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A C,p-based 3D carbon allotrope with high
thermal conductivity

Yupeng Shen, 2 Fancy Qian Wang, Jie Liu‘® and Qian Wang (2 *

Stimulated by the high thermal conductivity of diamond together with the light mass and rich resources
of carbon, a great deal of effort has been devoted to the study of the thermal conductivity of carbon-
based materials. In this work, we systematically study the thermal transport properties of a three
dimensional (3D) Cyq fullerene-assembled carbon allotrope, HSP3-Cs,, in which all carbon atoms are in
sp® hybridization. The stability of HSP3-Csy is confirmed and its thermal conductivity is obtained by using
first principles calculations combined with solving the linearized phonon Boltzmann transport equation.
At room temperature, the thermal conductivity of HSP3-Czy4 is 731 W m~* K™%, which is larger than those
of many 3D carbon allotropes, such as BCO-Cyg (452 W m™ K1), 3D graphene (150 W m™* K™% and
T-carbon (33 W m™ K™%). A detailed analysis of its phonons reveals that three acoustic branches are the
main heat carriers at room temperature, and the optical branches gradually become important with
increasing temperature. A further study on the harmonic and anharmonic properties of HSP3-Czy,
uncovers that the main reasons for the high thermal conductivity are the weak anharmonicity and large
group velocity resulting from the strong sp® bonding. This study provides new insights on searching for
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1. Introduction

Fullerenes, first discovered in 1985 as carbon cage molecules
with high symmetry,' have attracted tremendous attention
because of their special geometries, intriguing properties and
various applications in photophysics,”> superconductivity,
photovoltaic cells,*® electronic devices,” etc. In these practical
applications, fullerenes are usually assembled into 3D functional
materials rather than in the form of molecules.® Therefore, it is
particularly important to design and synthesize new materials by
using fullerenes as structural units. As the smallest fullerene in
the fullerene family, C,, is of special interest because of its
unique geometric configuration, consisting of only twelve
pentagons that break the “isolated pentagon rule” in fullerene
science.” ™ Since the successful synthesis of C,, fullerene,*
many efforts have been devoted to studying C,, fullerene-based
2D and 3D crystalline structures."**” Some C,,-based materials
have been experimentally synthesized. For instance, Wang
et al.'® reported the synthesis of a crystallized solid form of
Cao by using an Ar' ion irradiation method. Igbal et al'®
obtained a solid phase of dodecahedral C,, via ultraviolet laser
ablation on polycrystalline diamond close to a nickel substrate.
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carbon allotropes with high thermal conductivity.

As phonon spectra strongly depend on the complexity of the
assembly because of the interactions between the fullerene
molecules, the resulting phonons with complicated dispersions
would significantly affect the thermal conductivity. Therefore,
rational design of C,o-based structures may lead to satisfactory
thermal conductivity.

Usually, if fullerene molecules are simply stacked together
without forming bonds, the resulting structures will possess
ultralow thermal conductivity, which has been confirmed by
previous results (0.1-0.7 W m ™" K~ *).2°2 The ultralow thermal
conductivity is due to the weak interactions between the
molecules.”® But, when bonding takes place in the assembling of
fullerenes, a remarkable thermal conductivity can be achieved.'®
On the other hand, the hybridization of carbon atoms shows great
flexibility (sp, sp> and sp?). A 3D crystal made of all sp>-hybridized
carbon atoms could have low anharmonicity,”® leading to a high
thermal conductivity. Diamond is such an example.”* Besides,
when all the carbon atoms are in sp® hybridization, the structure
could be highly electrically resistant so that it can be used as a
thermal material in electronic devices without concern about short
circuits. However, only a few Cyo-based 3D structures with full sp
hybridization have been reported.”

Herein, we focus on C,, cages as building blocks for bulk
thermal materials, and a 3D carbon allotrope is generated,
which is the same as the clathrate H configuration proposed by
Karttunen et al.>® This structure possesses a hexagonal unit cell
with all 34 carbon atoms in sp® hybridization, thus it is named
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HSP3-C3,. By using state-of-the-art first-principles calculations
and the Boltzmann transport approach, we confirm the superior
stability, wide band gap (4.48 eV) and high lattice thermal
conductivity (731 W m~! K™') at room temperature, resulting
from the unique geometry of HSP3-Cs,.

