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ABSTRACT: Nanoscale carbon structures such as graphene and carbon nanotubes
(CNTs) can greatly improve the effective thermal conductivity of thermally sluggish
heat storage materials, such as sugar alcohols (SAs). The specific improvement
depends on the heat transfer rate across the carbon structure. Besides, the heat
transfer rate is further dependent on the material and the CNT diameter. In this
paper, molecular dynamics simulations are applied to graphene/CNT-SA interfacial
systems. Using erythritol and xylitol as model materials, we find the cross-plane
thermal contact conductance to decrease as the CNT diameter decreases, with an
exception for CNT(7,7). A phonon mode analysis is carried out to explain the
general decreasing trend. The larger phonon mode mismatch observed between the
molecules on both sides of smaller diameter CNTs is found to be a finite size effect
of the confinement, instead of an interfacial effect. From the molecular collision
point of view, a higher molecular density promotes heat transfer. In the case of
CNT(7,7), the effective density of molecules enclosed in the CNT is found to be
much higher than that of CNT(8,8). This may be the cause of the higher heat transfer rate across CNT(7,7). Molecular
orientations and hydrogen bond structures of the molecules inside the CNTs are investigated to demonstrate the finite size effect
of the confinement. For graphene-SA composites, five model materials are considered and their cross-plane thermal contact
conductance values fall into a narrow range.

■ INTRODUCTION

Compact heat storage using phase change materials (PCMs) is
a promising way to reduce the heating or cooling demand in
the built environment. By recovering the solar heat stored in
summer, the energy consumption during winter time can be
greatly reduced.1,2 In such seasonal heat storage systems, a
chemically stable and nontoxic material with high heat storage
capacity is required. In recent studies, sugar alcohols (SAs), in
particular C4−C6 acyclic polyalcohols, have attracted much
attention to function as the heat storage medium.3−6 The large
amount of latent heat absorbed upon melting satisfies the
aforementioned capacity requirement. The high supercooling
effect of sugar alcohols enables the storage in liquid phase at
atmospheric temperature, cutting down the insulation cost for
long-term storage. Additionally, as byproducts of the food
industry, the huge bulk production has made sugar alcohols
very economically competitive. In particular, erythritol and
xylitol have suitable melting points for domestic and industrial
heating applications and have, therefore, attracted much
research.6−13 Despite the advantages, a major challenge is the
relatively low heat conductivity of SAs and their sluggish
crystallization kinetics.5 One way to solve the problem is by
mixing in carbon nanostructures, in particular, graphene
nanoplatelets and carbon nanotubes (CNTs). Because a single
layered graphene can be viewed as an unfolded CNT, we briefly
use the term “CNT” for both allotropes for the rest of this
paper, if not otherwise specified. For some organic PCMs, a few

weight percentage of CNT can bring in a manyfold increase in
the effective thermal conductivity.14−17 The specific improve-
ment is dependent on the PCM compound and the type, the
size, and the surface condition of the carbon nanostruc-
tures.18,19 Therefore, we need some fundamental under-
standings of the nanoscale heat transfer across single layered
carbon structures solvated in various SA compounds.
In a simplified multiscale approach, the effective heat

conductivity of carbon-SA composite material can be calculated
using effective medium approximations.20 The key parameter
used in this theory is the interfacial contact resistance, also
named Kapitza resistance, RK.

21 One purpose of this research is
to characterize RK between single layered carbon structures and
various SA liquids. In the literature referring to carbon
nanostructures embedded in various materials, this value ranges
from 0.76 to 40 × 10−8 Km2/W depending on the matrix
material and the experimental or simulation setup.22−25

Temperature, size, and shape are also factors that play a role
in RK. It is therefore very difficult to predict RK between a given
carbon structure and a specific SA material. To solve this
problem, we select two model materials, erythritol (C4H10O4)
and xylitol (C5H12O5), to represent the much broader SA
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family and study the factors that influence the nanoscale heat
transfer when carbon nano structures are added.
The heat transfer in the liquid phase is usually treated as

diffusive, however near a smooth solid−liquid interface, the
structural ordering of liquid alters its phonon structures and
results in a non-Fourier behavior.26 Also, the heat transfer
across a single-layered carbon structure is found to be ballistic
dominated by the low frequency phonons.25,27,28 In the
acoustic mismatch model, the difference in phonon mode
strength is used to explain the origin of the interfacial
resistance.29 The above facts emphasized the importance of
phonon transport in nanoscale systems. We hence apply
phonon mode analysis to improve our understandings in the
origin of RK and its correlation with the CNT diameter.
In the current work, we choose molecular dynamics

simulations to study the cross-plane heat transfer in carbon-
SA systems. In the Methodology section, the physical model
and simulation setup are explained. In the result sections, the
thermal contact conductance values U = 1/RK of xylitol and
erythritol are given first. Then the phonon mode analysis is
applied to explain the decreasing trend of U as the CNT
diameter decreases. As a confinement effect, the density,
orientation, and hydrogen bond properties are different from
those in bulk liquid state and is linked to the anomaly observed
in CNT(7,7). At last, the cross-plane heat transfer for graphene
solvated in D-arabinitol, D-mannitol, and D-glucitol is studied to
conclude the topic on the heat transfer enhancement in general
CNT-SA composites.

