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a b s t r a c t 

The biphenylene network with periodically arranged four-, six-, and eight-membered rings has been suc- 

cessfully synthesized in very recent experiments. This novel two-dimensional (2D) carbon allotrope has 

potentials in applications of lithium storage and carbon-based circuitry. Understanding the thermal trans- 

port properties of biphenylene network is of critical importance for the performance and reliability of its 

practical applications. To this end, the thermal transport in biphenylene network is comprehensively in- 

vestigated in this paper with the aid of molecular dynamics simulations together with first-principles 

calculations. For the sake of comparison, the thermal conductivities of other 2D sp 2 -hybridized carbon 

allotropes including graphene and pentaheptite are also investigated using the same method. It is found 

that the thermal conductivities of biphenylene network and pentaheptite are, respectively, only about 

one-thirteenth and one-eighth of graphene. Through the analysis of phonon property, mechanical prop- 

erty and electron density distribution, it is demonstrated that the great reduction in the thermal con- 

ductivity of biphenylene network and pentaheptite arises from the decline in their structural symmetry, 

which leads to the decrease of phonon group velocity and the reduction of phonon mean free path. 

© 2021 Published by Elsevier Ltd. 
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. Introduction 

Since Geim and Novoselov experimentally discovered graphene 

y using micromechanical cleavage in 2004 [1] , this two- 

imensional (2D) carbon allotrope has attracted a great amount 

f interest in academia and industry by virtue of its superior 

nd novel physical properties. For example, previous experiments 

emonstrated that graphene has an ultrahigh strength of 130 GPa, 

 large Young’s modulus up to 1 TPa [2] , and an extremely high

hermal conductivity in the range of 30 0 0–580 0 W/(mK) [3,4] . In-

pired by the extraordinary structural and material properties ob- 

erved in graphene, numerous 2D materials based on other el- 

ments have also been reported, such as hexagonal boron ni- 

ride, transition metal dichalogenides (e.g., MoS 2 and MoTe 2 ), and 

any monoelements including silicene, germanene, phosphorene, 

tanene and borophene [5] . In addition, the demand of other 

D carbon allotropes also stimulates substantial efforts in search- 

ng pure-carbon nanodevices beyond graphene. To date, a large 

mount of novel 2D carbon allotropes have been theoretically pre- 
∗ Corresponding authors. 
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hong). 
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017-9310/© 2021 Published by Elsevier Ltd. 
icted with the aid of the structure searching method and first- 

rinciples calculations, though only a few have been successfully 

ynthesized in experiments. In 2010, graphdiyne whose crystal lat- 

ice is arranged with sp and sp 

2 -bonded carbon atoms was re- 

orted by Li and coworkers in their experimental study [6] . Very 

ecently, Fan et al. experimentally reported the bottom-up growth 

f an ultraflat biphenylene network with repeating nonhexagonal 

otifs along both planar dimensions [7] . In addition to graphene, 

he biphylene network is the second pure sp 

2 -hybridized carbon 

llotrope successfully synthesized. This novel material is expected 

o be used in the fields of lithium storage and carbon-based cir- 

uitry [7] . 

Understanding the thermal transport in 2D carbon allotropes 

ot only provides an important guidance for related applications, 

ut also is the essential step to reveal the fundamental mecha- 

ism of phonon transport in low-dimensional systems. Theoret- 

cally, the phonon thermal conductivity can be obtained by lat- 

ice dynamic methods or molecular dynamics (MD)-based meth- 

ds. By using the homogeneous non-equilibrium molecular dynam- 

cs (HNEMD) method [8] , the thermal conductivity of graphene 

as predicted to be around 30 0 0 W/(mK) at room temperature, 

hich is higher than the value of any other known 2D carbon al- 

otropes. The outstanding thermal transport property observed in 

raphene can be attributed to its strong sp 

2 -hybridized bond and 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122060
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.122060&domain=pdf
mailto:jinzhang@hit.edu.cn
mailto:zhongzheng@hit.edu.cn
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oneycomb lattice with very high symmetry. As for other 2D car- 

on allotropes, their thermal conductivity is reported to be sub- 

tantially smaller than that of graphene. For example, based on 

honon Boltzmann transport equation (BTE) and first-principles 

alculations, the thermal conductivities of α, β , and γ graphyne 

ith sp and sp 

2 -hybridized bonds were predicted to be 21.1, 22.3 

nd 106.2 W/(mK) at room temperature, respectively, which are 

ne order or two orders of magnitude smaller than 2962.8 W/(mK) 

f graphene [9] . Using the same method, the thermal conductivity 

f penta-graphene [10] with sp and sp 

3 -hybridized bonds was pre- 

icted to be 645 W/(mK) at room temperature [11] , which is also 

ignificantly smaller than that of graphene. Equilibrium molecu- 

ar dynamics (EMD) simulations together with Green-Kubo method 

12,13] were employed to predict the thermal conductivities of 

PG-L and OPG-Z [14] with pure sp 

2 -hybridized bonds, which 

re 313–344 W/(mK) and 233–261 W/(mK) at room temperature, 

espectively. Very recently, the thermal conductivities of penta- 

raphene (392 W/(mK)) and three pure sp 

2 -hybridized 2D carbon 

llotropes including ψ-graphene [15] (338 W/(mK)), pop-graphene 

16] (156.5 W/(mK)), and net-W [17] (156.5 W/(mK)) were ob- 

ained by extrapolating the non-equilibrium molecular dynam- 

cs (NEMD) results [18] . All previous results suggested a greatly 

eaker thermal transport property existing in other 2D carbon al- 

otropes when compare with the pristine graphene. 