2. Computational methods

The structure of HSP3-Cs, is fully relaxed and its electronic
structure is calculated using the density functional theory (DFT)
and the projector augmented wave (PAW)*® method as imple-
mented in the Vienna ab initio simulation package (VASP).>” The
Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA)*® is applied to treat the electronic
exchange-correlation interaction. In the geometry relaxation
process, the convergence thresholds are set to 10™° eV and
107® ev A~* for total energy and force component, respectively.
The energy cutoff of plane waves is set to 520 eV,and a9 x 9 x 10
Monkhorst-Pack k-mesh is used to sample the first Brillouin
zone. The phonon dispersion of the structure is calculated by
using the PHONOPY package,® and the thermal stability is
studied using ab initio molecular dynamics (AIMD) simulations
with temperature controlled by the Nosé thermostat.*® To acquire
the band gap with high accuracy, the electronic band structure is
recalculated using the Heyd-Scuseria-Ernzerhof (HSE06)*'*
functional for the exchange-correlation interaction.

By solving the phonon Boltzmann transport equation (BTE)
in the ShengBTE package,*’ we can obtain the intrinsic thermal
conductivity of a structure. The calculation of thermal conductivity
within the ShengBTE package requires harmonic second order
interatomic force constants (IFCs) and anharmonic third order
force IFCs as input files. To obtain the thermal conductivity of
HSP3-Cs,, firstly we construct a 2 x 2 x 2 supercell containing 272
atoms for the calculations of second order and third order IFCs.
These calculations are performed within the VASP. After that, we
set the cutoff radius, scalebroad parameter and k-point meshes
to the 7th nearest neighbors, 0.1 and 13 x 13 x 13, respectively,
to ensure the accuracy of thermal conductivity calculation.
For comparison, the thermal conductivity of diamond is also
calculated. The second order and third order IFCs of diamond
are acquired using a 3 x 3 x 3 supercell. The cutoff radius,
scalebroad parameter and k-point meshes are set to the 7th
nearest neighbors, 0.1 and 30 x 30 x 30, respectively. Our
resulting thermal conductivity of diamond is 2055 Wm ™" K" at
room temperature, which is consistent with the results of
previous studies.**”

3. Results and discussion
3.1 Geometric structure and electronic properties

Using C,, as the building unit, we construct a 3D carbon
allotrope (HSP3-Cs,) that has a hexagonal unit cell, containing
34 carbon atoms all in sp® hybridization. The constructing
process of HSP3-C;, is shown in Fig. 1. Starting from C,,
(Fig. 1a): we first construct a C,y-based six-membered ring
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through face-sharing between C,, units (Fig. 1b), and then we
extend the six-membered ring to the entire plane (Fig. 1c); thus,
we can get a Cyg-based 2D layer. After that, we expand the
structure into a 3D material by forming bonds between the
layers (Fig. 1d). The side view of the optimized HSP3-Cs,
structure is plotted in Fig. 1e and the top view is the same as
that of the 2D layer (Fig. 1c). This allotrope crystallizes in the
space group P6/mmm (191) with equilibrium lattice constants
a=h=6.88 A, and ¢ = 5.59 A. Through the assembly of
C,o cages, we note that HSP3-C;, not only possesses the five-
membered carbon rings from C,,, but it also has four-membered
and six-membered rings. The atomic Wyckoff positions of
the optimized HSP3-C;, are given in the ESL{ We note this
structure is the same as the clathrate H structure proposed by
Karttunen et al.®

In C,, fullerene, all the carbon atoms are in sp> hybridization.
For most 3D structures assembled by C,, fullerene, such as simple-
cubic-like (SCL) phase,*® 3D polymers'® and Fcc-C,, crystal,"” they
contain carbon atoms in both sp? and sp® hybridizations.
However, in HSP3-Cs, all carbon atoms are in sp® hybridization,
which could lead to low anharmonicity. The underlying reason
is that when all the carbon atoms are in sp® hybridization, the
tetrahedral coordination geometry results in a compact packing
configuration with strong bonding. The anharmonicity is thus
reduced®® and the phonon relaxation time is increased.*® These
features could lead to higher thermal conductivity. Thus, HSP3-
C3, would exhibit better performance in thermal transportation
than other C,y-based 3D structures.