■ METHODOLOGY
Nonequilibrium Molecular Dynamics. In the heat

transfer rate calculations, a nonequilibrium source-sink
algorithm is used in the molecular dynamics (MD) simulations,
as used in our previous study.25 In a periodic simulation box,
part of the system is maintained at a higher temperature, i.e.,
the heat source, while another part at a lower temperature, i.e.,
the heat sink. Both temperatures are controlled using Nose−́
Hoover (NH) dynamics.30 According to Esposito and Monnai,
systems driven by NH dynamics allow for a consistent
nonequilibrium thermodynamics description.30 This enables
us to calculate the energy flow into a partial system from the
NH reservoir as

ξ= +ξ

ξ
Q

p

m
Nk T

2
3

2

B 0
(1)

where ξ is a fully dynamic quantity with its own mass mξ and
momentum defined as pξ = mξdξ/dt, 3N is the degrees of
freedom of the partial system, and T0 is the target temperature.
mξ is set based on31
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where τT represents the oscillation period of the kinetic energy
between the partial system and the reservoir. Using ξ and pξ
outputted from the simulation trajectory as extended
coordinates, the heat Q that flowed into the thermostated
region over time can be obtained and the heat flow rate q is
calculated as the fitted slope of the Q-t curves.
Molecular Models. The carbon−carbon interactions are

modeled using a recently developed force field by Pascal et al.32

for its good prediction on mechanical and thermal properties of

graphene. This model includes cross terms between angle
bending and bond stretching. The sugar alcohols are modeled
using the generalized AMBER force field33 for its successful
applications in previous works.5,12,34 The Lorentz−Berthelot
mixing rule is applied to intermolecular Lennard-Jones
interactions.

Setups and Simulation Details. Two simulation setups
are constructed as illustrated in Figure 1. In graphene-SA

simulations, the SA liquids are separated by two single-layered
graphene of 8 × 8 nm2 in size. The two separated
compartments of SA liquids then act as the heat source and
sink, respectively. In the CNT-SA simulations, the enclosed SA
liquids act as the heat source while the rest act as the heat sink.
The working conditions of the SAs as PCMs are around their
melting points. Therefore, the target temperatures for the heat
sources and sinks are set to T1 = Tm + 20 K and T2 = Tm − 20
K, respectively, where Tm is the melting points of each SA
compound. During the nonequilibrium simulations, T1 and T2
are controlled using the NH thermostat, while the carbon
structures are free from thermostats. In this way the
temperature jump across the carbon structure can be better
controlled.25

To generate the initial configurations for the above
nonequilibrium simulations, we adopted procedures similar to
those used in previous works.25,35

1. Prepare the bulk crystalline structure of xylitol and
erythritol;36,37

2. Gradually increase temperature until it fully melts
(typically until Tm + 100 K); then equilibrate the liquid
SAs for a few nanoseconds;

3. Prepare the coordinates of graphene or the open-ended
CNT of choice (from ten sizes: (6,6), (7,7) (8,8), (9,9),
(10,10), (12,12), (14,14), (17,17), (20,20), and (30,30))
and insert it into the equilibrated liquid;

4. Gradually cool the system to the SA’s melting point
while the SA molecules fill in the CNT (no spontaneous
filling observed in the case of CNT(6,6));

5. Pick out the CNT and SA molecules geometrically
“enclosed”;

6. Construct a new simulation box with height equal to the
CNT’s length and put the picked-out molecules in the
center of the simulation box with the CNT’s axis aligning
to the z-direction;

7. Enable the “periodic molecule” boundary condition to
allow cross-boundary bonded interactions; now we have
an infinitely long tube with SA enclosed;

8. Insert the CNT along with the SA molecules
impregnated into another box of equilibrated SA liquid;

Figure 1. Top view of the nonequilibrium simulation setups used in
this work. The snapshots are taken from (a) graphene-xylitol
simulation and (b) CNT(30,30)-xylitol simulation.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b05466
J. Phys. Chem. C 2016, 120, 21915−21924

21916

http://dx.doi.org/10.1021/acs.jpcc.6b05466


9. Run an equilibration simulation starting at Tm + 100 K
and gradually cool to Tm; this allows the liquid molecules
to be well adsorbed onto the CNT outer surface;

10. Run another equilibration simulation at T1 = Tm + 20 K
and T2 = Tm − 20 K; now the end configuration is ready
to be used for the nonequilibrium simulation with a well
established temperature profile.

In all simulations, periodic boundary conditions are applied.
The time step is set to 1 fs. The O−H and C−H bond
stretching is constrained using LINCS algorithm with fourth-
order matrix inversion and four iterations for bond length
correction.31 Particle meshed Ewald summation is applied to
long-range electrostatics with Fourier spacing of 0.12 nm. The
long-range LJ interaction is gradually switched off from 1.2 to
1.4 nm. In all equilibration simulations explained in the last
paragraph, Berendsen thermostat and barostat (1.0 bar) are
applied with time constants τT,B = 0.1 ps and τp,B = 0.5 ps,
respectively.38 In the nonequilibrium simulations for heat
transfer calculation, Nose−́Hoover thermostat is used with
τT,NH set to 0.5 ps and no pressure coupling. The trajectories
and velocities are outputted every 5 ps and the energies are
outputted every 0.1 ps for data analysis.
Vibrational Density of States. The phonon modes and

strengths are characterized using the vibrational density of
states (VDOS), denoted as S, as a function of the vibrational
frequency ν. S(ν) is defined as the mass weighted sum of
atomic spectral densities39

∫∑ ∑ ∑ν
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where Nm is the number of molecules in the system, Na is the
number of atoms in a molecule, vj,l

k is the velocity of the lth
atom in the jth molecule in the k direction,Ml is the mass of the
lth atom. Note that ∫ S(ν) dν represents the total degrees of
freedom of a molecule.
The VDOS is used to calculate the phonon mode mismatch

of the liquid molecules on both sides of the carbon structures.
In the VDOS calculations, the times span τ is set to 20 ps with
coordinates and velocities sampled in every 4 fs.