Compared with a large number of studies reported for the ther- 

al conductivity of graphene, the study on the thermal trans- 

ort in some other 2D carbon allotropes is still limited. Especially, 

he newly synthesized biphenylene network [7] and the theoreti- 

ally predicted pentaheptite [19] show a periodically arranged non- 

enzenoid structure different from the pristine honeycomb lat- 

ice in graphene. This different lattice structure is expected to 

esult in distinct thermal transport property of biphenylene net- 

ork and pentaheptite when compared to graphene. Thus, it is es- 

ential to conduct a comprehensive study on the thermal trans- 

ort in these new sp 

2 -hybridized 2D carbon allotropes. In addi- 

ion, as mentioned above, in the previous MD calculations on the 

hermal transport properties of 2D carbon allotropes, the conven- 

ional EMD and NEMD methods were widely employed. However, 

he previous EMD method based on the multi-body potential such 

s Tersoff potential [20] usually heavily underestimates the per- 

tom stress-based heat current, which correspondingly results in 

n underestimation of the thermal conductivity [21] . Meanwhile, 

ue to the boundary scattering and long mean free path (MFP) in 

D carbon allotropes, the thermal conductivity of 2D carbon al- 

otropes extracted from previous NEMD methods were also been 

nderestimated [8] . Thus, some new MD-based methods are re- 

uired to achieve a more accurate calculation of the thermal con- 

uctivity of 2D carbon allotropes. In this work, a comparative 

tudy on the thermal transport in planar sp 

2 -hybridized carbon al- 

otropes including graphene, biphenylene network, and pentahep- 

ite is performed by using graphics processing units molecular dy- 

amics (GPUMD) [22] simulations. Three MD-based methods in- 

luding HNEMD, EMD, and NEMD are used to predict the thermal 

onductivity of carbon allotropes. The spectral heat current (SHC) 

nalysis, lattice dynamics calculations, electron localization func- 

ion calculations and tensile simulations are also performed to re- 

eal the mechanism underlying the phonon transport in these 2D 

arbon allotropes. 

. Model and methods 

.1. Simulation model 

As shown in Fig. 1 , the lattice structures of biphenylene net- 

ork and pentaheptite can be obtained by reorganizing some par- 

ial bonds in graphene. Specifically, when generating the penta- 
2 
eptite, all six-membered carbon rings in graphene are equally 

plit into five- and seven- membered carbon rings. In generating 

he biphenylene network, partial six-membered rings in graphene 

re split into four- and eight- membered carbon rings, resulting in 

he coexistence of ternary (four-, six-, and eight-membered) car- 

on rings. Here, the cell size of graphene, biphenylene network 

nd pentaheptite is set as 25 nm × 25 nm in all HNEMD and EMD 

imulations, which is sufficiently large to eliminate the finite-size 

ffect [8] . Correspondingly, there are 24,072, 22,110, and 24,072 

toms in the present simulation models of graphene, biphenylene 

etwork, and pentaheptite, respectively. Periodic boundary condi- 

ions are applied in both planar directions, while the free bound- 

ry condition is applied in the thickness direction. Here, the prin- 

ipal (i.e., armchair and zigzag) directions in pentaheptite and 

iphenylene network are consistent with graphene, which means 

hat the definition of armchair and zigzag directions of bipheny- 

ene network and pentaheptite keeps unchanged during the struc- 

ural construction based on graphene (see dotted lines in Fig. 1 (b 

nd c)). It is noted here that only the phonon thermal conductiv- 

ty of biphenylene network is considered in the present calcula- 

ions. Nevertheless, according to the recent study [7] , the bipheny- 

ene network could be a metallic material when it possesses a 

arge width. Under this circumstance, the electrons may also con- 

ribute to the thermal conductivity of biphenylene network, which 

s worth being comprehensively discussed in the future study to 

chieve a more precise prediction of the thermal conductivity of 

iphenylene network. 