First of all, we verify the stability of HSP3-C;,4. To test the
energetic stability of HSP3-C3,4, we calculate the total energy of
HSP3-Cj,. For comparison, the calculations of some other 3D
carbon allotropes such as diamond, T6,® bet-C,*' and Hy5"* are
also carried out. The results are given in Table 1, which shows
that even though the energy of HSP3-Cg, is slightly higher than
that of diamond, it is energetically more favorable than many
other 3D carbon allotropes.

We next calculate the phonon dispersion to examine the
dynamic stability. The calculated results are plotted in Fig. 2a.
The phonon spectra show no imaginary modes in the whole
Brillouin zone, confirming that HSP3-C;, is dynamically stable.
We then perform ab initio molecular dynamics (AIMD) simulations
to study the thermal stability. A 2 x 2 x 2 supercell is constructed
to simulate the bulk material for minimizing the constraint of the
periodic boundary conditions, and to explore the possibility of
structure reconstruction. As shown in Fig. 2b, the total potential
energies fluctuate around constant values at 300 K and even
1500 K, respectively, and the geometric structure remains nearly
intact after being heated for 10 picoseconds (ps). These results
suggest that HSP3-Cj, is thermally stable at room temperature, and
can withstand high temperature (1500 K), providing a broad work-
ing temperature range because of its high thermal stability. To verify
the mechanical stability, we further calculate the linear elastic
constants of HSP3-Cs,. The results are listed in Table 2. In general,
for a stable hexagonal lattice, there are only five independent elastic
constants, namely C;4, C1z, Cy3, C33 and Cy4, which must obey
the Born-Huang criteria: C;; > Cjp, C44 > 0 and (Cy; + Cyp)
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Fig. 1 Geometric configurations of (a) C,g fullerene, (b) Cyo-based six-membered ring and (c) C,o based 2D layer. Side views of (d) stacking process of

the 2D layers and (e) optimized HSP3-Czy4.

Table 1 Space group and total energy (Eor, in €V per atom) of HSP3-Cszy
and some other carbon allotropes

Structure Space group Eor

HSP3-C3, P6/mmm —8.96
Diamond Fd3m —9.09
T6 P4,/mmc —8.64
bct-C, IA/mmm —8.89
Hig P6/mmm —8.75

Css > 2C;132.% We find that the calculated elastic constants of

HSP3-C;, satisfy the above criteria; hence, HSP3-C;, is mechani-
cally stable.

We then study the electronic band structure of HSP3-Cj,.
The results are plotted in Fig. 2c. We find that both the valence
band maximum (VBM) and the conduction band minimum
(CBM) are located on the I point, indicating that HSP3-Cs, is a
direct band gap semiconductor. The band gap calculated at the
GGA-PBE level is 3.36 eV, while it is 4.48 eV at the HSEO06 level,
indicating that HSP3-C3, can be highly electrically resistant.
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Fig. 2 (a) Calculated phonon dispersion of HSP3-Cz4. (b) Total potential energy fluctuation of HSP3-Cs,4 with respect to time in AIMD simulations at
300 K and 1500 K. The inset geometric structures show the atomic configurations at the end of AIMD simulation at 1500 K. (c) Electronic band structures
calculated with the GGA-PBE (blue dashed lines) and the HSEO6 hybrid functional (red solid lines).
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Table 2 Calculated elastic constants (in GPa) of HSP3-Cgz,. Cj; stands for
the corresponding elastic constant in the elastic matrix

Cll C12 ClS C33 C44

885.7 89.1 110.3 855.9 376.6

In the electronics industry, thermal materials often need to
possess good electrical insulation properties, otherwise they
could lead to the short circuit of electronic components. There-
fore, the large band gap enables HSP3-C;, to have better
applications in the field of thermal conductive materials. In
addition, different from the metallic graphite and indirect-
bandgap diamond, HSP3-C3, is semiconducting with a gap of
4.48 eV, corresponding to the wavelength of 277 nm, showing
the potential to be used in deep ultraviolet (UV) light emitting
diodes (LEDs) and laser diodes (LDs).