■ THERMAL CONTACT CONDUCTANCE AND
PHONON MODES

Cross-Plane Thermal Contact Conductance versus
CNT Diameter. The cross-plane thermal contact conductance
U is a key parameter used in the mean field theories to predict
the effective conductivity of the composite material. U is
defined as

=
Δ

U
A T

Q
t

1 d
d (4)

where ΔT is the temperature difference of the liquid on each
side of the graphene layer, A is the heat transfer area of the
CNT, and Q is the heat calculated using eq 1. In this study, ΔT
is counted as the difference in the averaged temperatures of the
first boundary layers (also named the first absorption layers) on
the two sides of the CNT. The first boundary layer is defined as
the region holding the first density peak of the liquid adjacent
to the CNT wall, as illustrated in Figure 6. ΔT is calculated as
such instead of using extrapolations (in refs 25, 27, and 40) for
the following considerations. First, the extrapolation method
implies the diffusive heat transfer can be applied until the

interfacial region, which is in contradiction to the non-Fourier
transfer observed within a few phonon mean free paths (∼Å) to
the interface.26,27 Second, as indicated by Chilukoti et al., the
first boundary layer of liquid plays an important role in the
interfacial thermal transport.41 Third, the extrapolation yields to
large uncertainties in small diameter CNTs. To be noted,
despite of the above considerations, ΔT defined using the mean
first boundary layer temperature is only 0−1.5 K higher than
ΔT defined using extrapolations, which yields a less than 5%
difference between the two methods.
In Figure 2, the U values are plotted over the reciprocal

diameter of the CNTs impregnated with erythritol or xylitol.

Graphene can be viewed as a CNT with infinite diameter. For
both erythritol and xylitol, there is a decreasing trend over
decreasing CNT diameter. However, detailed fluctuations are
observed, especially when going toward lower CNT diameters.
In both materials, the thermal contact conductance across
CNT(7,7) is larger than those across CNT(8,8).

Phonon Mode Mismatch and the Decreasing Trend of
U. To understand the above diameter dependence of the
contact conductance, the phonon modes of each system is
calculated by component using the VDOS. In Figure 3, the
VDOS of the CNT components in the CNT-xylitol composites

Figure 2. Cross-plane thermal contact conductance U versus
reciprocal diameter of CNTs impregnated with erythritol or xylitol.
The result of graphene is labeled at 1/d = 0. The error bars are based
on the standard deviations of the heat transfer rates. The three insets
are snapshots taken from the CNT-xylitol simulations.

Figure 3. VDOS of the CNTs (SC) in CNT-xylitol composites. For
each curve ∫ S dν = 3. The shaded region is zoomed in and plotted in
the inset.
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are plotted. Some blue shifts of high frequency phonons are
observed as the CNT diameter decreases as seen in the inset of
Figure 3. However, in the majority of the frequency range,
especially in the low frequency range where most of the
phonon transport takes place, there are no evident discrep-
ancies of phonon strengths among the curves. Therefore, the
CNT’s phonon modes are not the major cause of the
decreasing thermal contact conductance.
In the cross-plane heat transfer process, the phonons are

transferred between the molecules on each side of the carbon
plane. Therefore, the VDOS of xylitol and erythritol on both
sides are compared for more clues. In Figure 4a,c, the VDOS of
xylitol and erythritol molecules on the hot side (inside) are
plotted using colored lines while the VDOS on the cold side are
plotted in black. The black lines are beneath the colored lines
and are almost identical and independent of the CNT diameter.
As the diameter increases, the VDOS of the hot side converges
to the smoother VDOS curves of the cold side. To highlight
this convergence, the differences in VDOS ΔS between the hot
and the cold sides, defined as |Shot − Scold|, are plotted in Figure
4b,d. The blueish colored ΔS curves have higher magnitudes
than the reddish colored ΔS curves. This means the difference
is reduced as the CNT diameter increases. In the phonon mode
mismatch model, the difference in the phonon mode strengths
on the two sides of an interface is the origin of the interfacial
resistance.42 In our CNT-SA systems, the change in the
magnitude of ΔS is believed to be the cause of the reduced
thermal contact conductance across smaller sized CNTs’
surfaces. Additionally, the VDOS on the hot side has higher
peaks, especially in the case of CNT(7,7), CNT(8,8), and
CNT(9,9). This means less phonon scattering and results in
less thermal dissipation.

Having understood the decreasing trend of U, the next
question is where this ΔS originates from. In Figure 5, the

VDOS of xylitol in CNT(7,7) are calculated based on where
the molecules reside. On the cold side, the molecules are
categorized into either the first boundary layer group or the
bulk liquid group. On the hot side, only one layer of molecules
is present (Figure 9) and can be regarded as in the first
boundary layer as well. From a comparison between the two
first boundary layers near the interface on each side, we notice
Shot and Scold,BL are highly different. On the other hand, the two
groups on the cold side, Scold,BL and Scold,bulk, have almost
identical VDOS. This means the distance from the interface is
not the cause of the difference in the VDOS, while on which
side the molecules are is. Considering that in the composites

Figure 4. VDOS of (a) xylitol and (c) erythritol on either side of the CNT/graphene. Note that ∫ Sxyl dν = 54 and ∫ Sery dν = 44. Scold in (a) and (c)
labels three VDOS curves on the cold side (outside) taken from (7,7), (10,10), and (30,30). Subfigures (b) and (d) are the VDOS differences
calculated using ΔS = |Shot − Scold|.

Figure 5. VDOS of xylitol in CNT(7,7) simulation. The molecules
outside the CNT are categorized into either the first boundary layer
group (Figure 6) or the bulk liquid group.
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with larger sized CNTs, ΔS is greatly reduced, a logical
explanation of the large ΔS observed in composites with
smaller sized CNTs would be a finite size effect of the
confinement. The altered VDOS on the hot side is possibly a
result of the molecular configurational rearrangement in the
finite space enclosed by the CNT.

