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I
n the past few years, the issue of ther-
mal management has received signifi-
cant attention from the electronics and

the aerospace industry.1,2 With the develop-

ment of micro/nanoscale electronic

devices,3,4 the need to quickly dissipate

thermal energy is absolutely critical for de-

vice performance and lifetime.5 The aero-

space industry too has issues managing

waste heat, generated from various elec-

tronic and mechanical components within

aircrafts. These concerns have provided mo-

tivation to understand, improve, and guide

the development of novel materials with

tailored multidimensional thermal transport

characteristics, which are an integral part

of current aerospace and electronics indus-

try. Recently, directional thermal transport

has also garnered a lot of interest in the area

of thermal rectification phenomenon6 and

phonon waveguides7 to address these

issues.

It is well-known from many experimen-

tal evidences that carbon nanotubes (CNT),

graphene, and diamond are a few of the ex-

cellent thermally conductive known materi-

als. The superior thermal conductivity of

these carbon allotropes8�12 is attributed to

their ordered structure as well as to the stiff-

ness of C�C bonds. However, unlike dia-

mond, which exhibits isotropic thermal con-

ductivity due to its tetrahedral bonding

network, other forms of allotropic carbon

(CNT, graphite) have direction dependent

thermal transport properties. The thermally

conductive direction for CNT is along its cy-

lindrical axis, whereas for graphite, domi-

nant thermal conduction is along the

graphene plane. In both the systems, the

thermal conductivity in the corresponding

perpendicular direction is reduced by two

or more orders of magnitude.13�15 This is

due to the fact that in transverse direction
the graphene sheets/nanotubes interact
only via nonbonded van der Waals interac-
tions. When these allotropes (CNT/graphite)
are introduced as fillers/additives in poly-
mer composites, only a minor enhancement
is observed in the effective value of ther-
mal conductivity. As these fillers are ran-
domly dispersed in the matrix, they almost
always come in transverse contact over a
relatively less contact area, leading to very
high thermal resistivity.16 Even for randomly
oriented pure CNT-pallets, theoretical calcu-
lations using Green’s function have deter-
mined the upper-bound of overall thermal
conductivity to be only a few W/m-K.17

Therefore, to avoid/overcome these ther-
mal barriers, it is important to design new
interfacial architectures with inherently low
thermal interface resistance.
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ABSTRACT Carbon nanotubes (CNT) and graphene are considered as potential future candidates for many

nano/microscale integrated devices due to their superior thermal properties. Both systems, however, exhibit

significant anisotropy in their thermal conduction, limiting their performance as three-dimensional thermal

transport materials. From thermal management perspective, one way to tailor this anisotropy is to consider

designing alternative carbon-based architectures. This paper investigates the thermal transport in one such novel

architectureOa pillared-graphene (PG) network nanostructure which combines graphene sheets and carbon

nanotubes to create a three-dimensional network. Nonequilibrium molecular dynamics simulations have been

carried out using the AIREBO potential to calculate the thermal conductivity of pillared-graphene structures along

parallel (in-plane) as well as perpendicular (out-of-plane) directions with respect to the graphene plane. The

resulting thermal conductivity values for PG systems are discussed and compared with simulated values for pure

CNT and graphite. Our results show that in these PG structures, the thermal transport is governed by the minimum

interpillar distance and the CNT�pillar length. This is primarily attributed to scattering of phonons occurring at

the CNT�graphene junctions in these nanostructures. We foresee that such architecture could potentially be used

as a template for designing future structurally stable microscale systems with tailorable in-plane and out-of-

plane thermal transport.

KEYWORDS: pillared-graphene · carbon nanotubes · graphene · molecular
dynamics · thermal transport · phonon scattering · thermal management.
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For example, in principle, two graphene sheets

could be bonded together by a linkage to increase out-

of-plane thermal transport. Such design scheme can

however give rise to few very simple, yet significant

questions: (a) How does the inclusion of such linkers or

bonded network affect the out-of-plane as well as in-

plane thermal transport properties in graphene sheets?

(b) Does the dimension of such a network play signifi-

cant role toward determining its overall thermal trans-

port properties? (c) What is the significance of the

length of such a linker on the thermal transport?