.2. Thermal conductivity calculations 

All calculations of thermal conductivity based on MD simu- 

ations were performed at room temperature (300 K) using the 

pen source GPUMD package [22] , in which the standard Newton 

quations of motion are integrated in time by the velocity-Verlet 

ntegration algorithm [23] . Due to the more efficient algorithms 

nd implementations, GPUMD is of higher efficiency in calculat- 

ng phonon thermal conductivity when compared to any other MD 

odes such as LAMMPS [24] . In addition, GPUMD can correctly cal- 

ulate the heat flux of multi-body potential systems, which is sig- 

ificantly underestimated by LAMMPS [21] . The thermal transport 

long both principal directions, i.e., armchair and zigzag directions 

ere investigated for all carbon allotropes. The optimized Tersoff

orce field [20] was employed to describe the atomic interactions 

n all carbon allotropes. This force field has been widely utilized 

n previous MD simulations on the mechanical and thermal prop- 

rties of various carbon-based 2D materials [25–29] . To examine 

he reliability of this force field in calculating the phonon trans- 

ort in 2D carbon allotropes considered in this work, we compared 

he lattice lengths and energies of these 2D carbon allotropes pre- 

icted from the optimized Tersoff force field to the results cal- 

ulated from first-principles calculations in Fig. S1 (see supple- 

entary materials). It was found that the results obtained from 

wo methods agree very well with each other. Specifically, the 

nergies of pentaheptite and biphenylene network obtained from 

he optimized Tersoff potential are, respectively, 0.37 eV/atom and 

.70 eV/atom, which are consistent with the corresponding results 

f 0.24 eV/atom (pentaheptite) and 0.47 eV/atom (biphenylene net- 

ork) obtained from first-principles calculations. The energy of 

entaheptite and biphenylene network is found to be higher than 

hat of graphene, which indicates their structure is relatively un- 

table compared with graphene. Therefore, to improve the calcu- 

ation efficiency without losing calculation accuracy, we adopted 

 relatively small time step of 0.1 fs and 0.25 fs for biphenylene 

etwork and pentaheptite, respectively, while a larger time step 

f 0.5 fs was selected for graphene. The reliability of these se- 

ected time steps has been carefully verified as detailed in supple- 
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Fig. 1. Lattice structures of (a) graphene with six-membered carbon rings, (b) biphenylene network with four-, six-, and eight-membered carbon rings, and (c) pentaheptite 

with five- and seven-membered carbon rings. 
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entary materials. As for the newly synthesized biphenylene net- 

ork, we also compared its phonon dispersion relations calculated 

rom various force fields including aforementioned optimized Ter- 

off, AIREBO [30] , and ReaxFF [31] to the results extracted from 

rst-principles calculations in Fig. S5 (see supplementary materi- 

ls). Among three force fields, the optimized Tersoff has the high- 

st accuracy in describing the phonon band structure for bipheny- 

ene network. 

In this work, the thermal conductivities of planar carbon al- 

otropes were calculated by three different MD-based methods in- 

luding HNEMD, EMD, and NEMD. The corresponding theories and 

imulation details were briefly presented below. 

.2.1. HNEMD simulations 

Based on the non-canonical linear response theory, Evans pro- 

osed the HNEMD method in 1982 [32] , which was recently ex- 

ended to general many-body potentials in GPUMD package devel- 

ped by Fan and coworkers [8] . For planar carbon allotropes con- 

idered here, the thermal conductivity along armchair or zigzag di- 

ection on the basis of HNEMD simulations is given by 

(t) = 

1 

t 

∫ t 

0 

〈 J(τ ) 〉 
TV F e 

d τ, (1) 

here t , V , and T are, respectively, the production time, system 

olume, and temperature. 〈 J(τ ) 〉 is the nonequilibrium heat cur- 

ent induced by the driving force and F e is the driving force pa- 

ameter. The symbol 〈〉 denotes the average over simulation time 

. The volume of 2D materials usually depends on their thickness, 

hich has diverse theoretical predictions in various literatures [33] . 

o avoid the influence of thickness definition and, meanwhile, to 

ake the comparison of the thermal conductivity more direct, a 

onventional value of 0.335 nm was used here for the thickness of 

ll three carbon allotropes. Previous studies demonstrated that the 

riving force parameter F e should be within a reasonable range. On 

ne hand, F e has to be small enough to keep the system within the 

inear-response regime and converge within the simulation time. 

n the other hand, F e has to be large enough to obtain a reliable

esult with a large signal-to-noise ratio [32,34,35] . According to the 

ule of thumb [8] , the value of F e should be roughly smaller than

 /λmax , where λmax denotes the maximum MFP. Fig. 2 (a and b) 

hows the sensitivity of κ(t) to the parameter F e for biphenylene 

etwork. The value of κ(t) is found to diverge with increasing t

hen F e ≥ 0 . 6 μm 

−1 , and converge when F e ≤ 0 . 5 μm 

−1 . However,

 very small value F e = 0 . 05 μm 

−1 would result in a significant

oise. Under this circumstance, more simulations are needed to 

btain a more reliable value of κ(t) . Based on the above analyses, 

 e = 0 . 1 μm 

−1 was applied for all carbon allotropes considered in

his work, which is consistent with the value selected in the pre- 

ious HNEMD simulations of graphene [8] and polyaniline ( C 3 N ) 