■ EFFECT OF CNT DIAMETER ON CONFINED
MOLECULES

Temperature and Density Profiles. The phonon mode
mismatch qualitatively explains the decreasing trend of the
thermal contact conductance as the CNT diameter decreases.
These phonon structures are determined by the configurations
of the SA molecules enclosed in the CNTs. The first feature
examined is the density profile. In Figure 6, both the
temperature profiles and the density profiles of graphene-
xylitol and graphene-erythritol simulations are plotted. The
dashed lines are fitted using quadratic curves.25

The density oscillation in Figure 6 is a typical interfacial
effect. From the previous section, we speculated the influence
of the CNT diameter on the detailed cross-plane heat transfer
rate is more a finite size effect of the confinement. To
demonstrate this effect, we show how the density profiles are
altered when a finite CNT size is given. The density profiles of
SA liquids in both CNT-xylitol/erythritol composites near the
carbon interface are given in the Supporting Information. In
short, the variant CNT diameter has minor effect on the density
profiles on the cold side but does give highly different hot-side
density profiles. However, these highly different profiles fail to
give an intuitive judgment on how much the hot-side density is
altered or how much the mean density of the enclosed
molecules is influenced by the CNT diameter. To quantitatively
analyze the finite size effect, we define the mean effective
density of the enclosed molecules, ρ e, averaged over the
effective volume. The effective volume, Ve, the volume where
SA molecules can effectively occupy, is calculated using πde

21/4
and σ= −d de C C

6
T
, where σCTC = 0.3388 nm is the radius

term between the CNT carbon and the SA carbon atoms in the
Lennard-Jones potential, and l is the tube length. Using such a
definition, the depletion zone occupied by the CNT carbon

atoms is excluded and the mean density would be roughly
independent of the CNT diameter (at large diameters) and
equal to the bulk density. The ρ e calculated using the above
definition is plotted in Figure 7 in solid lines. When the tube

diameter is only sufficient to enclose a few layers of SA
molecules, the mean effective density fluctuates. At first, we
expect such a fluctuation to come from the interfacial effect:
when the CNT diameter is just sufficient to include an integer
number of layers of SA molecules, i.e. d = Ri, where Ri, i =
1,2,3,4 are the trough positions of the density profile in Figure
6, the mean density should magnify. Indeed, we see in Figure 7
for CNT(10,10) where d ≈ R1 and for CNT(17,17), where d ≈
R2, the mean densities are higher. However, this is not the
complete story. Assuming the SA molecules inside the finite
sized CNTs having the same density profiles as the graphene-
SA case plotted in Figure 6, then the mean effective density can
be estimated based on the profile ρSA(x) therein using

∫ρ π ρ̅′ = +
−

R x R l x x V( ) [ 2 ( ) ( ) d ]/
Re

0

SA e (5)

where the prime mark in ρ e distinguishes the estimated results
from the actual results, R = d/2 is the CNT radius. The integral
from −R to zero is equivalently an integral from the tube center
to the carbon wall’s position. The estimated ρ e′(R) is plotted in
Figure 7 in dashed lines. As analyzed above, when the CNT
radius R is at the trough positions of ρSA(x), larger mean
densities are observed. Comparing ρ e with ρ e′, the former is
constantly higher than the latter. This is possibly coming from
the adjustment of the SA molecular configurations which allows
more molecules to fit in the finite space. The discrepancy is
much more evident in the case of CNT(7,7). If the SA
configurations were still the same as in the graphene-SA case,
the 0.941 nm CNT(7,7) diameter would allow only a fraction
of a layer of molecules to fit in. The much larger than expected
ρ e infers that the molecules may have realigned to the axial
direction of the tube. In summary, the finite size effect of
confinement altered the mean in-tube density in addition to the
interfacial effect.

Figure 6. Temperature (dots and dashed) and density profiles (solid)
of graphene-xylitol and graphene-erythritol composites near the
graphene interface. Both profiles are calculated based on a bin size
of 0.01 nm. The temperature profiles are fitted using quadratic curves.
The shaded areas label the region defined as the first boundary layer.
Also labeled are the positions, denoted as Ri, of density troughs of
xylitol.

Figure 7. Mean effective density of SA molecules inside the CNTs
versus reciprocal CNT diameter. The solid lines are the actual results ρ
e obtained from equilibration simulations with error bars denoting
standard deviations. The dashed lines are the estimated results ρ e′
calculated using eq 5 assuming there is only interfacial effects on the
density profile fluctuations. Also labeled are the CNT radii
corresponding to the density trough positions Ri of the graphene-
xylitol composite in Figure 6.
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Comparing ρ e in Figure 7 with the thermal contact
conductance in Figure 2, an interesting correlation can be
found. Upon the general decreasing trend, the fluctuations
seem to be linked with the mean effective density. A similar
correlation is also observed in our previous work25 and the
work by Pham et al.40 As a short explanation, the kinetic energy
transfer, as a major component of the overall heat transfer,
scales with the number density of the interacting molecules
colliding with the interface.
Molecular Orientation. As discussed in the previous

subsection, the molecular realignment is possibly the cause to
the higher than approximated effective density. To confirm this
hypothesis, we computed the orientation angle α of liquid
molecules in the CNT-xylitol composites. The angle α is
defined as the acute angle formed between the projected vector

′ ′
→

C C1 5 and the axial vector z,⃗ where C1′ and C5′ are the
projections of head C1 and tail C5 of a xylitol carbon bone
(Figure 8). In Figure 9, the orientation angle of each xylitol

molecule is plotted as a black dot using only the last frame of
the simulations (for CNT-xylitol composites with other CNT
diameters and CNT-erythritol composites, see the Supporting
Information). The thick gray line at r = 0 represents the carbon
wall position. The shaded regions in red and blue illustrates the
first boundary layers. In the case of CNT(7,7)-xyl, the in-tube
xylitol molecules all reside in the low-α region while in
CNT(30,30)-xyl, the angles are more evenly distributed. This
means the molecules inside CNT(7,7) have aligned along the

tubes compared with the more randomly oriented molecules
near the CNT(30,30) surface.
The above phenomenon of alignment is quantified using the

angle distributions of the first boundary layers. The distribution
is averaged from the 101 frames outputted from the simulation,
each 5 ps apart, the same as used in the temperature and
density profile calculations. These distributions are plotted in
Figure 10 with the three most distinguished distributions

marked in colored squares. Indeed most xylitol molecules inside
CNT(7,7) have α angles less than 30 degrees. This explains the
much higher than estimated effective density. It is interesting to
notice the large population of molecules sitting around 45 deg
inside CNT(8,8), as a spontaneous packing effect to maximize
the in-tube density. For all distributions other than the marked
three, the curves are much flatter, although there is a higher
chance of finding a low-α molecule. It appears the molecules
outside the tube prefer to align with the tube as well. Also there
seems to be a slightly higher distribution of α at 50−60 degrees.
These interesting phenomena are to be investigated in future
work.