To appreciate aforementioned concerns, one must

first consider; “How should we link two graphene sheets

to each other in a thermally effective manner?” In this

regard, exfoliation with compatible polymer matrix fol-

lowed by graphitic functionalization is one possible

route to achieve such a linkage.18,19 However, due to in-

trinsic low thermal conductivity of polymer matrix, the

heat transport across the graphene sheets is still ex-

pected to be significantly low. To achieve better ther-

mal transport in perpendicular direction, carbon nano-

tubes (due to their high thermal conductivity in axial

direction) could emerge as an attractive candidate in

the form of a CNT�graphene junction to create what

is known as “pillared-graphene” architecture. Froudakis

et al. have recently investigated this architecture from

the perspective of hydrogen storage.20 Not only did

they postulate that such a structure is energetically

stable based on quantum mechanical studies, they also

predicted that such a morphology could be used very

efficiently for hydrogen storage reaching Department

of Energy (DOE) requirements. Recently, Li et al. have

also investigated the electronic transport on similar

CNT�graphene junctions using nonequilibrium Green’s

function approach.21 While former junctions20 were
built entirely of sp2 carbon atoms, latter21 employed
heterojunctions with short molecular linkers, linking
CNT and graphene. Several other novel carbon-based
architectures have also been investigated recently from
the viewpoint of electronic transport22 and thermal
rectification.23�26 The synthesis efforts in similar carbon
nanotube intramolecular junctions have also been re-
viewed recently.27

From the perspective of thermal transport in such a
novel architecture (pillared-graphene system), it is intui-
tive to imagine significant heat transport in graphene
plane direction as well as nanotube axis direction at
first. Since both nanotubes and graphene sheet are
built from the same constitutive element “carbon” as
well as have same hybridization, the
nanotube�graphene junctionOif built purely from car-
bon atoms as in ref 20Ois expected to exhibit low ther-
mal resistance. In this study, we have explored the po-
tential of such architecture from the perspective of heat
transport using atomistic molecular dynamics (MD)
simulations. MD simulations have been used to simu-
late thermal transport of a wide variety of systems
which include carbon nanotubes and
graphene,13,14,28�30 diamond,31,32 ionic solids,33 crystal-
line and amorphous silicon,34,35 silica,36 metals,37

layered-structures,38,39 nanocomposites,40 network
polymers,41 and argon films42 using the Green�Kubo
approach43 (equilibrium molecular dynamics) and Fou-
rier law approach44 (nonequilibrium molecular dynam-
ics). In this article, we plan to investigate how the
“CNT�pillared-graphene morphology” affects the out-
of-plane thermal transport of graphene sheets, along
with additional aforementioned concerns, using the
nonequilibrium molecular dynamics (NEMD)
simulations.

The simulations were performed on three sets of
pillared-graphene structures (PGS) having different val-
ues of graphene interlayer distance (CNT�pillar length)
and separation distance between the nanotube pillars
(interpillar distance). The unit cell of one of these sys-
tems is shown schematically in Figure 1 along with the
concerned parameters, pillar length (PL) and minimum
interpillar distance (MIPD). For future discussion, we will
designate and differentiate these systems in terms of
“PL##_XXX_MIPD&&” terminology, where PL corre-
sponds to pillar length; MIPD corresponds to minimum
interpillar distance; and “##” and “&&” correspond to the
values of approximate pillar length (PL) and minimum
separation distance between pillars from edges of the
nanotubes (MIPD), respectively in Å. XXX corresponds
to either GPH or CNT which signify a particular direc-
tion. For example, PL12_GPH_MIPD9 will correspond to
a pillar graphene system in which pillar length is about
12 Å; minimum interpillar distance is about 9 Å; and
nonequilibrium thermal conductivity simulation is be-
ing studied along graphene (GPH) direction. We have

Figure 1. Schematic of a pillared-graphene system. MIPD and PL cor-
respond to minimum interpillar distance and pillar length, respec-
tively. Minimum interpillar distance was calculated as MIPD � (sys-
tem dimension along X-direction)/2 � CNT diameter. Pillar length was
assumed to be the distance between two graphene sheets.
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also performed nonequilibrium MD simulations on

pure graphite and (6, 6) carbon nanotube structures in

order to compare the thermal transport results of

pillared-graphene structures with these pure allotropic

forms. For current study, all systems were simulated us-

ing AIREBO force field45 using molecular dynamics

simulation package LAMMPS,46 as provided by Sandia

National Laboratories.

RESULTS AND DISCUSSION
We have categorized this section into three parts.