26] . 
3 
The energy minimization was performed to the initial models 

f all carbon allotropes as shown in Fig. 1 . After that, the sam- 

les were relaxed in the NPT ensemble (constant number of par- 

icles, pressure, and temperature) with zero pressure and, subse- 

uently, in the NVT ensemble (constant number of particles, vol- 

me, and temperature) to obtain the equilibrium configurations. 

he Nosé-Hoover barostat and thermostat methods were employed 

o control the temperature and pressure of the simulation box. A 

otal simulation time of 10 ns was used to obtain the converged κ . 

he raw data of thermal conductivity was averaged for each 1 ps. 

or each calculation of the thermal conductivity, eight independent 

NEMD simulations with a total production time of 80 ns were 

erformed (see Figs. 2 and 3 ). Finally, the averaged result of these 

ight simulations at t = 10 ns was taken as the values of κ . 

.2.2. EMD simulations 

On the basis of fluctuation-dissipation theorem, we also cal- 

ulated the thermal conductivity of planar carbon allotropes by 

MD simulations together with Green–Kubo method [12,13] . This 

ethod calculates the running thermal conductivity κ(t) by inte- 

rating the heat current autocorrelation function (HCACF) over a 

iven correlation time t

( t ) = 

1 

k B T 2 V 

∫ t 

0 

〈 J ( 0 ) J ( τ ) 〉 d τ, (2) 

here k B is Boltzmann’s constant and 〈 J (0) J (τ ) 〉 is the average 

CACF over different time origins with J being the heat current. 

It is worth noting that the HNEMD method and EMD method 

re physically equivalent to each other. However, the HNEMD 

ethod enjoys much higher computational efficiency and larger 

ignal-to-noise ratio by virtue of introducing a fictitious driving 

orce to the system [8] . Therefore, compared with the HNEMD 

ethod, the EMD method requires more independent simulations 

o obtain a reliable result. As shown in Fig. 4 , we carried out 80

ndependent simulations, each of which has a correlation time of 

 ns. The obtained 80 results were averaged to obtain the con- 

erged running thermal conductivity. All other simulation param- 

ters in the present EMD simulations are the same as the above 

NEMD simulations. For each EMD simulation, the production 

ime was set as 20 ns that is 10 times as long as the correla-

ion time. Therefore, each EMD result was obtained by using a total 

roduction time of 1600 ns. For all carbon allotropes, the averaged 

(t) converges well in the time ranging from 1 ns to 2 ns. The 

nal value of κ extracted from EMD method was obtained by av- 

raging the results in the last 500 ps. In addition, as for κ obtained 

rom both HNEMD and EMD methods, the corresponding standard 

tatistical error σn is defined as 

n = 

√ ∑ n 
i =1 ( κi − κ) 

2 

n 

, (3) 

here n is the number of independent simulations and κ is the 

veraged thermal conductivity. 
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Fig. 2. Thermal conductivity of 25 nm × 25 nm biphenylene network calculated by HNEMD method at 300 K. (a and b) Results of the running thermal conductivity when F e 
ranges from 0.05 μm 

−1 to 1.0 μm 

−1 . (c and d) Total thermal conductivity (green lines) of biphenylene network along armchair and zigzag directions including contributions 

from in-plane (blue lines) and flexural phonon modes (red lines). Each final thermal conductivity (see solid lines) is obtained by averaging eight independent simulations 

(see semi-transparent lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

2

g

w

fi

t

t

κ

w

f

s

t

p

b  

p

c

f

t

s

t

t

t

t

fi

(

j

t

t

s

a

2

E

t

t

5

2

f

l

d

s

κ

H

t

K

w

r

t

.2.3. NEMD simulations 

Both the aforementioned HNEMD and EMD methods are homo- 

eneous methods. Thus, the size effect in them is usually trivial, 

hich can be generally ignored. To study the thermal transport in 

nite-sized carbon allotropes with a length of L , we calculated the 

hermal conductivity κ by using NEMD simulations together with 

he following formula 

( L ) = 

Q/S 


T /L 
, (4) 

here Q , 
T , and L are the energy transfer rate, temperature dif- 

erence, and effective length between the heat source and heat 

ink. The Langevin thermostat method was used here to control 

he temperature in all NEMD simulations. The corresponding time 

arameter in the Langevin thermostat was set as 100 fs for all car- 

on allotropes. In Eq. (4) , S is the area of the cross section per-

endicular to the transport direction. Li and coworkers [36] indi- 

ated that the nonlinear part of the temperature profile extracted 

rom NEMD simulations should be included in the calculation of 

he thermal conductivity. In other words, the temperature gradient 

hould be calculated directly as 
T /L here instead of the slope of 

he linear region of the temperature profile away from the local 

hermostats. 