Hydrogen Bond Number and Lengths. Apart form the
molecular orientations, hydrogen bond (HB) structures are also
important in characterizing the equilibrium structure. As
hydroxyl-rich compounds, SAs can form complex HB networks.
The HB network and energy can determine the latent heat of
melting8 or structural orderings.43 In this work, the HBs are
defined using a 30 degree cutoff in H−OD−OA angle and a 0.35
nm cutoff in donor−acceptor length. The HB number per
molecule NHB/Nm in the simulations is plotted in Figure 11a,d.
The HB number is further decomposed into intramolecular HB
number and intermolecular HB number. On the cold side,
NHB/Nm is irrelevant to the CNT diameter. However, on the
hot side, as a finite size effect of the confinement, the HB
number varies. When the CNT diameter is very small, the total
HB number on the hot side drops; however, its intramolecular
component increases. The HB number is sensitive to the
temperature. This can be found by comparing the data points
situated at 1/d = 0. The cold side has more HBs than the hot
side in both xylitol and erythritol cases, and the higher total HB
number is mostly contributed by the intermolecular HB
number. Using exponential Gaussian curves, the donor−
acceptor length distributions in Figure 11b,d are fitted for

Figure 8. Graphical illustration of the definition of the orientation
angle α.

Figure 9. Orientation angles α of xylitol molecules calculated using the
last frame of the simulations. Each dot (x,α) represents the position
and orientation angle of a molecule. The dots that fall in regions
shaded with red and blue are used for the angle distribution plot in
Figure 10. The thick gray line represents the carbon wall position and
the dashed line represents the tube center position. The results of
other CNTs and the orientations of erythritol molecules are given in
the Supporting Information.

Figure 10. Distribution of orientation angles of xylitol molecules in the
first boundary layers. Hot: inside tube, cold: outside tube. The three
most distinguished distributions are marked with colored squares. The
orientation distribution of erythritol is given in the Supporting
Information.
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mean HB lengths plotted in Figure 11c,f. It appears the HB
mean lengths of SAs inside CNT(7,7) and CNT(8,8) are
shorter. This indicates stronger HBs.

■ INSIGHT INTO THE BROADER SUGAR ALCOHOL
FAMILY

From the above results and analysis, the thermal contact
conductance is found to decrease as the CNT diameter
decreases. Also, the erythritol and xylitol molecules inside the
CNTs are less and less liquid-like and have larger phonon mode
mismatch compared with the outer region. We believe this
effect can be applied to other SA compounds because smaller
sized CNTs result in stronger movement restrictions, less mass
diffusion, and less diffusive heat transfer. However, from the
results of the two model composites, CNT-xylitol and CNT-
erythritol, the decreasing trend is not monotonic. In the case of
CNT(7,7), the much larger than expected in-tube effective
density results in more collisions and faster heat transfer rate.
This phenomenon should also apply to other linear SA
compounds. The most promising SAs are C4−C6 acyclic
polyalcohols. They all share the linear configuration and have
similar molecular widths. These SAs can fit into CNT(7,7) by
realigning their orientations along the tube axis and produce a
much larger mean effective density.
Knowing the factors that influence the diameter dependence

of the thermal contact conductance U(d), we can easily
extrapolate the U values using graphene-SA simulation results
for which d = ∞. Besides erythritol and xylitol, three other
commonly used SAs are selected and the results are
summarized in Table 1 and plotted in Figure 12. Also given
in Table 1 is the thermal conductivity k calculated based on the
quadratic curve fittings of the temperature profiles (similar to
those plotted in Figure 6) using25

= =q
q

AL
k

T
x

d
dV

2

2 (6)

where qV is the volumetric heat generation rate and L is the
length of liquid in one compartment. It should be noted that
the curve fitting is based on a diffusive heat transfer mechanism
and hence the k values are only for validation purposes.
In the last column of Table 1, the Kapitza lengths Λ = k/U

are given. The Kapitza length describes on what distance the

Figure 11. Hydrogen bond numbers, donor−acceptor length distribution, and mean lengths of (a−c) xylitol and (d−f) erythritol.

Table 1. Results of Graphene-SA Simulationsa

Tm [K] U [106W/m2/K] k [W/m/K] Λ [nm]

TIP4P/2005b 273 95.0(3) 0.94(6) 9.9(6)
erythritol 393 62.5(7) 0.47(4) 7.6(7)
xylitolc 367 66.7(5) 0.49(1) 7.3(2)
D-arabinitol 375 58.8(3) 0.54(1) 9.2(1)
D-mannitol 438 68.2(8) 0.51(11) 7.5(16)
D-glucitol 369 66.6(7) 0.54(6) 8.2(9)

aData in the parentheses show standard deviations of the last digit(s).
bSimulated at 300 K.25 cSimulated at 380 K.