First, a brief discussion regarding cross-sectional area

employed for the thermal conductivity calculations is

presented. Then, thermal conductivity results of vari-

ous simulated pillared-graphene systems are discussed

based on Fourier law formalism. Here, we describe the

results of only one of the three studied systems

(PL32_MIPD21) in detail as analysis strategy was same

for all PG cases. (Here, XXX is dropped from terminol-

ogy as both GPH and CNT simulations are discussed.) Fi-

nally, we compare and discuss the thermal conductiv-

ity values of pillared-graphene systems with pure

graphite and (6,6) carbon nanotubes simulated sys-

tems and discuss the important governing parameters

for thermal transport from a material design

perspective.

Consideration of Cross-Sectional Area for Thermal Conductivity

Calculations. In order to calculate, discuss, and compare

thermal conductivity values of pillared-graphene struc-

tures, it is necessary to talk briefly about cross-sectional

areas which are used in calculations due to significant

spatial nonhomogeneity (empty space) in these struc-

tures (please refer to eq 1). One such cross-sectional

area, perpendicular to heat flow, is the overall cross-

sectional area of the pillared-graphene system that in-

cludes empty space. This area is most crucial from the

perspective of material design. Another important area

consists only of the region where the atoms are present,

for example, the area of the annular shell in carbon nan-

otubes. Such an area has been repeatedly used in litera-

ture to calculate and predict thermal conductivity of

carbon nanotubes, a similar spatially nonhomogeneous

system at molecular length scale. As discussed later,

this area turns out to be quite useful in the understand-

ing of phonon scattering in the PG structures. For ex-

ample, considering the latter area enables us to focus

on the effect of phonon scattering at CNT�graphene

junctions on in-plane thermal conductivity, avoiding

nanotube length concerns on thermal conductivity

which inherently appear if the former area is used.

To address these issues, we have considered two

areas - maximum cross-sectional area, corresponding

to overall system dimensions and atomic cross-

sectional area, corresponding only to area where at-

oms are present - for the calculation for thermal con-

ductivity values. We will refer to these areas as max-area

and atomic-area in the remainder of the manuscript

and discuss the relevance for their preferred usage in

later sub-sections. These cross-sectional areas are sche-

matically shown in Figure 2 for more clarity. Specifically,

for atomic-area calculation in the CNT direction, (such

as PL32_CNT_MIPD21), the cross-sectional area equiva-

lent to n annular rings of width 3.4 Å was employed (n

corresponds to the number of nanotube pillars at cer-

tain z-value). Similarly, for atomic-area calculation along

graphene direction, we employed a cross-sectional

area equivalent to n graphene sheets of width 3.4 Å. For

the sake of completeness, both cross-sectional areas for

simulated pillared-graphene systems are listed in Table 2.

Thermal Conductivity of Pillared-Graphene Systems. Figure

3 shows the cumulative heat flow as a function of time

for PL32_MIPD21 systems for both studied directions.

Figure 2. Schematic of different cross-sectional areas used for thermal conductivity calculations in pillared-graphene struc-
tures for heat flow along (a) nanotube-axis direction; (b) graphene-plane direction. The shaded region of max-area and
atomic-area are also represented. The width of the shaded region in blue (atomic-area) was assumed to be 3.4 Å.
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It is clear from the figure that the overall heat flow

along the graphene direction is higher than that along

the nanotube direction. The figure also suggests the

steady state was reached quickly, as the slopes of heat

flow plots become similar with each other for hot

(black) and cold (red) thermostated regions. Indeed,

the two observations discussed above were true for all

studied PG systems. This can be seen from the values of

heat flow (in eV/ps) as listed in Table 2.

Figure 4 shows the plot of induced temperature pro-

file along the slab for PL32_MIPD21 systems along

both directions. To avoid any bias in the time averag-

ing of temperature across bins, the averaging was done

only after temperature gradient profile got stabilized

with respect to time (after 500 ps). The temperature gra-

dient was calculated by fitting the middle section of

the graphs (�25 nm) and is listed in Table 2. In addi-

tion, Figure 4 shows that the temperature profile is non-

linear in the vicinity of boundary layers. This is attrib-

uted to scattering of phonons at the boundary in

temperature-controlled layers and is often observed in

NEMD simulations of highly thermally conductive sys-

tems.47

TABLE 1. Specifications of Various Studied Systems

system studied slab direction replication/number of repeat units (no. of atoms) final system sizes (nm) X, Y, Z