Fig. 5 (a) shows the setup of NEMD simulations performed in 

his study. The system along the thermal transport direction, i.e., 

he heat flux direction was divided into three parts, including the 

xed regions with the same length at two ends, two thermostats 

the heat source and heat sink regions) with the same length ad- 

acent to the fixed regions, and the thermal transport region be- 
4 
ween heat source and heat sink. The lengths of fixed regions and 

hermostats were set as 1 nm and 25 nm, respectively. The dimen- 

ion of the sample perpendicular to the heat flux direction was set 

s 25 nm. As shown in Fig. 5 (b), five different lengths ranging from 

5 nm to 200 nm were considered for all planar carbon allotropes. 

ach NEMD simulation was performed for 6 ns, in which the stable 

emperature distribution was achieved within the initial 1 ns and 

he temperature gradient was obtained by averaging over the final 

 ns. 

.3. Spectral heat current analysis 

Based on the NEMD and HNEMD results, the SHC analyses were 

urther conducted to obtain the frequency-dependent MFP and 

ength-dependent thermal conductivity. Firstly, the thermal con- 

uctivity calculated from the HNEMD method (see Eq. (1) ) can be 

pectrally decomposed in the frequency domain as follows [8] : 

( ω ) = 

2 ̃

 K ( ω ) 

TV F e 
. (5) 

ere, ˜ K (ω) is the Fourier transform of the virial-velocity correla- 

ion function, which can be defined as Gabourie et al. [37] : 

(t) = 

∑ 

i 

W i (0) · v i (t) , (6) 

here W i and v i denote the virial tensor and velocity of atom i , 

espectively. Secondly, the quasi-ballistic spectral thermal conduc- 

ance G (ω) based on the NEMD results can be similarly obtained. 
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Fig. 3. Thermal conductivity (green lines) of 25 nm × 25 nm (a and b) pentaheptite and (c and d) graphene calculated by HNEMD method at 300 K including contributions 

from in-plane (blue lines) and flexural phonon modes (red lines). Each final thermal conductivity (see solid lines) is obtained by averaging eight independent simulations 

(see semi-transparent lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Total thermal conductivity (green lines) of 25 nm × 25 nm (a) graphene, 

(b) biphenylene network, and (c) pentaheptite calculated by EMD method at 300 K 

including contributions from in-plane (blue lines) and flexural phonon modes (red 

lines). Each final thermal conductivity (see solid lines) is obtained by averaging 80 

independent simulations (see semi-transparent lines). (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 
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5 
inally, the frequency-dependent MFP λ(ω) can be obtained from 

(ω) and G (ω) as follows: 

( ω ) = κ( ω ) /G ( ω ) . (7) 

The length-dependent κ(L ) can be expressed as the following 

lassical first-order extrapolation formula [38] : 

( L ) = 

κ∞ 

1 + λ∞ 

/L 
, (8) 

here κ∞ 

is the length-independent thermal conductivity at 1 /L = 

 and λ∞ 

is the phonon MFP for the infinite system. Thus, κ(L ) 

an be obtained by integrating Eq. (8) in the frequency domain: 

( L ) = 

∫ 
κ( ω ) 

1 + λ( ω ) /L 

d ω 

2 π
. (9) 

ased on Eqs. (5) and (6) , we obtained the HNEMD-based 

HC result and NEMD-based SHC result, respectively. Based on 

qs. (7) and (9) , we obtained the frequency-dependent MFP and 

ength-dependent thermal conductivity of carbon allotropes, re- 

pectively. 

.4. First-principles calculations 

First-principles calculations were conducted here to predict the 

attice length, phonon dispersion relations, and electron localiza- 

ion function of planar carbon allotropes. All first-principles cal- 

ulations were based on the Vienna Ab-initio Simulation Package 

VASP) [39–41] together with the generalized gradient approxima- 

ion (GGA) of the Perdew–Burke–Ernzerhof (PBE) functional form 
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Fig. 5. The thermal conductivity of three carbon allotropes calculated by NEMD method at 300 K. (a) A schematic for the setup of NEMD simulations. (b) The length- 

dependent thermal conductivity κ(L ) of the carbon allotropes with an effective length L ranging from 25 nm to 500 nm. The discrete points and lines are results obtained 

from NEMD simulations and fitted by Eq. (5) , respectively. (c) Temperature profile and (d) accumulated energy history in the armchair direction of three carbon allotropes 

with the same effective length of 200 nm. 

f

p

t

m

a

s

n

c

1

b

8  

s

fi

d

l

0

s

o

l

t

s

t

a

3

3

g

E

b

f

t

c

r

w

t

a

a

s

a

a

I

p

b

b

h

i

n

d

t

l

1

p

c

t

m

a

κ
±
g

r

or the exchange-correlation potential [42] . For the sake of com- 

arison, we used the 2D Bravais lattices with rectangular symme- 

ry for all three carbon allotropes as shown in Fig. S1 (see supple- 

entary materials). The periodic boundary conditions were applied 

long all three Cartesian directions. A vacuum layer of 10 Å was 

et to avoid adjacent image-image interactions along the thick- 

ess direction. The convergence condition for the electronic self 

onsistence loop was set as the total energy change smaller than 

0 −7 eV . The Monkhorst–Pack k -point mesh sizes for graphene, 

iphenylene network, and pentaheptite were set as 15 × 9 × 1 , 9 ×
 × 1 , and 6 × 4 × 1 , respectively. The reliability of k -point mesh

izes selected here for first-principles calculations has been veri- 

ed in supplementary materials. 

