C80H161 FG and
–C90H181 FG.

To reveal the underlying mechanism behind enhancement
of the thermal conductance of the graphene–water interface, we
investigated the atomic and corresponding phononic informa-
tion of the system. Hydrogen atoms in the alkane chains had an
important role in this enhancement because they provide extra
energy-transfer paths between carbon atoms in graphene and
the atoms in water. Studies have shown that hydrogen bonds
can improve the efficiency of interfacial thermal transport
signicantly if stronger hydrogen bonds “pull” the organic
molecules closer to the interface and establish better contact.14

Greater similarity in phonon vibration properties has been re-
ported to facilitate interfacial heat exchange.11,37–43 Further-
more, the spectral information of phonons was calculated
(Fig. 4). The phonon density of states (PDOS) were calculated by
taking the fast Fourier transform of atomistic velocity autocor-
relation functions (VAFs).27,44 Specically, the density of states,
u, was given by

DðuÞ ¼
ðs
0

hnðtÞnð0Þiexpð�iutÞdt (3)

where n(0) and n(t) are the velocities of each atom at initial time
and at time t, respectively.

Fig. 4 shows the PDOS spectra of pristine graphene, water,
a typical FG and its functional groups. It can be clearly observed
that the functionalized alkane dramatically altered the gra-
phene phonon vibration modes of graphene. Water molecules
Fig. 6 Comparisons of different coverage in typical-length model sche
become straight in the water as the coverage increases in general in –C40

obvious bending and knots in –C90H181 FGs.
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are rich in H–O bonds with a vibration frequency as high as
�3000 cm�1 (�90 THz),45 which is in accordance with the peaks
at 90 THz in Fig. 4. Graphene is formed by in-plane carbon
atoms combined by sp2-hybridized C–C bonds, which cannot
provide ultra-high vibration frequencies. Functionalization of
alkane chains is based on methyl and methylene groups, in
which the sp3-hybridized C–C bonds and C–H bonds also
exhibit high vibration frequencies at �3000 cm�1.45 Thus, we
can infer that the two high-frequency peaks from FG corre-
sponded mainly to C–H bonds in the functional groups (Fig. 4).
In addition, the alkane-functionalization itself had vibration
modes with frequency <5 THz, and distortion of the graphene
plane due to functionalization also impacts low frequency
phonons. These low-frequency phonons due to functionaliza-
tion provided better overlap with those in amorphous water. In
addition, a larger overlap area �50 THz and �90 THz between
the PDOS spectra of water and FG due to the similar sp3-
hybridized carbon served as another factor for enhancement of
thermal conductance.

PDOSs and PDOSs multiplied by the vibration frequency
were calculated for graphene functionalized with alkanes of
various chain lengths to examine further the vibration overlap
between water and FGs (Fig. 5). The energy distribution can be
described by the product of phonon DOSs and frequency
(Fig. 5(b)), so a large fraction of energy was carried by high-
frequency heat carriers in FG. Though heat carriers of high
frequency do not contribute as much to in-plane thermal
transport as diffusion,37,39,46 they are important in thermal
transport across interfaces.11 As demonstrated by the signicant
enhancements in interfacial thermal conductance between FG
and water, heat carriers of high frequencies in FG served as
critical energy carriers beyond the low-frequency propagon.

Because longer alkane chains and higher coverage provide
more high-frequency heat carriers that could enhance
matic diagrams after NEMD simulations. The alkane chains gradually
H81 FGs. However, at 4.5% FGC, the ends of alkane chains start showing

RSC Adv., 2019, 9, 4563–4570 | 4567
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interfacial thermal transport between water and graphene, the
interfacial thermal conductance increases monotonically with
chain length and coverage in general. This phenomenon is
consistent with our results showing that the interfacial thermal
conductance changed with chain length at 3% FGC. However,
the growth of the alkane chains did not lead to further
improvement at coverage of 1.5%, 4.5%, and 7% (Fig. 3). At low
coverage (1.5%), thermal transport across the interface was
dominated by water molecules interacting directly with carbon
atoms in the graphene layer. The improvement in thermal
conductance due to alkane functionalization was not signi-
cant. As a result, the effect of chain length was buried by noise
(standard deviation). At a coverage of 3%, the interfacial
thermal conductance increased with chain length due to addi-
tional energy paths between alkane chains and water, as ex-
pected. If the coverage is >3%, the interfacial thermal
conductance did not increase with increasing chain length. We
inferred that the increase of coverage at long alkane chains
could lead to cluttered (or even entangled) chains and, thus,
could not further improve the interfacial thermal conductance.
As shown in Fig. 6, the alkane chains became straighter in
general as the coverage increased for –C40H81 FGs, and this
change corresponded to the conductance trend shown in
Fig. 3(b). However, the morphology of the –C90H181 FGs alkane
did not change monotonically with coverage. Though chains
continued to become more extended from 1.5% FGC to 3%
FGC, the spatial span decreased due to bending and knots as
Fig. 7 (a) A typical radial distribution function (RDF) and (b) schematic
diagram of C-atom structure in undeformed –C90H181 chains of 7%
FGC.

4568 | RSC Adv., 2019, 9, 4563–4570
the converge increased from 3% to 7% FGC. The –C90H181

alkane chains were also more aggregated compared with
–C40H81 FGs, thereby hampering the entry of water molecules.
These effects hindered thermal transport to a large extent, and
explained the sudden decrease of G/G0s from 3% to 4.5% FGC
(Fig. 3(b)).

Thermal transport in polymers is affected strongly by chain
morphology.47 To describe the structural changes, the radial
distribution function (RDF)46,48–50 of carbon atoms in alkane
chains was calculated to characterize the chain order. Sharper
peaks in RDF calculations indicate a higher structure order.
Fig. 7 shows that the RDF of carbon atoms of –C90H18 chains
without bending and knots, and serves as a reference. As shown
in Fig. 8, RDFs of –C90H181 FGs in 4.5% and 7% FGC had
broader and smoother peaks compared with those of 1.5% FGC,
indicating that the alkane chains become more chaotic when
coverage increased. Compared with the RDFs of –C40H81 FGs,
the overall peaks of –C90H181 FGs were gentler, indicating
a higher level of disorder and lower thermal transport.
Fig. 8 Radial distribution functions (RDFs) of C atoms in (a) –C40H81

and (b) –C90H181 chains after NEMD simulations. The RDFs of
–C90H181 FGs in 4.5% and 7% FGCs have broader and smoother peaks
compared with those of 1.5% FGC, and the overall peaks are more
gentle at –C90H181 FGs compared with –C40H81 FGs.

This journal is © The Royal Society of Chemistry 2019
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IV. Conclusions

The interfacial thermal conductance between multilayer gra-
phene and water was investigated via NEMD simulations. The
alkane chains in FG could improve thermal transport across the
graphene–water interface greatly. The most improved interfa-
cial thermal conductance was up to 121.0 � 11.4 MW m�2 K�1.
The length and coverage of alkane chains were the major factors
contributing to enhancements in interfacial thermal conduc-
tance. With analysis on phonon scattering and diffusion effect,
we attributed the improvement to the addition of hydrogen,
which facilitated phonon transport between graphene and
water. The interfacial conductance increases with alkane
coverage in general, and it also increases with the alkane chain
length when the functionalized group coverage is about 3%. We
provided a general method to promote the interfacial thermal
conductance of graphene–water interfaces by “tuning” the
morphology of graphene and alkane chains. By revealing the
fundamental mechanism at the molecular level, our ndings
provide guidance for development of high-performance gra-
phene–water interfacial thermal transport.
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