Graphite (8 layers of graphene)

G1 along X 32 repeat units (15360) 13.40, 3.63, 2.73
G2 along X 64 repeat units (30720) 26.80, 3.63, 2.73
G3 along X 128 repeat units (61440) 53.60, 3.63, 2.73
G4 along X 256 repeat units (122880) 107.20, 3.63, 2.73

(6, 6) Carbon Nanotube

CN1 along Z 25 repeat units (600) 3.0, 3.0, 6.07
CN2 along Z 50 repeat units (1200) 3.0, 3.0, 12.15
CN3 along Z 100 repeat units (2400) 3.0, 3.0, 24.30
CN4 along Z 200 repeat units (4800) 3.0, 3.0, 48.60
CN5 along Z 400 repeat units (9600) 3.0, 3.0, 97.19
CN6 along Z 800 repeat units (19200) 3.0, 3.0, 194.38

Pillared-Graphene System (along Graphene Direction)

PL12_GPH_MIPD9 along X (8,2,2) unit cells (33280) 26.54, 6.70, 4.79
PL32_GPH_MIPD21 along X (10,1,1) unit cells (33760) 58.43, 5.30, 6.48
PL12_GPH_MIPD21 along X (10,1,1) unit cells (26080) 58.44, 5.30, 2.60

Pillared- Graphene Systems (along Nanotube Directions)

PL12_CNT_MIPD9 along Z (2,2,8) unit cells (33280) 6.63, 6.70, 19.19
PL32_CNT_MIPD21 along Z (1,1,10) unit cells (33760) 5.84, 5.30, 64.99
PL12_CNT_MIPD21 along Z (1,1,10) unit cells (26080) 5.84, 5.30, 26.07

TABLE 2. Thermal Conductivity Results of Pillared-Graphene Systems

system studied heat flow (eV/ps) temperature gradient (K/nm) atomic (max) cross-sectional area (nm2) thermal conductivity (W/m-K)

Pillared-Graphene Systems (Along Graphene Direction)

PL12_GPH_MIPD9 1.95 1.013 9.11 (32.09) 33.792 (9.60)a

PL32_GPH_MIPD21 0.96 0.492 3.60 (34.34) 86.608 (9.10)
PL12_GPH_MIPD21 1.06 0.548 3.60 (13.78) 86.242 (22.7)

Pillared-Graphene Systems (Along Nanotube Direction)

PL12_CNT_MIPD9 1.02 1.630 6.93 (43.79) 14.438 (2.25)
PL32_CNT_MIPD21 0.20 0.540 1.73 (30.97) 33.263 (1.86)
PL12_CNT_MIPD21 0.24 1.227 1.73 (30.97) 15.773 (0.88)

aNonbracketed thermal conductivity values (atomic-area); bracketed thermal conductivity values (max-area).

Figure 3. Cumulative heat flow along the direction of simulated slab
as a function of time for pillared-graphene system (PL32_MIPD21).
(Top plot) PL32_GPH_MIPD21; (bottom plot) PL32_CNT_MIPD21. Color
scheme: (black) heat in the hot thermostated region; (red) heat flow
out from the cold thermostated region.
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The thermal conductivity results of all three PG sys-
tems along nanotube and graphene sheet directions,
are also listed in Table 2 for both cross-sectional areas.
For all studied cases, we observed that the thermal con-
ductivity along the graphene direction is significantly
higher than along the nanotube direction. The results
also suggested that interpillar distance and pillar length
play a crucial role in determining overall thermal trans-
port in these systems. The preliminary analysis of simu-
lated PG systems led to several important concerns. (i)
How does thermal conductivity of PG systems scale with
that of pure allotropic systems under the similar sys-
tem sizes? (ii) Does overall thermal conductivity of the
PG systems vary with system size? (iii) What is the spe-
cific role of both components (CNT-pillar length as well
as their interlayer distance) in dictating overall thermal
transport in both perpendicular directions?