The structural optimization was performed by conjugate gra- 

ient method with the convergence condition for the ionic re- 

axation loop being the Hellmann Feynman forces smaller than 

 . 001 eV / ̊A. The second-order (harmonic) interatomic force con- 

tants were calculated by the density functional perturbation the- 

ry (DFPT) methods. First-principles-based phonon dispersion re- 

ations and the corresponding group velocities were obtained by 

he PHONOPY package [43] with inputs provided by the DFPT re- 

ults. For the sake of comparison, the high symmetry direction of 

he first Brillouin zone was set as 
 − X − S − Y − 
 for all carbon 

llotropes. 

. Results and discussion 

.1. Thermal conductivity of planar carbon allotropes 

In this section, we investigate the thermal transport in 

raphene, biphenylene network, and pentaheptite using HNEMD, 

MD, and NEMD methods. The thermal conductivities calculated 

y these different methods are cross-checked with each other. Ef- 
6 
orts are further made to compare the thermal transport proper- 

ies of these carbon allotropes including the magnitude of thermal 

onductivity, the anisotropy of thermal conductivity, and the cor- 

esponding contributions of in-plane and flexural phonon modes. 

We first investigate the thermal transport in biphenylene net- 

ork using HNEMD simulations. Specifically, the thermal conduc- 

ivity along armchair direction and zigzag direction are denoted 

s κarm 

and κzig , respectively, which are obtained from Eq. (1) by 

pplying the driving force along the corresponding direction. As 

hown in Fig. 2 (c and d), κarm 

and κzig are 213.1 ± 3.5 W/(mK) 

nd 203.5 ± 5.8 W/(mK), respectively, indicating a very trivial 

nisotropy of the thermal transport in the biphenylene network. 

n addition, according to the heat current decomposition method 

roposed by Fan et al. [25] , the thermal conductivity of planar car- 

on allotropes can be contributed by in-plane and flexural phonon 

ranches. To measure the contribution of these two phonon modes, 

ere we also calculate κin and κflex , which, respectively, denote the 

n-plane thermal conductivities of planar carbon allotropes origi- 

ating from in-plane and flexural phonon modes. The thermal con- 

uctivities in the armchair and zigzag directions are averaged. Af- 

erwards, κin and κflex in the two principle directions are simi- 

arly caculated. The results of κin and κflex are 38.1 W/(mK) and 

70.2 W/(mK), respectively, which indicates that the flexural com- 

onent contributes dominantly (about four-fifths) to total thermal 

onductivity of biphenylene network. In addition, it is also found 

hat κin converges shortly at t = 4 ns in both directions, which is 

uch faster than the κflex (converging at t = 8 ns). 

Fig. 3 shows the running thermal conductivity of pentaheptite 

nd graphene extracted from HNEMD simulations. The values of 

arm 

and κzig of pentaheptite are 362.9 ± 8.5 W/(mK) and 322.4 

9.3 W/(mK), respectively, while the values of κarm 

and κzig of 

raphene are 2807.3 ± 11.0 W/(mK) and 2817.5 ± 18.0 W/(mK), 

espectively. The thermal conductivity of graphene calculated here 
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Table 1 

Thermal conductivity (in the unit of W/(mK)) of planar carbon allotropes predicted by 

HNEMD and EMD methods at room temperature of 300 K. 

Method Material κarm κzig κin κflex κ

HNEMD Graphene 2807.3 2817.5 805.5 2007.0 2812.4 

Biphenylene network 213.1 203.5 38.1 170.2 208.3 

Pentaheptite 362.9 322.4 142.8 199.9 342.7 

EMD Graphene 3067.4 2853.2 904.1 2056.2 2960.3 

Biphenylene network 232.3 226.3 42.0 187.3 229.3 

Pentaheptite 398.9 352.4 162.9 212.8 375.7 
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s in good agreement with the previous studies based on HNEMD 

imulations such as 2847 ± 49.0 W/(mK) in Ref. [8] and 2900 ±
00.0 W/(mK) in Ref. [25] . Table 1 shows a comparison of κarm 

and 

zig among all three carbon allotropes. It is clearly found that the 

nisotropy of the thermal conductivity of biphenylene network and 

raphene is trivial. However, κarm 

(362.9 W/(mK)) of pentahep- 

ite is significantly larger than its κzig counterpart (322.4 W/(mK)), 

uggesting that heat current prefers to transport along the arm- 

hair direction when compared with the zigzag direction. For the 

ake of comparison, we further calculate the scalar thermal con- 

uctivity κ for each carbon allotrope, which has the definition of 

= (κarm 

+ κzig ) / 2 . By comparing three carbon allotropes as listed 

n Table 1 , we find that κ of both biphenylene network and pen- 

aheptite is one order of magnitude lower than κ of graphene. 

pecifically, values of κ of both biphenylene network and penta- 

eptite are, respectively, only about one-thirteens and one-eights 

f the value of graphene. In addition, it is also found that the flexu- 

al phonon modes contribute about two-thirds of the total thermal 

onductivity of both graphene and pentaheptite. κin of bipheny- 

ene network having the value of 38.1 W/(mK) is much lower than 

42.8 W/(mK) of pentaheptite, which results in a much lower value 

f κ (208.3 W/(mK)) in biphenylene network as compared to the 

alue of 342.7 W/(mK) in pentaheptite. 