Figure 12. Interfacial thermal contact conductance across graphene
layers solvated in various SA compounds. The blue bars corresponds
to results listed in Table 1. The green side bars are results of additional
simulations at 380 K.
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temperature would drop the same number of Kelvins as
dropped at the solid−liquid interface under the same heat flux.
As an interesting fact, for all SAs studied along with the
referenced material water, the Kapitza lengths are roughly in
the same range. To overcome the Kapitza length, which is
around 10 nm, CNTs much longer than 10 nm are required to
substantially increase the effective conductivity of the complex
material. Comparing among the SAs, the thermal contact
conductance values are all around 60 MW m−2 K−1. Because
erythritol and D-mannitol have relatively higher melting points,
additional simulations are performed for these two materials at
380 K to make better comparisons. The two results are plotted
as the side bars in Figure 12. We noticed for both materials, U
decreases with temperature. This could be a result of less
collisions with the interface and hence less energy transfer.

■ DISCUSSION
The goal of this research is to study the nanoscale heat transfer
across single layered carbon structures solvated in various SA
compounds. As pointed out by previous studies, the cross-plane
heat transfer is ballistic and dominated by the low frequency
phonons.25,27 Therefore, we analyzed the phonon mode
mismatch between the in-tube SA and out-of-tube SA. As
CNT diameter decreases, more phonon mode mismatch
between the SA molecules on the two sides are observed.
According to the acoustic mismatch model, a larger mismatch
hinders the interfacial heat transfer. On the other hand, the SA
molecules in the smaller sized CNTs exhibits sharper VDOS
peaks. These molecules are less liquid-like and have less
phonon scattering, resulting in a lowered heat transfer rate. It is
unclear if the sharper VDOS peaks are a result of the limited
molecular mobility. Nevertheless, the sharpness of VDOS peaks
and the limitation of the molecular mobility seem correlated
and this correlation is consistent with a previous study linking
the mass diffusion of enclosed water molecules to the cross-
plane thermal contact conductance.25 For all C4−C6 acyclic
polyalcohols of our interest, the same decreasing trend should
apply.
By comparing the VDOS between the first boundary layer

and the bulk region, we are convinced the aforementioned
phonon mode mismatch comes from the reaccommodated
configurations of the confined molecules, instead of an
interfacial effect. By studying the molecular configurations
inside the CNTs, the molecules are found to aggregate in
specific orientations depending on the CNT diameter. This is a
typical finite size effect of confinement. In the case of
CNT(7,7), the mean effective density is much larger than
expected. From the molecular collision point of view, this larger
density is the cause to the larger thermal contact conductance
across CNT(7,7). In terms of other C4−C6 acyclic
polyalcohols, their similar linear configuration and molecular
widths allow them to fit into CNT(7,7) by realigning to the
CNT axis. Therefore, we expect a larger thermal contact
conductance across CNT(7,7) than the one across CNT(8,8).
In all the simulations, no evident structural orderings are

observed. If the SAs crystallize or form a solid-like structure, the
phonon modes can be greatly altered and may result in a lower
thermal contact conductance. Although such a phenomenon is
not observed in this work, this possibility cannot be ruled out
considering the length and time scale of our simulations.
The graphene-SA thermal contact conductance is calculated

for five SA compounds. It is hard to draw conclusions on how
the exact U values are linked to their molecular structures or

their carbon bone lengths, since the results are all within a
narrow range. In the direction perpendicular to the graphene
plane, the detailed phonon transmission and scattering pattern
determine the cross-plane thermal contact conductance of each
SA compound.41 Since all C4−C6 acyclic polyalcohols share
similar linear configurations, for a rough estimation, we can
assume the U value is around 50−70 MW m−2 K−1, based on
the results of the five model materials. As another finding, a
lower temperature results in a lower thermal contact
conductance. However, this effect is not a big concern
considering that PCMs usually work at a constant temperature.

■ CONCLUSIONS
In this research, molecular dynamics simulations and advanced
data analyzing techniques are applied to study the nanoscale
heat transfer in interfacial systems where graphene and CNTs
are submerged into various SA compounds. Using erythritol
and xylitol as model materials, we found the cross-plane
thermal contact conductance to decrease as the CNT diameter
decreases, with an exception of CNT(7,7). The general
decreasing trend can be ascribed to the increasing phonon
mode mismatch. By comparing the VDOS of molecules in
different regions, the mismatch is found to be a finite size effect
of the confinement, instead of an interfacial effect. In the
analysis of the orientations of the SA molecules enclosed in the
CNTs, the mean effective density fluctuation is influenced by
both the interfacial effect and the finite size effect of the
confinement. The total HB number decreases as CNT diameter
decreases. However, the intramolecular HB number increases.
In systems with smaller CNTs, the HB donor−acceptor lengths
are shorter. From the molecular collision point of view, a higher
density promotes heat transfer. In the case of CNT(7,7), the
density effect becomes dominant and reverses the general
aforementioned decreasing trend. For graphene-SA composites,
five SA materials are considered and their cross-plane thermal
contact conductance values all fall into a narrow range between
50 to 70 W/m2/K. The results obtained in this research
deepened the understanding of the nanoscale heat transfer in
graphene/CNT-SA composite materials and provided essential
data for estimating the effective heat conductivity of any given
CNT-SA composite for material design purposes.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.6b05466.

1. Raw data used for calculating the graphene/CNT-SA
thermal contact conductance values; 2. VDOS of CNT/
graphene in CNT/graphene-erythritol composites; 3.
distribution of orientation angles of erythritol molecules
in the first boundary layers; 4. density profiles of SA
molecules in the composites; 5. orientation angles of
xylitol and erythritol calculated using the last frames of
each simulation (extension to Figure 9). (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: h.zhang@tue.nl; s.v.nedea@tue.nl. Phone:
+31402475410.

Notes
The authors declare no competing financial interest.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b05466
J. Phys. Chem. C 2016, 120, 21915−21924

21922

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b05466
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b05466/suppl_file/jp6b05466_si_001.pdf
mailto:h.zhang@tue.nl
mailto:s.v.nedea@tue.nl
http://dx.doi.org/10.1021/acs.jpcc.6b05466


■ ACKNOWLEDGMENTS

The research leading to these results has received funding from
the European Community’s Seventh Framework Programme
(FP7/2007-2013) under grant agreement 296006.