Comparison with Pure Systems. In order to address these
concerns, we carried out thermal conductivity simula-
tions of pure (6, 6) carbon nanotubes and planar graph-
ite sheets for different system sizes based on similar
simulation protocol as described for PG systems. The
details of pure systems are listed in Table 1. For graph-
ite simulations, 8-graphene sheets were stacked to-
gether in an AB type of layer stacking14 to create the
graphite model structure. The thermal conductivity of
graphite is plotted in Figure 5 as a function of system
size. The figure shows that thermal conductivity, �, in-
creases with system size and appears to saturate as the
system size increases. Such power law behavior is of-
ten observed in highly thermally conductive systems in
which characteristic mean-free-path is larger than the
system size.15,48,49 The figure also shows calculated val-
ues of � for various studied PG systems along the
graphene direction (GPH systems), based on atomic-
area predictions. By using atomic-area, thermal conduc-
tivity in the graphene plane becomes independent of
nanotube�pillar length. It allows us to understand the

thermal transport limiting mechanisms, such
as effects of CNT-graphene junctions on
phonon scattering, within the plane. On the
contrary, usage of max-area adds further com-
plexity in the calculation of in-plane thermal
conductivity of graphene, arising from the
changes in cross-sectional area normal to heat
flow due to consideration of pillar length. The
plotted values in Figure 5 suggest that incorpo-
ration of CNT pillars in graphite sheets do pro-
vide scattering points at the junction, signifi-
cantly reducing the thermal conductivity with
respect to pure systems. The data also suggest
that although the values of � are relatively low,
it is increasing with overall system size.

To understand that if it is truly the system
size or is it the interpillar distance which gov-
erns the overall in-plane thermal conductivity,
we performed one more NEMD simulation on

another system, which we call 3X_PL12_GPH_MIPD9.

3X in front of “3X_PL12_GPH_MIPD9” corresponds to a

system which is 3 times larger along X direction and has

same pillar length and inter-pillar distances as of

PL12_GPH_MIPD9. It can be thought as just simple rep-

lication of PL12_GPH_MIPD9 structure three times

along X direction (graphene-plane direction). The ther-

mal conductivity of this new system is also plotted in

Figure 5 (orange). From the figure, it is clear that al-

though the system size of 3X_PL12_GPH_MIPD9 is larg-

est among all studied systems, � does not follow the

same trend. In fact, its conductivity value is very close

to PL12_GPH_MIPD9 (3X_PL12_GPH_MIPD9 and

PL12_GPH_MIPD9 have the same interpillar distance).

This suggests that it is, indeed, the interpillar distance

which governs the in-plane thermal conductivity of the

Figure 4. Temperature profile of pillared-graphene system
(PL32_MIPD21) in the steady state as a function of slab length. Color
scheme: (red) PL32_GPH_MIPD21; (blue) PL32_CNT_MIPD21. Black
solid lines are least-squares fit to temperature profile data at the cen-
ter of the unthermostated zone.

Figure 5. Thermal conductivity of graphite and pillared-graphene sys-
tems along the graphene plane direction based on atomic-area calcu-
lations: (black) pure graphite systems; (red) PL12_GPH_MIPD9; (green)
PL32_GPH_MIPD21; (blue) PL12_GPH_MIPD21; (orange)
3X_PL12_GPH_MIPD9 (see text). The inset shows the thermal conduc-
tivity of PG systems along graphene direction as a function of mini-
mum interpillar distance (MIPD). MIPD is the distance between the
nearest pillars from the edges of the nanotubes (see Figure 1).
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system rather than absolute system size along the heat

flowing direction, which might have a little signifi-

cance. This is more clearly seen in the inset of Figure 5,

where thermal conductivity, �, of the PG systems is plot-

ted as a function of minimum interpillar distance (MIPD)

instead of overall system size (refer to Figure 1 for

MIPD). It is seen that � increases linearly with MIPD at

studied length scales. Such a phenomenon could be

understood from the following reasoning. When the in-

terlayer distance is large, the scattering of in-plane

phonons will occur at longer distances (at the junc-

tions). This, in turn, will increase the overall phonon

mean-free-path leading to higher values of �. With fur-

ther increasing interpillar distances, � in the graphite di-

rection will approach that of a pure graphitic system.

We would also like to mention that in all of our PGS

studies, we do not expect any significant intersheet in-

teraction for graphene, as the least simulated intersheet

distance (pillar length) is 12 Å, at which van der Waals

interactions become negligible. This is further con-

firmed from the results of PL12_GPH_MIPD21 and

PL32_GPH_MIPD21 (same interpillar distance, different

pillar length). Both systems have similar in-plane ther-

mal conductivity as listed in Table 2, based on atomic-

area considerations. The difference in such cases only

arises because of geometric concerns when we con-

sider max-area which incorporates nanotube pillar

length in conductivity calculations (discussed later).