The thermal conductivity of biphenylene network 

208.3 W/(mK)) and pentaheptite (342.7 W/(mK)) calculated 

ere is close to the value of 233–344 W/(mK) reported for other 

arbon allotropes with five-five-eight-membered rings [44] , but is 

ignificantly smaller than 2013 W/(mK) of graphene-like C 3 N [26] ) 

nd 656 W/(mK) of hexagonal boron nitride [45] . This finding 

ndicates that the symmetry breaking of the pristine honeycomb 

attice during the structural construction of carbon allotropes 

ith hybrid-membered rings such as biphenylene network and 

entaheptite from graphene can cause a much greater reduction in 

he thermal conductivity than that induced by the heterogeneous 

lements doping or substitution. 

Fig. 4 shows the running thermal conductivity of carbon al- 

otropes as a function of the correlation time obtained by EMD 

imulations. The values of κ obtained from EMD simulations are 

960.3 ± 301.0 W/(mK), 229.3 ± 20.5 W/(mK), and 375.7 ±
9.0 W/(mK) for graphene, biphenylene network, and pentahep- 

ite, respectively, which are in good agreement with the corre- 

ponding HNEMD results of 2812 ± 14.5 W/(mK), 208.3 W/(mK) 

5.0 W/(mK), and 342.7 ± 11.3 W/(mK). Comparing the values of 

in , κflex , κarm 

, and κzig obtained from EMD and HNEMD simula- 

ions (see Table 1 ), we can find that both EMD and HNEMD sim-

lations show the similar results about the anisotropy of thermal 

onductivity and the contribution of phonon modes. Although the 

roduction time of 1600 ns in EMD simulations is more than one 

rder of magnitude longer than 80 ns in HNEMD simulations, the 

tandard error of EMD results is much larger than that of their 

NEMD counterparts. This divergence reveals that the statistical 

ccuracy of EMD simulations is far inferior to HNEMD simulations, 

hich is consistent with the conclusions extracted from previous 

MD and HNEMD studies on graphene [8] , carbon nanotube [8] , 

nd C 3 N [26] . 
c

7 
The phonon scattering at the hot and cold thermostats can in- 

uce the size effect in the NEMD method. This effect can lead to a 

ength-dependent thermal conductivity κ(L ) of the studied mate- 

ials, due to the ballistic transport [46] at a small effective length 

 shorter than MFP. κ of all carbon allotropes with different L is 

raphically shown in Fig. 5 (b). As defined above, here κ is calcu- 

ated as the average value of κarm 

and κzig . As shown Fig. 5 (b), 

of all carbon allotropes increases gradually with increasing L . 

mong all carbon allotropes considered here, graphene is found 

o have the largest growth rate. For example, when L = 25 nm, κ
f graphene is 179.4 W/(mK), which is about 6 times of the value 

29.3 W/(mK)) of biphenylene network and 3 times of the value 

57.5 W/(mK)) of pentaheptite. However, κ of graphene with L = 

00 nm is 841.3 W/(mK), which is about 8 times and 3.5 times 

arger than κ of biphenylene network (93.9 W/(mK)) and penta- 

eptite (186.0 W/(mK)) with the same length, respectively. Mean- 

hile, it is observed that κ of all carbon allotropes can be well 

tted by Eq. (8) , indicating that the thermal transport in all carbon 

llotropes now exhibits the feature of ballistic transport. 

Fig. 5 (c) shows a representative temperature profile along the 

rmchair direction of the carbon allotropes with an effective length 

f 200 nm. The corresponding accumulated energy evolution in 

he thermostats of carbon allotropes is shown in Fig. 5 (d). From 

he temperature profile, we find a dramatic temperature drop oc- 

urring near the heat source and sink of graphene, which is at- 

ributes to the relatively larger phonon-boundary scattering when 

ompared to biphenylene network and pentaheptite. This find- 

ng is consistent with the more significant length-dependent phe- 

omenon observed in the thermal conductivity of graphene as 

hown in Fig. 5 (b). After applying the linear curve fitting to the 

ccumulated energy evolution curves, we obtain the energy trans- 

er rates of graphene, biphenylene network, and pentaheptite as 

.38 eV/ps, 0.49 eV/ps, and 1.03 eV/ps, respectively, which are con- 

istent with the magnitudes of their thermal conductivity. In addi- 

ion, through comparing κarm 

and κzig extracted from NEMD sim- 

lations, we also investigate the anisotropy of thermal transport 

n finite-sized carbon allotropes as shown in Fig. S8 (see supple- 

entary materials). It is observed that κarm 

is very close to κzig in 

raphene and biphenylene network, indicating an isotropic thermal 

ransport property of these materials. As for pentaheptite, the dif- 

erence between κarm 

and κzig is found to increase as L grows. In 

ther words, the anisotropy of thermal transport in pentaheptite 

ill become more significant with increasing L , which is consistent 

ith the HNMED and NEMD results as shown in Table 1 . 