■ ABBREVIATIONS

CNT carbon nanotube
MD molecular dynamics
PCM phase change material
SA sugar alcohol

■ REFERENCES
(1) Fan, L.-W.; Khodadadi, J. M. Thermal Conductivity Enhance-
ment of Phase Change Materials for Thermal Energy Storage: a
Review. Renewable Sustainable Energy Rev. 2011, 15, 24−46.
(2) Zhang, H.; Iype, E.; Nedea, S. V.; Rindt, C. C. M. Molecular
Dynamics Study on Thermal Dehydration Process of Epsomite
(MgSO4· 7H2O). Mol. Simul. 2014, 40, 1157−1166.
(3) Rindt, C. C. M.; Lan, S.; Gaeini, M.; Zhang, H.; Nedea, S. V.;
Smeulders, D. M. J. In Continuous Media with Microstructure 2; Albers,
B., Kuczma, M., Eds.; Springer International Publishing: New York,
2016; Chapter Phase Change Materials and Thermochemical Materials
for Large-Scale Energy Storage, pp 187−197.
(4) Sole,́ A.; Neumann, H.; Niedermaier, S.; Martorell, I.; Schossig,
P.; Cabeza, L. F. Stability of Sugar Alcohols as PCM for Thermal
Energy Storage. Sol. Energy Mater. Sol. Cells 2014, 126, 125−134.
(5) Zhang, H.; van Wissen, R.; Nedea, S.; Rindt, C. Characterization
of Sugar Alcohols as Seasonal Heat Storage Media - Experimental and
Theoretical Investigations. Advances in Thermal Energy Storage,
EUROTHERM 99. 2014.
(6) Gunasekara, S. N.; Pan, R.; Chiu, J. N.; Martin, V. Polyols as
Phase Change Materials for Surplus Thermal Energy Storage. Appl.
Energy 2016, 162, 1439−1452.
(7) Shukla, A.; Buddhi, D.; Sawhney, R. L. Thermal Cycling Test of
Few Selected Inorganic and Organic Phase Change Materials.
Renewable Energy 2008, 33, 2606−2614.
(8) Nakano, K.; Masuda, Y.; Daiguji, H. Crystallization and Melting
Behavior of Erythritol In and Around Two-Dimensional Hexagonal
Mesoporous Silica. J. Phys. Chem. C 2015, 119, 4769−4777.
(9) Kaizawa, A.; Maruoka, N.; Kawai, A.; Kamano, H.; Jozuka, T.;
Senda, T.; Akiyama, T. Thermophysical and Heat Transfer Properties
of Phase Change Material Candidate for Waste Heat Transportation
System. Heat Mass Transfer 2008, 44, 763−769.
(10) van Wissen, R. M. J. Phase Change Behavior of Sugar Alcohol
Based Heat Storage Materials. M.Sc. Thesis; Eindhoven University of
Technology, 2013.
(11) Jesus, A. L.; Nunes, S. C.; Silva, M. R.; Beja, A. M.; Redinha, J.
Erythritol: Crystal Growth from the Melt. Int. J. Pharm. (Amsterdam,
Neth.) 2010, 388, 129−135.
(12) Zhang, H.; Nedea, S.; Rindt, C. Review and in silico
Characterization of Sugar Alcohols as Seasonal Heat Storage Materials.
13th international conference on energy storage - Greenstock 2015.
2015; pp PCM-14.
(13) Paul, A.; Shi, L.; Bielawski, C. W. A Eutectic Mixture of
Galactitol and Mannitol as a Phase Change Material for Latent Heat
Storage. Energy Convers. Manage. 2015, 103, 139−146.
(14) Yavari, F.; Fard, H. R.; Pashayi, K.; Rafiee, M. A.; Zamiri, A.; Yu,
Z.; Ozisik, R.; Borca-Tasciuc, T.; Koratkar, N. Enhanced Thermal
Conductivity in a Nanostructured Phase Change Composite due to
Low Concentration Graphene Additives. J. Phys. Chem. C 2011, 115,
8753−8758.
(15) Yu, W.; Xie, H.; Wang, X.; Wang, X. Significant Thermal
Conductivity Enhancement for Nanofluids Containing Graphene
Nanosheets. Phys. Lett. A 2011, 375, 1323−1328.
(16) Li, M. A Nano-Graphite/Paraffin Phase Change Material with
High Thermal Conductivity. Appl. Energy 2013, 106, 25−30.