Along similar lines, results of thermal conductivity

for (6,6) carbon nanotubes are plotted as a function of

nanotube length in Figure 6. The conductivity values of

nanotube also show size dependent behavior similar

to graphite, and can be understood based on the simi-

lar arguments as discussed previously. Our predicted re-

sults are in good agreement with published

literature.24,50�53 Regarding length dependence of ther-
mal conductivity, our results predict a power law with
exponent �0.4 which lies well within predictable range
in different studies for armchair (n,n) nanotubes.24,52�54

The figure also shows calculated values of thermal con-
ductivity for various studied PG systems along nano-
tube axial direction with respect to pillar length (instead
of overall system size). As stated before, to compare
the results with those of pure nanotube systems, we
have used atomic-area based thermal conductivity val-
ues. It is quite remarkable that at studied length scales,
calculated conductivity values of PG systems follow
pure nanotube results very closely when plotted
against nanotube pillar length. This trend can be seen
more clearly in the inset of Figure 6. The longer the nan-
otube pillar length, the higher the conduction. Such be-
havior can again be attributed to the distance at which
the scattering of phonons occurs along the nanotube
direction (at CNT�graphene junction).

Considerations for Material Design. From the above dis-
cussion, phonon scattering at the junctions emerges
as the crucial mechanism which limits thermal trans-
port along graphene-plane and along nanotube axis.
However, while designing these materials for thermal
transport, additional geometric aspects should be ana-
lyzed, which also reveal the importance of overall cross-
sectional area (max-area). In such a case, we note that
both distances, pillar length and interpillar distance, af-
fect overall thermal transport in either direction. For ex-
ample, along the graphene direction, while minimum
interpillar distance governs the phonon scattering and
hence thermal conduction, the length of CNT pillars is
also significant. Increasing pillar length will increase the
effective cross-sectional area (max-area) for same num-
ber of graphene layers, reducing in-plane thermal con-
ductivity. Similarly, interpillar distance also becomes a
significant factor in determining effective thermal con-
ductivity along nanotube direction. The more the num-
ber of pillars within certain cross-sectional area (lower
value of interpillar distance), the higher the thermal
transport along CNT-pillar direction. On the basis of
above discussion, it is evident that both interpillar dis-
tance and pillar length, indeed, are crucial factors in
governing overall in-plane and out-of-plane thermal
transport.

SUMMARY AND CONCLUSIONS
In this article, we have investigated the thermal

transport in a novel 3-D pillared-graphene architec-
ture. At studied length scales, we find that pillar length
and minimum interpillar distance are the two important
parameters which govern thermal transport. On the ba-
sis of atomic-area thermal conductivity predictions, we
conclude that phonon scattering at the CNT�pillar-
graphene junctions is the governing mechanism which
limit thermal transport in these systems. Owing to spa-
tial in-homogeneity in these architectures, geometric

Figure 6. Thermal conductivity of (6, 6) carbon nanotubes and
pillared-graphene systems along the nanotube direction based on
atomic-area calculations: (black) pure carbon nanotube systems; (red)
PL12_CNT_MIPD9; (green) PL32_CNT_MIPD21; (blue)
PL12_CNT_MIPD21. The inset shows the data points of thermal con-
ductivity values of PG systems along the CNT direction in better reso-
lution along with CNT thermal conductivity (in black).
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aspects also play a significant role toward thermal con-
ductivity from material design perspective. We find that
both minimum interpillar distance and pillar length are
important parameters in deciding thermal conductivity
in either direction. While one of the distances dictates
phonon scattering length between CNT�graphene
junctions, other distance determines overall cross-
sectional area of the system. These points should be

kept in mind while designing such template architec-
tures for not only thermal transport but any flux related
property. In regards to thermal conduction, we also
postulate that since all atoms at the CNT�graphene
junction are of the same atomic mass and same hybrid-
ization, such a junction will provide a significantly low
resistance and allow the thermal energy to be trans-
ported in an efficient manner.

METHODS
Theory of Thermal Conductivity Calculation from NEMD Simulations.

