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next generation of ICs are expected to rely 
on chip stacking, novel 3D solutions must 
be devised for their heat management. [ 2 ]  

 The heat dissipation in ICs is medi-
ated by the thermal interface materials 
(TIMs) that fi ll the gap between the con-
ducting surfaces to reduce the interfacial 
thermal (Kapitza) resistance. State-of-the-
art TIMs, such as thermal greases and 
gels, have a typical thermal resistance 
of around 10 mm 2  K W −1 . [ 3 ]  Graphene 
and carbon nanotubes (CNTs) hold a 
great potential for the development of 
advanced TIMs due to their extraordi-
narily high thermal conductivity (around 
3000–5000 W m −1  K −1  [ 4 ] ). The thermal 
properties of graphene and CNTs have 
been the subject of intensive recent inves-
tigations. [ 5–14 ]  However, a number of 
issues need to be resolved before they can 
be used in engineering applications. When 

CNTs are in contact with another surface, their small diameter 
results in a large contact thermal resistance that dominates the 
overall thermal resistance. [ 15 ]  As a result, CNTs need to be dis-
persed in a matrix, such as a polymer, to ensure a large contact 
area. However, the high Kapitza resistance between the CNTs 
and the matrix [ 16 ]  drastically reduces the thermal conductivity 
of such CNT composites. The resulting thermal conductivity 
of the composite is close to that of a polymer matrix (around 
0.3 W m −1  K −1  at room temperature). [ 17 ]  Moreover, Gulotty 
et al. [ 18 ]  found that thermal conductivity of the CNT–polymer 
composites can be improved via the carboxylic functionaliza-
tion of multiwall CNTs. In contrast to CNTs, graphene provides 
a large contact area to mediate the heat transfer. Nevertheless, 
while graphene has a superior in-plane thermal conductivity 
(around 5000 W m −1  K −1  at room temperature [ 19 ] ), its cross-
plane heat transfer is hindered by the large interlayer thermal 
resistance: the  c -axis thermal conductivity in few-layer graphene 
(FLG) is only around 0.7 W m −1  K −1 . [ 20 ]  

 Hence, reducing the  c -axis thermal resistance in FLG [ 13 ]  is 
a key issue in developing graphene-based TIMs. In this con-
text, the covalently bonded carbon hybrids have attracted much 
interest recently. [ 21–26 ]  In particular, the 3D stacking of the “pil-
lared graphene” structure [ 21 ]  has shown promising applications 
in the hydrogen storage [ 21 ]  and heat transfer. [ 24 ]  Here, we pro-
pose an sp 2  covalently bonded graphene–CNT hybrid structure 
(which we have termed as G-CNT) that reduces drastically the 
 c -axis thermal resistance of FLG. We demonstrate through 
molecular dynamics (MD) simulations that thermal transport 
between FLG sheets is clearly enhanced when the covalent 
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  1.     Introduction 

 In the last 30 years, along with advances in the miniaturiza-
tion of the electronic devices, we have witnessed a staggering 
escalation of the power density in integrated circuit (IC) chips. 
Today, the power density on a modern microprocessor reaches 
100 W cm −2 , an order of magnitude higher than that of a typical 
hot plate. [ 1 ]  Thermal management has become a critical aspect 
in the design of ICs, as heat dissipation drastically limits the 
performance and reliability of the devices, and large amounts 
of energy are required for their cooling. [ 1 ]  Furthermore, as the 
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bonding replaces the noncovalent van der Waals (vdW) inter-
actions. We fi nd that the G-CNT hybrid structure possesses 
advantageous heat transfer properties over individual CNT, 
while at the same time it provides a large contact area to facili-
tate the heat transfer from planar surfaces. With 10% CNT 
bonding, the cross-plane thermal transport in the G-CNT can 
be enhanced by more than 2 orders of magnitude over that of 
FLG. The estimated thermal resistance of the hybrid G-CNT 
structure at the typically bond line thickness [ 3 ]  of 10 µm is 3 
orders of magnitude lower than that of state-of-the-art TIMs. 
We have conducted phonon wave packet simulations to eluci-
date the difference in the energy transmission between the sp 2  
covalent bonding and noncovalent vdW interaction.  

  2.     Results and Discussion 

  2.1.     Thermal Conductivity of G-CNT 

 We fi rst consider two graphene sheets with a cross section 
 D  ×  D  (here  D  ≈ 10 nm) covalently bonded to (6,6) CNTs with 
a fi xed length  L  = 16 nm (the simulation domain size for 
obtaining the asymptotical  c -axis thermal resistance in FLG [ 13 ] ). 