To explore the bonding nature of carbon atoms in HSP3-Cs,,
we calculate the electron localization function (ELF), as it is a
useful physical quantity that characterizes the chemical bond

Fig. 3 (a—c) Electron localization functions (ELFs) of the (010), (110) and
(001) plane of HSP3-Cs4, respectively. (d) ELF of the (110) plane of
diamond.
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properties of a material. The values of ELF are renormalized
between 0.00 and 1.00, which correspond to very low charge
density and fully localized electrons, respectively, while the
value of 0.50 represents that the electrons are fully delocalized.
For comparison, the ELF of diamond is also calculated. The
calculated ELF results for the (010), (110) and (001) planes of
HSP3-C34, and for the (110) plane of diamond are plotted in
Fig. 3. One can see that the electrons are all localized on the C-C
bonds in the four-, five- and six-membered rings of HSP3-C34, as
shown in Fig. 3a, b and c, respectively, implying the strong ¢
bonding states between the carbon atoms in HSP3-Cs,4, which is
similar to the situation of the electrons in the zigzag chains of
the (110) plane in diamond, as shown in Fig. 3d. In addition, all
the carbon atoms in HSP3-Cs, are in sp® hybridization, leading
to the compact packing of atoms and the formation of carbon
rings with high symmetry. Thus, the strong interatomic bonding
and tetrahedral arrangement lead to the high thermal conductivity
of HSP3-Cs,.

3.2 Lattice thermal conductivity

Lattice thermal conductivity (k1) is the most critical indicator
for measuring the ability of heat conduction. Materials with
high thermal conductivity have broad application in the field of
heat dissipation. The intrinsic lattice thermal conductivity of
HSP3-C3,4 in the temperature ranging from 300 K to 1500 K is
calculated by solving the linearized phonon Boltzmann transport
equation (BTE).***> As shown in Fig. 4a, the thermal conductivity
of HSP3-C,, is 731 W m~' K" at room temperature (300 K).
Compared with many other 3D carbon allotropes, such as BCO-
Ci6 (452 W m™" K™"),% 3D graphene (150 W m~" K~")*” and
T-carbon (33 W m~ ' K™ *),*® HSP3-C3, exhibits better heat trans-
port properties. We fit the relationship of thermal conductivity
with temperature and find that the thermal conductivity is
proportional to 1/7"°%, confirming that three-phonon scattering
plays a leading role in the thermal transportation of HSP3-C;,. We
next analyze the contribution of different phonon modes to
the thermal conductivity. As shown in the Fig. 4b, when the
temperature is 300 K, the contributions of the three acoustic
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Fig. 4 (a) Lattice thermal conductivity (ko) of HSP3-Cz,4 at different temperatures and the corresponding fitted curve. (b) Contribution of phonon
branches (TA, TA’, LA and optical branches) to thermal conductivity at different temperatures.

This journal is © the Owner Societies 2020

Phys. Chem. Chem. Phys., 2020, 22, 306-312 | 309


https://doi.org/10.1039/c9cp02202c

Published on 04 June 2019. Downloaded on 10/11/2020 6:42:38 AM.

PCCP

branches (TA, TA’ and LA) to the thermal conductivity are 27%,
27% and 24%, respectively, while the other optical phonon
branches only account for 22%, suggesting that the acoustic
branches are the main heat carriers at room temperature. As the
temperature rises gradually, the contribution of the optical
branches to the thermal conductivity increases, and when the
temperature reaches 1500 K, the contribution rate of the optical
branches reaches as high as 47%. This is because with the
increase of temperature, more and more high-frequency optical
branches are excited and participate in the heat conduction
process.

Then, we study the intrinsic physical mechanism of HSP3-
C;, to find out the reason for the high thermal conductivity. As
diamond is one of the best thermal conductors and all the
carbon atoms in diamond are also sp® hybridized, we chose
diamond as a comparison for calculation. There are two major
factors affecting thermal conductivity of materials: anharmoni-
city and harmonicity.

For the anharmonic properties, we calculate the three-phonon
scattering rates and Griineisen parameter of HSP3-C;, and
diamond, which are shown in Fig. 5a and b. The three-phonon
scattering rates characterize the intensity of phonon scattering in
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the heat transport process. When other factors are the same, the
larger the scattering rates, the lower the thermal conductivity.
From Fig. 5a, we can conclude that the three-phonon scattering
rates of HSP3-C34 and diamond share a similar changing trend
and basically the same magnitude. We further plot the regression
curves of the scattering rates of the two structures in Fig. 5a,
indicating that they have similar three-phonon scattering rates.
These results mean that the small three-phonon scattering rate of
HSP3-C3, is one of the reasons for the high thermal conductivity.
Besides, we evaluate the anharmonicity of HSP3-C;, and diamond
quantitatively by calculating the Griineisen parameter (y) with