The Fourier law approach is based on the principle of heat con-
duction which states that under steady state conditions, the
amount of heat flow per unit area in unit time is directly propor-
tional to the temperature gradient at the cross-section.55 This
proportionality constant is widely known as thermal conductiv-
ity and is calculated as shown in eq 1.

Here, Q is heat flow through the cross-sectional area A, �t is the
time for which heat is flowing and dT/dz is the steady state tem-
perature gradient. A representative protocol for the calculation
of Q/A�t and dT/dz from molecular dynamics simulations (which
is used in this study) is briefly discussed below.

First of all, the system of interest is modeled as a thin slab
with large aspect ratio along the heat flow direction and is equili-
brated at desired temperature and pressure. Next, one bound-
ary of the slab is heated to desired high temperature, Thigh, and
is kept at that temperature while the other boundary is cooled
and kept at desired low temperature Tlow. To keep the regions at
their specified temperatures, energy is continuously added and
taken off from the hot and cold regions during the course of the
simulation, respectively. Energy addition or removal is done in
terms of modifying kinetic energy by a velocity rescaling proce-
dure in both hot and cold thermostat, respectively. In doing so, a
temperature gradient is established across the slab. To calculate
the temperature gradient, the slab is divided into a pre-defined
number of thinner slabs with equal thickness. Thereafter, the
temperature of each slab is calculated as follows.

where, Ni is number of atoms in ith slab, mk and vk represent the
mass and velocity of the atom k, respectively, and kB is the Boltz-
mann constant. Furthermore, the calculated temperature for
each slab Ti is averaged over the several picoseconds to get a
smooth temperature profile. At last, the temperature gradient is
calculated by the slope of resulting temperature profile.

Similarly, heat flux per unit area, Q/(A�t) is calculated as
follows

where vpk and vk are the velocities of the atoms before and af-
ter rescaling to temperature of the thermostat, respectively. NB

is the number of atoms in the boundary layers. Once the temper-
ature gradient and heat flux are known, the thermal conductiv-
ity is calculated using eq 1.

Simulations Protocol. The design of the pillared-graphene sys-
tems has been discussed in detail by Froudakis et al.20 In brief,
to create a nanotube�graphene junction for PG systems, (6, 6)

carbon nanotubes of varying lengths were brought vertically
within atomic distance close to a graphene sheet with a hole,
whose diameter was similar to those of (6,6) nanotubes. This was
followed by bond formation between end-atoms of nanotubes
and graphene sheet using quantum calculations (DFT-BLYP/SVP
level of theory) and subsequent relaxation of the system. The
junction topology followed Euler’s rule for polygons at the sur-
face of closed polyhedron,56 regarding creation of heptagons at
the junction. These structures were later used for MD studies as
discussed next.

Initially, the unit cells of all pillared-graphene structures (as
shown in Figure 1) along with graphite and nanotube systems
were minimized using a conjugate gradient algorithm. Thereaf-
ter, in order to achieve equilibrated structures at 300 K, all sys-
tems were subjected to following series of simulations: (A)con-
stant volume (NVT) simulations for 100 ps, and (B) constant
pressure (NPT) simulations for 300 ps (independent barostats in
X-, Y-, and Z- directions).

At this stage, periodic boundary conditions were used in all
directions. For all studied simulations and ensembles, a time
step of 0.8 fs was used. After equilibration, the systems were rep-
licated several times in either X-direction (along graphene-plane
direction) or Z-direction (along nanotube-axis direction) to cre-
ate the slab morphology. Thereafter, the system was further
equilibrated using NPT simulations with independent direc-
tional barostats for 200 ps, followed by NVE simulations for 200
ps. The replication details along with final dimensions of all stud-
ied systems prior to NEMD simulations are listed in Table 1.

For nonequilibrium simulations, each studied elongated sys-
tem was divided into 32 thin slabs of equal thickness (for longer
pure (6,6) nanotube and graphite cases, we divided the elon-
gated system in 64 thin slabs of equal thickness). Subsequently,
one slab at the boundary was chosen and treated as the hot re-
gion while another slab on the other boundary was treated as
the cold region. The system was set to be periodic in the other
two directions perpendicular to heat flow. For current study, the
hot region was kept at 320 K while the cold region was kept at
280 K. Then, NEMD simulations in microcanonical ensemble
(NVE) were run for 2 ns in order to achieve the steady-state for
heat flow, and data collected for subsequent analysis.
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