Details about the construction of the G-CNT structure are 
presented in the Supporting Information. We use two defi ni-
tions of the cross section when computing the heat fl ux in the 
G-CNT: (a) the constant cross section  S  0  =  D  2 ; (b) the effective 
cross section excluding the hollow area  S  E  =  S  0  × (1 −  ρ ). Here  ρ  
is the density of CNT defi ned as  ρ  =  N  ×  π  ×  R  2 / S  0 , where  N  is 
the number of CNTs and  R  is the CNT radius. The thermal con-
ductivity of the G-CNT (setup shown in  Figure    1  a) is computed 
with the non-equilibrium molecular dynamics (NEMD) simula-
tion. Its  c -axis thermal conductivity ( κ ) is almost one order of 
magnitude higher than that of FLG even with only one CNT. 
More importantly,  κ  increases monotonically with  ρ  (Figure  1 b). 

  We consider two different CNT density regions when con-
structing the G-CNT structure. In the low CNT density region 
( ρ  < 20%), we set the minimum inter-CNT distance ( d  min ) 
much larger than the LJ interaction parameter  σ  ( d  min  > 3 σ ) 
so that LJ interaction between the CNTs is negligible. As a 
result,  κ  of the G-CNT is independent of the specifi c CNT 
arrangement for the same CNT density (Figure S5, Sup-
porting Information). Furthermore, we note that using the 
two defi nitions of cross section gives equivalent results. This 
suggests that the improvement of the  c -axis thermal con-
ductivity in the G-CNT over FLG is due to the replacement 
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 Figure 1.    Cross-plane thermal conductivity  κ  of G-CNT hybrid structure at room temperature. a) Schematic of the setup for the NEMD simulations. 
Langevin thermostat with temperature  T  +  and  T  −  is applied to the top (red) and bottom (blue) graphene sheets, respectively, resulting in the heat fl ow 
in the  z -direction. b) Dependence of  κ  on CNT density  ρ  with the fi xed  D  = 10 nm and  L  = 16 nm. Two defi nitions of cross section ( S  0  and  S  E ) are used 
for comparison. The  c -axis thermal conductivity in few-layer graphene from refs. [13,20] is also plotted for reference. The dashed line draws the linear 
dependence on  ρ  for reference. c) Effect of inter-CNT interaction strength  χ  for a CNT array (inset) with  ρ  ≈ 32%,  D  = 10 nm, and  L  = 16 nm.  S  E  is 
used in the calculation.  d , length dependence of κ for individual CNT and G-CNT hybrid structure with  D  = 10 nm.  S  0  is used for both G-CNT hybrid 
structure and individual CNT.
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of noncovalent interaction with covalent bonding. When 
 ρ  is below 5%,  κ  varies linearly with the CNT density 
(Figure  1 b). At 10% CNT density, the  κ  of the G-CNT is about 
100 W m −1  K −1  (Figure  1 b), more than 2 orders of magnitude 
higher than that of FLG. 

 In the high CNT density region ( ρ  > 20%), the inter-CNT 
distance is within the cutoff distance so that the LJ interac-
tion is no longer negligible, and we construct periodic array of 
CNTs (phononic crystal structure) with the equal spacing (inset 
in Figure  1 c). For the high-density case,  κ  is underestimated 
with  S  0  as there are signifi cantly less atoms conducting heat 
from the holey graphene sheet compared to the full graphene 
sheet. Moreover,  κ  exhibits a sublinear dependence at high 
CNT density (Figure  1 b), suggesting an enhanced phonon 
scatterings. In addition, we fi nd that the inter-CNT interac-
tion also plays a role in the  c -axis heat transfer. Increasing the 
inter-CNT interaction strength is found to decrease the  κ  of 
the G-CNT monotonically (Figure  1 c). This result is consistent 
with the fi nding [ 27,28 ]  that the inter-CNT interaction in multi-
walled CNTs is responsible for the reduction of axial thermal 
conductivity.  