A 8(1)/1
Y
and the parameter w; is the angular frequency. Structures with
soft lattices or structures with atoms not well-packed in the
lattices are likely to possess strong anharmonicity, in other
words, a large Griineisen parameter.”> The results in Fig. 5b
show that both HSP3-C;, and diamond have small Griineisen
parameters with a similar distribution, indicating weak anharmo-
nicity between the carbon atoms in the two structures. This is
because the carbon atoms in both HSP3-C;, and diamond are in a
strict tetrahedral arrangement (sp> hybridization) and the bonds are

, where the parameter A is the volume of the unit cell

(b)

2.0
184 ¢ e HSP3-C,,
1.64 ¢ ® Diamond

1.4 o
1.2
1.0
0.8
0.6
0.4
0.2
0.0 ———

() 155

Gruneisen parameter (y)

1E-64° ® HSP3-C,,
% e ® Diamond

Weighted Phase space (WP,)

1E-8

0 5 10 15 20 25 30 35 40
Frequency (THz)

Fig. 5 Variation of (a) three-phonon scattering rates, (b) Grineisen parameter, (c) group velocity and (d) three phonon phase space with frequency at
room temperature of HSP3-Csz4 (black) and diamond (red). The fitted curves of three-phonon scattering rates of HSP3-Cz4 and diamond are also plotted

in (a).
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strong covalent bonds, thus leading to similar weak anharmonicity
in the two structures. Hence, weak anharmonicity of HSP3-Cj,
contributes to the high thermal conductivity.

For better understanding the results, we next turn our
attention to the harmonic properties: phonon group velocity
Vg and three phonon phase space P;. We first investigate the
phonon group velocity of the two structures. The results are
plotted in Fig. 5c. When the frequency is approaching zero (the
long-wavelength limit), the group velocities of both diamond
and HSP3-Cs, acquire two peak values, because the two acoustic
phonon branches TA and TA’ are degenerate near the long-
wavelength limit. For HSP3-Cz4, the peak values are about
17.0 km s ! and 11.4 km s ', which resemble the results of
diamond, 17.5 km s~ " and 12.5 km s~ . Even though in the high
frequency region, the group velocity of HSP3-Cs, is lower than
that of diamond, the value is still rather large. Besides, according
to Fig. 4b, the main contribution to thermal conductivity of
HSP3-C;, at 300 K is from three low-frequency acoustic phonon
branches, so the group velocity in the low frequency region
dominates the thermal conductivity at room temperature.
Hence, we can conclude that the large group velocity of HSP3-
Cs, is also one of the reasons for the high thermal conductivity.

Then, we calculate the three phonon phase space P;. The
three-phonon phase space is an important parameter to quantify
the number of phonon scattering channels in the heat transport
process. When the energy and momentum conservation are
satisfied, the scattering events could happen and the phonon
scattering channels are available.*® If a structure possesses a
relatively larger three-phonon phase space, it means that there
are more scattering channels in the material, thus leading to
greater resistance that the heat will encounter during conduction.
So, in general, the three-phonon phase space is negatively correlated
with the thermal conductivity of the material. The calculated results
are plotted in Fig. 5d, from which we can find that in the whole
frequency region, the three-phonon phase space of HSP3-C;, is
always significantly higher than that of diamond, which results
from the larger number of atoms per unit cell in HSP3-Cs,4. So,
one can see that due to the larger three-phonon phase space, the
thermal conductivity of HSP3-C;, is reduced as compared to
that of diamond.

4. Conclusions

Based on state-of-the-art theoretical calculations, we confirm
that the C,q-based 3D carbon allotrope, HSP3-C3,, is dynamically
and thermally stable. The band gap of HSP3-Cj, is 4.48 €V,
indicating that it can be highly electrically resistant. By solving
the linearized phonon Boltzmann transport equation, we find that
HSP3-Cs, possesses a high thermal conductivity of 731 Wm™ " K"
at room temperature, showing potential as a thermal material for
applications in heat dissipation devices. A further study on its
intrinsic mechanism demonstrates that the weak anharmonicity
and large group velocity contribute to the high thermal con-
ductivity. These results show that the 3D carbon allotropes
formed from assembling fullerenes with all carbon atoms in
sp® hybridization can exhibit intriguing thermal properties.
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