(17) Fan, L.-W.; Fang, X.; Wang, X.; Zeng, Y.; Xiao, Y.-Q.; Yu, Z.-T.;
Xu, X.; Hu, Y.-C.; Cen, K.-F. Effects of Various Carbon Nanofillers on
the Thermal Conductivity and Energy Storage Properties of Paraffin-
Based Nanocomposite Phase Change Materials. Appl. Energy 2013,
110, 163−172.
(18) Marconnet, A. M.; Panzer, M. A.; Goodson, K. E. Thermal
Conduction Phenomena in Carbon Nanotubes and Related Nano-
structured Materials. Rev. Mod. Phys. 2013, 85, 1295.
(19) Huang, Y.-R.; Chuang, P.-H.; Chen, C.-L. Molecular-Dynamics
Calculation of the Thermal Conduction in Phase Change Materials of
Graphene Paraffin Nanocomposites. Int. J. Heat Mass Transfer 2015,
91, 45−51.
(20) Unnikrishnan, V. U.; Banerjee, D.; Reddy, J. N. Atomistic-
Mesoscale Interfacial Resistance Based Thermal Analysis of Carbon
Nanotube Systems. Int. J. Therm. Sci. 2008, 47, 1602−1609.
(21) Swartz, E. T.; Pohl, R. O. Thermal Boundary Resistance. Rev.
Mod. Phys. 1989, 61, 605.
(22) Huxtable, S. T.; Cahill, D. G.; Shenogin, S.; Xue, L.; Ozisik, R.;
Barone, P.; Usrey, M.; Strano, M. S.; Siddons, G.; Shim, M.; et al.
Interfacial Heat Flow in Carbon Nanotube Suspensions. Nat. Mater.
2003, 2, 731−734.
(23) Balandin, A. A. In-Plane and Cross-Plane Thermal Conductivity
of Graphene: Applications in Thermal Interface Materials. SPIE
NanoScience+ Engineering. 2011; pp 810107−810107.
(24) Chiavazzo, E.; Asinari, P. Enhancing Surface Heat Transfer by
Carbon Nanofins: Towards an Alternative to Nanofluids? Nanoscale
Res. Lett. 2011, 6, 1−13.
(25) Zhang, H.; Nedea, S. V.; Rindt, C. C. M.; Smeulders, D. M. J.
Cross-Plane Heat Transfer Through Single-Layer Carbon Structures.
Phys. Chem. Chem. Phys. 2016, 18, 5358−5365.
(26) Wang, M.; Yang, N.; Guo, Z.-Y. Non-Fourier Heat Conductions
in Nanomaterials. J. Appl. Phys. (Melville, NY, U. S.) 2011, 110, 064310.
(27) Hu, L.; Desai, T.; Keblinski, P. Determination of Interfacial
Thermal Resistance at the Nanoscale. Phys. Rev. B: Condens. Matter
Mater. Phys. 2011, 83, 195423.
(28) Shen, M.; Keblinski, P. Ballistic vs. Diffusive Heat Transfer
across Nanoscopic Films of Layered Crystals. J. Appl. Phys. (Melville,
NY, U. S.) 2014, 115, 144310.
(29) Cahill, D. G.; Ford, W. K.; Goodson, K. E.; Mahan, G. D.;
Majumdar, A.; Maris, H. J.; Merlin, R.; Phillpot, S. R. Nanoscale
Thermal Transport. J. Appl. Phys. (Melville, NY, U. S.) 2003, 93, 793−
818.
(30) Esposito, M.; Monnai, T. Nonequilibrium Thermodynamics and
Nose-Hoover Dynamics. J. Phys. Chem. B 2011, 115, 5144−5147.
(31) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS
4: Algorithms for Highly Efficient, Load-Balanced, and Scalable
Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435−447.
(32) Pascal, T. A.; Karasawa, N.; Goddard, W. A., III Quantum
Mechanics Based Force Field for Carbon (QMFF-Cx) Validated to
Reproduce the Mechanical and Thermodynamics Properties of
Graphite. J. Chem. Phys. 2010, 133, 134114.
(33) Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D.
A. Development and Testing of a General AMBER Force Field. J.
Comput. Chem. 2004, 25, 1157−1174.
(34) Zhang, H.; Nedea, S.; Rindt, C.; Zondag, H.; Smeulders, D.
Prediction of Anisotropic Crystal-Melt Interfacial Free Energy of Sugar
Alcohols Through Molecular Simulations. 15th International Heat
Transfer Conference (IHTC-15). 2014; pp IHTC15−8636.
(35) Pascal, T. A.; Goddard, W. A., III; Jung, Y. Entropy and the
Driving Force for the Filling of Carbon Nanotubes with Water. Proc.
Natl. Acad. Sci. U. S. A. 2011, 108, 11794−11798.
(36) Madsen, A. Ø.; Mason, S.; Larsen, S. A Neutron Diffraction
Study of Xylitol: Derivation of Mean Square Internal Vibrations for H
Atoms from a Rigid-Body Description. Acta Crystallogr., Sect. B: Struct.
Sci. 2003, 59, 653−663.
(37) Ceccarelli, C.; Jeffrey, G.; McMullan, R. A neutron diffraction
refinement of the crystal structure of erythritol at 22.6 K. Acta
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1980, 36, 3079−
3083.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b05466
J. Phys. Chem. C 2016, 120, 21915−21924

21923

http://dx.doi.org/10.1021/acs.jpcc.6b05466


(38) Berendsen, H. J. C.; Postma, J. P. l. M.; van Gunsteren, W. F.;
DiNola, A. R. H. J.; Haak, J. R. Molecular Dynamics with Coupling to
an External Bath. J. Chem. Phys. 1984, 81, 3684.
(39) Lin, S.-T.; Blanco, M.; Goddard, W. A., III The Two-Phase
Model for Calculating Thermodynamic Properties of Liquids from
Molecular Dynamics: Validation for the Phase Diagram of Lennard-
Jones Fluids. J. Chem. Phys. 2003, 119, 11792−11805.
(40) Pham, A.; Barisik, M.; Kim, B. Pressure Dependence of Kapitza
Resistance at Gold/Water and Silicon/Water Interfaces. J. Chem. Phys.
2013, 139, 244702.
(41) Chilukoti, H. K.; Kikugawa, G.; Shibahara, M.; Ohara, T. Local
Thermal Transport of Liquid Alkanes in the Vicinity of α-Quartz Solid
Surfaces and Thermal Resistance over the Interfaces: A molecular
Dynamics Study. Phys. Rev. E 2015, 91, 052404.
(42) Hu, H.; Sun, Y. Effect of Nanopatterns on Kapitza Resistance at
a Water-Gold Interface During Boiling: A Molecular Dynamics Study.
J. Appl. Phys. (Melville, NY, U. S.) 2012, 112, 053508.
(43) Da Silva, L. B. Structural and Dynamical Properties of Water
Confined in Carbon Nanotubes. J. Nanostruct. Chem. 2014, 4, 1−5.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b05466
J. Phys. Chem. C 2016, 120, 21915−21924

21924

http://dx.doi.org/10.1021/acs.jpcc.6b05466