  2.2.     Comparison with Other Structures 

 We compare the thermal properties of the G-CNT with an 
individual CNT. The room temperature thermal conduc-
tivity of a (6,6) CNT (computed with a similar setup in 
Figure S4, see the Supporting Information) exhibits a power-
law dependence on its length as  κ ~   L   α   (0 <  α  < 1), consistent 
with previous studies. [ 29,30 ]  This length dependence is due to 
the break down of Fourier’s law in nanostructures. [ 31,32 ]  The 
exponent  α  depends on the temperature and chirality of the 
CNT, [ 29,30 ]  and for the (6,6) CNT it is found to be approxi-
mately equal to 0.25. To make a direct comparison with the 
G-CNT, we use the same the cross section  S  0  when com-
puting the thermal conductivity of the CNT. In this way we 
fi nd that the thermal conductivity of the individual CNT is 
almost identical to that of the G-CNT with only one CNT 
(Figure  1 d). This suggests that the high thermal conductivity 
of CNTs can be preserved by the G-CNT hybrid. As the single-
walled CNTs have higher thermal conductivity than the multi-
walled CNTs due to the inter-CNT interaction, [ 27,28 ]  we expect 
that multiwalled G-CNT hybrid should have a lower thermal 
conductivity than the single-walled counterpart. To focus on 
the idea of covalent bonding, we limit our discussion on the 
single-walled G-CNT hybrid in this study. Furthermore, with 
multiple CNTs, the total thermal conductivity of the G-CNT 
is a multiple of that of the individual CNT (Figure  1 d). Due 
to the sublinear dependence of the CNT thermal conductivity 
on its length, the parallel arrangement of CNTs in the G-CNT 
provides a far superior thermal conductivity than that of a 
single CNT with an equivalent total length. The G-CNT pre-
sents a novel avenue to exploit the high thermal conductivity 
of CNTs. 

 We note that the typical bond line thickess of the CNT-based 
state-of-the-art TIMs is  L  = 10 µm. [ 33 ]  MD simulations for CNTs 
at such length scales are beyond our computational resources. 
Instead we estimate the thermal resistance based on our present 

results by postulating that the power-law dependence  κ  ~  L α   
( α  ≈ 0.25) holds in the sub-10 µm length scale. This assumption 
is consistent with a previous experimental study that reports 
breakdown of Fourier’s law in CNTs with length up to 10 µm. [ 31 ]  
Hence, the thermal resistance depends on the length according 
to the following relation:  R  =  L / κ  ~  L  1−   α  . As shown in Figure  1 b, 
thermal conductivity  κ  ≈ 100 W m −1  K −1  for the hybrid struc-
ture with CNT density  ρ  = 10% at  L  = 16 nm, and the corre-
sponding thermal resistance is  R  0  = 1.6 × 10 −4  mm 2  K W −1 . For 
the same CNT density, the thermal resistance at  L  = 10 µm can 
be estimated as  R  =  R  0  × (10 000/16) 0.75  = 0.02 mm 2  K W −1 . 
We remark that this value is 3 orders of magnitude lower 
than the one exhibited by the state-of-the-art TIMs (around 
10 mm 2  K W −1 ). [ 3,33 ]  

 Compared to the pillared graphene, [ 21 ]  the G-CNT allows 
for much higher CNT density and as such it enables higher 
 c -axis thermal conductivity. It is important to note also that 
the pillared graphene architecture entails numerous CNT-gra-
phene junctions due to the 3D stacking. These junctions are 
responsible for the thermal resistance for both in-plane [ 24 ]  and 
 c -axis [ 26 ]  heat transfer in the pillared graphene. In contrast, 
CNTs are only covalently bonded with the top and bottom 
graphene layers in the G-CNT structure. Thus, the G-CNT 
architecture is more advantageous as it is easier to be realized 
experimentally [ 22 ]  and exhibits reduced  c -axis thermal resist-
ance. Given the available techniques [ 34–36 ]  for synthesizing the 
hybrid structure of graphene and CNT, we expect the G-CNT 
structure proposed in this study can be readily fabricated in 
experiment. 

 There are experimental efforts of designing graphene/
CNT based composites for novel thermal management. [ 37–40 ]  
For instance, Shahil and Balandin [ 37 ]  synthesized graphene–
FLG nanocomposite polymer and achieved around 23 times 
enhancement in thermal conductivity at the fi ller loading fac-
tion of 10 vol%, with thermal conductivity reaching around 
5.1 W m −1  K −1  at room temperature. Koo et al. [ 40 ]  reported 
the thermal properties of a set of different Li-ion battery 
electrodes enhanced with multiwalled CNTs. They achieved 
the highest in-plane and cross-plane thermal conductivity 
around 141 and 3.6 W m −1  K −1 , respectively. Depending on 
the system parameters, the cross-plane thermal conductivity 
of G-CNT presented in this study (Figure  1 ) can be an order 
of magnitude higher than the experimental results. This is 
because we only consider defect-free G-CNT in our simula-
tion, and the covalent bonding greatly reduces the thermal 
boundary resistance (see the following discussion) compared 
to that of the graphene/CNT based nanocomposite used in 
experiments.  

  2.3.     Phonon Wave-Packet Analysis 

 In order to understand the enhancement of the  c -axis thermal 
conductivity by the covalent bonding, we investigate the prop-
agation of the individual phonon wave packet in graphene 
sheets with and without covalent bonding to a CNT of length 
 L  = 10 nm ( Figure    2  ). As the thermal transport is dominated by 
the acoustic phonons, we focus on the acoustic phonon wave-
packet propagation in the [100] direction. 
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  In the presence of the covalent bonding, the longitudinal 
acoustic (LA) wave packet propagates through the CNT to the 
bottom layer. When the phonon wavelength is greater than the 
CNT diameter, the wave packet propagation is barely affected 
by the CNT ( Figure    3  a). With the decrease of the phonon 
wavelength, the wave packet experiences more scattering by 
the CNT (Figure  3 b), leading to the decreasing phonon trans-
mission coeffi cient  η  (Figure  3 c). For the transverse acoustic 
(TA) and fl exural acoustic (ZA) phonons,  η  shows a nonmono-
tonic dependence on wavenumber due to the complex mode 
conversion in the G-CNT (see the Supporting Information for 
details). A similar drop in the transmission coeffi cient for the 

low-frequency TA phonons has been observed at CNT/gra-
phene/Si interface. [ 41 ]  

  Without covalent bonding, the wave packet energy is trans-
mitted to the bottom layer through the out-of-plane vibra-
tion. Due to the mode orthogonality, we observe negligible 
out-of-plane vibration when the in-plane phonon wave packet 
is applied. Therefore, the amplitude of the in-plane wave 
packet in the top layer is almost unaffected by the inter-layer 
vdW interaction, causing negligible energy transmission to 
the bottom layer (Figure  3 d). When the ZA wave packet is 
applied to the top layer, it induces large energy oscillation in 
both layers at the beginning (the transient state), while the 
induced energy is distributed equally between two layers in 
the steady state (Figure  3 e). Our wave packet simulations are 
in line with the recent fi ndings [ 42–44 ]  showing that the vdW 
interaction between graphene and substrate has a stronger 
impact on the out-of-plane phonons than the in-plane 
phonons. 

 Figure  3 f reports the transmission coeffi cient  η  in bilayer 
graphene for the same wave-packet propagation time as in 
the G-CNT. In bilayer graphene, negligible in-plane phonon 
energy (less than 0.5%) can be transmitted to the bottom 
layer through the noncovalent interaction. For the ZA branch, 
at most 50% of the energy can be transmitted across the 
bilayer graphene and only for the low-frequency phonons. If 
we only consider the nearest-layer interaction in FLG, then 
the energy transmission across FLG approximately scales as 
 η N   −1 , where  N  is the number of layers and  η  is the transmis-
sion coeffi cient in bilayer graphene. For the same thickness 
of 10 nm (30 layers in FLG), the estimated energy trans-
mission to the bottom layer in FLG for all acoustic phonon 
branches will become negligible compared to that in the 
G-CNT (Figure  3 c). The wave-packet simulations clearly elu-
cidate that the phonon transmission across graphene sheets 
can be signifi cantly promoted by the covalent bonding, 
leading to the remarkably improved  c -axis thermal transport 
in the hybrid structure.  

  2.4.     Cooling of Hot Surfaces 

 The proposed G-CNT structure is compatible with the multi ple 
stackings envisioned for the next generation 3D IC chips. The 
G-CNT can serve as a TIM to dissipate the heat from two hot 
surfaces through the contact with its graphene layers, and 
it can be immersed in a circulating liquid ( Figure    4  a) for the 
sustained cooling of IC chips. To demonstrate this idea, we 
simulate the transient cooling process of the hot surface by 
G-CNT. The G-CNT and the FLG have the same dimension of 
12 × 10 × 13 nm 3 , and the G-CNT has a CNT density about 
14%. To fi ll in the empty space between the CNTs in the G-CNT, 
the number of water molecules (46 111) is chosen to reproduce 
the bulk water density in the regions away from the CNT and 
graphene surface. 

  We fi rst examine the cooling performance of the G-CNT in 
vacuum, by comparing its transient heat dissipation and tem-
perature relaxation time with that of the FLG having the same 
dimension. We fi nd that the G-CNT (CNT density around 
14%) can cool down the hot surfaces much faster than the FLG 
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 Figure 2.    Setup for the phonon wave-packet simulation. A Gaussian 
wave packet is applied only to the top graphene layer, propagating along 
the  x -direction. The simulation domain has about 1000 unit cells in the 
 x -direction. a) G-CNT with a single CNT of length  L  = 10 nm. b) Bilayer 
graphene. c) Region defi nitions in the top graphene layer along the width 
direction. Region C has the width of one CNT diameter. Region B is close 
to CNT, exhibiting surface curvature. Region A is far away from CNT 
without surface curvature.
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(Figure  4 b). The computed temperature relaxation times are 
 τ  = 0.7 ps and  τ  = 126.6 ps for the G-CNT and FLG, respectively, 
exhibiting more than 2 orders of magnitude speed up by the 
G-CNT. We then immerse the G-CNT in a large water reser-
voir. Interestingly, the water does not affect the fast heat dis-
sipation path through the solid G-CNT matrix. Furthermore, 
it removes the heat away from the solid matrix through the 
solid–liquid interaction and further cools down the hot surface 
to the ambient temperature. This solid–liquid heat dissipation 
can be improved by reducing the Kapitza resistance between 
the solid–liquid interface. We are investigating this aspect in a 
separate study. [ 45 ]    

  3.     Conclusion 

 In summary, we present a G-CNT hybrid structure that is 
shown to outperform the heat dissipation properties of both 
CNTs and FLG by exploiting the covalent bonding of graphene 
to CNTs. We demonstrate, through MD simulations, that the 
G-CNT enhances the  c -axis heat transfer of individual CNTs 
through their parallel arrangement, while at the same time it 
provides a large contact area for effi cient heat removal. The 
G-CNT is shown to outperform by 2 to 3 orders of magnitude 
the heat transfer capabilities of state-of-the-art TIMs. Further-
more, we show that the G-CNT can provide sustained and rapid 
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 Figure 3.    Phonon wave-packet simulation in G-CNT and bilayer graphene. a,b) Atom  x -displacement in the top graphene layer of the G-CNT for LA 
phonons with different wavenumbers. Here  a  is the lattice periodicity in the  x -direction. The regions are defi ned in Figure  2 c. The shadowed region 
marks the location of CNT with the diameter  D  CNT  ≈ 2 a . c) Phonon energy transmission coeffi cient η through covalent bonding for different acoustic 
branches in the [100] direction. d,e) Total energy in bilayer graphene for LA and ZA phonons with  k  = 0.2 × (2π/ a ). The inset in panel (d) shows the 
phonon wave packet in the top layer at different snapshots. f) Phonon energy transmission coeffi cient η through noncovalent interaction for different 
acoustic branches in the [100] direction. The inset in panel (f) is a zoom-in for the in-plane acoustic branches. Here results are recorded for the same 
wave-packet propagation time as in the G-CNT.
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cooling by being immersed in a liquid. Our results suggest that 
the proposed G-CNT hybrid can help revolutionize the design 
of high-performance IC chips.  

  4.     Experimental Section 
  Thermal Conductivity Calculation : MD simulations in this study were 

performed using the LAMMPS package, [ 46 ]  with a time step of 0.5 fs. The 
sp 2  covalent bonding was modeled by the optimized Tersoff potential [ 47 ]  
for graphene and CNT, which could provide accurate description of the 
phonon dispersion and thermal conductivity value consistent with the 

experiment. Lennard–Jones (LJ) potential χε σ σ= ⎛
⎝

⎞
⎠ − ⎛

⎝
⎞
⎠

⎡

⎣
⎢

⎤

⎦
⎥V r

r r
( ) 4

12 6

 with 

parameters from Girifalco et al. [ 48 ]  was used to model the noncovalent 
vdW interaction between CNTs, where  χ  was a dimensionless scaling 
factor that controls the interaction strength ( χ  = 1 by default). The cutoff 
distance for LJ potential was set as 2.5 σ . Equilibrium MD simulations 
with the NPT ensemble were fi rst performed for structure relaxation 
and thermal equilibration. NEMD simulations were then carried out to 
establish the temperature gradient by using the Langevin thermostat. 
Periodic boundary conditions were applied in the in-plane ( xy ) directions, 
and the free boundary condition was used in the  z -direction. Thermal 
conductivity was computed based on Fourier’s law  κ  = −  J /∇ T , where 
 J  was the heat fl ux computed as the energy induced by the thermostat 
across unit area per unit time and ∇ T  was the temperature gradient 
computed based on the linear regression analysis of the temperature 
profi le. Then NEMD simulation were run long enough (10 ns) to 
ensure the steady state that temperature gradient and heat fl ux were 
independent of time. All results presented in the paper have been 
averaged over six independent runs with different initial conditions. 
More details about the simulations and calculations are presented in the 
Supporting Information. 

  Phonon Wave-Packet Simulation : Phonon dispersion and eigenvectors 
in graphene were computed with the optimized Tersoff potential [ 47 ]  using 
the GULP package. [ 49 ]  Following Schelling et al., [ 50 ]  the Gaussian wave 
packets propagating in the [100] direction with different polarizations 
and wave numbers were applied to the top graphene layer in the G-CNT 
and to the top graphene layer in bilayer graphene, respectively. In bilayer 
graphene, the intralayer interaction was covalent and modeled by the 
short-range optimized Tersoff potential, while the interlayer interaction 
was noncovalent and modeled by the long-range LJ potential. The 

width of the wave packet was set as 100 unit cells. The in-plane size 
of the simulation domain was set as 430 × 4 nm 2 , corresponding to a 
length of about 1000 unit cells in the propagation direction. A (6,6) CNT 
with the length of 10 nm was used in the G-CNT structure. Periodic 
boundary conditions were applied in the in-plane ( xy ) direction, and 
the free boundary condition was applied in the  z -direction. The phonon 
transmission coeffi cient was computed as E

E(0)
η γ= Δ , where Δ E  is the energy 

loss in the top graphene layer,  E (0) is the energy of the initial wave packet 
at time  t  = 0, and  γ  is a dimensionless factor that accounts for the contact 
width of the wave packet. For the G-CNT,  γ  =  D  CNT / W , where  D  CNT  is the 
diameter of CNT and  W  is the width of the graphene. In bilayer graphene, 
 γ  = 1. More details about the simulation setup and calculations are 
presented in the Supporting Information. 

  Liquid Cooling Simulation : The fl exible simple point-charge (SPC) 
water model [ 51 ]  was used to simulate the water, and the graphene–
water interaction was modeled by the LJ potential with parameters from 
Werder et al. [ 52 ]  The long-range Coulombic forces were computed by the 
Particle-Particle-Particle-Mesh (P 3 M) method [ 53 ]  with a potential cutoff 
radius of 9 Å. Periodic boundary conditions were used in all directions. 
A vacuum region of 4 nm in thickness was added in the  z -direction. The 
whole system was fi rst equilibrated at ambient temperature (300 K) 
using the NPT ensemble. Then, Langevin thermostats (NVT ensemble) 
were applied only to the top and bottom graphene layers in both the 
G-CNT and the FLG to generate two high-temperature (2000 K) hot 
surfaces. During the heating process, the rest of the atoms in the 
system were kept fi xed. Finally, to simulate the heat dissipation process, 
thermostats attached to the hot surfaces were removed and all atoms 
were allowed to move according to the interatomic interactions. To 
model the infi nitely large water reservoir (constant temperature), all 
the water molecules were thermalized at ambient temperature by using 
the Langevin thermostat during the heat dissipation process. Following 
Shenogin et al., [ 54 ]  the temperature decay of the hot surface was fi tted 
according to the exponential function T t T e yt( ) 0

/
0= +τ− , where  τ  is the 

temperature relaxation time that measures the heat dissipation rate.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    Ultrafast cooling by G-CNT hybrid structure and water. a) The 
G-CNT immersed in water. b) Averaged temperature of the two hot sur-
faces cooled down by the G-CNT with/without water surrounded. The 
cooling performance for FLG is also plotted for comparison. The same 
cross section of 12 × 10 nm 2  and thickness of 13 nm in the  z -direction 
are used for both the G-CNT and FLG. The G-CNT has a CNT density 
 ρ  ≈ 14%, and 46 111 water molecules are used to fi ll in the empty space 
between the CNTs. The symbols show the initial temperature of the hot 
surface.
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