.2. Phonon property analysis 

According to the classical phonon-gas model, the phonon con- 

uctivity can be expressed as 

= 

1 

3 

C V v g λ, (10) 

here C V , v g , and λ are the volumetric heat capacity, phonon group 

elocity, and phonon MFP, respectively. According to our results, it 

an be clearly found that the thermal transport property of both 
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Fig. 6. A comparison of SHC results of three carbon allotropes at 300 K. (a) The spectral thermal conductivity k (ω) based on HNEMD results. (b) The spectral ballistic 

thermal conductance G (ω) based on NEMD results. (c) The frequency-dependent MFP λ(ω) obtained by Eq. (7) . (d) The length-dependent thermal conductivity k obtained 

by Eq. (9) . 
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iphenylene network and pentaheptite is much weaker than that 

f graphene. In this section, the analysis of phonon properties in- 

luding the group velocity and MFP is performed to reveal the ori- 

in of the difference observed in the thermal conductivity of three 

arbon allotropes. Specifically, the frequency-dependent MFP is ob- 

ained by SHC calculations based on HNEMD and NEMD results, 

hile the group velocity is calculated by lattice dynamics meth- 

ds. In addition, the vibrational density of states (VDOS) is also 

alculated to provide more information on the vibrational modes 

f carbon allotropes. 

Fig. 6 shows SHC results including spectral thermal conductiv- 

ty κ(ω) , spectral ballistic thermal conductance G (ω) , frequency- 

ependent MFP λ(ω) , and length-dependent thermal conductiv- 

ty κ(L ) of three carbon allotropes. The corresponding SHC results 

riginating from in-plane and flexural phonon modes are shown 

n Figs. S9 and S10 (see supplementary materials). Here, all SHC 

esults shown here are obtained by averaging results in armchair 

nd zigzag directions. From Fig. 6 (a), we can see that κ of all 

arbon allotropes is mainly attributed to the phonon modes less 

han 20 THz, which is especially significant in the biphenylene 

etwork and pentaheptite. As shown in Fig. S9, κ of graphene 

nd pentaheptite is mainly contributed by the flexural phonon 

odes. For the biphenylene network, the dominant contribution 

f flexural phonon modes to κ dominated becomes more signif- 

cant. This finding is consistent with the previous HNEMD and 

MD results that the flexural phonon modes of biphenylene net- 

ork contribute about four-fives of its thermal conductivity, while 

exural phonon modes contribute two-thirds of the thermal con- 

uctivity of both graphene and pentaheptite. After combined with 

 (ω) obtained by NEMD-based SHC (see Fig. 6 (b)), the spectral 

honon MFP λ(ω) can be obtained by Eq. (7) (see Fig. 6 (c)). It

s found that at the extreme condition that ω → 0 , the values
8 
f λmax of graphene, biphenylene network, and pentaheptite are 

round 10,0 0 0 nm, 40 0 0 nm, and 40 0 0 nm, respectively. With a

hoice of F e = 0 . 1 μm 

−1 in HNEMD simulations, λmax is in ac-

ordance with the criteria F e λmax � 1 , which further ensures that 

NEMD simulations are now in the linear response regime [8] . It 

s also clearly observed that λ of graphene is much larger than that 

f biphenylene and pentaheptite at a low frequency smaller than 

0 THz, which is consistent with the fact that graphene possesses 

he largest thermal conductivity among three carbon allotropes. 

Ultimately, as shown in Fig. 6 (d), κ of graphene, biphenylene, 

nd pentaheptite converges to 2785.1 W/(mK), 210.0 W/(mK), 

nd 386.0 W/(mK), respectively, when L is approaching 1 mm, 

hich agree well with our previous HNEMD and EMD results (see 

able 1 ). The minimum length corresponding to the onset of the 

onvergence of κ is in the scale of millimeter, which indicates that 

he NEMD simulation is a computationally expensive method in 

btaining a convergence value of κ for 2D carbon allotropes. Based 

n NEMD simulations together with the extrapolation method, in 

he previous study [18] , 2272.0 W/(mK) and 156.5 W/(mK) were, 

espectively, predicted for κ of graphene and biphenylene network, 

hich are much smaller than our results of 2812.4 W/(mK) and 

08.3 W/(mK) obtained by HNEMD method here. This large gap 

bserved in the results obtained from the present and previous 

tudies can be mainly attributed to the fact that the length smaller 

han 100 nm used in the previous study is too short to predict 

 reliable thermal conductivity in the extrapolation method. In 

ab. S1 (see the supplementary materials), we further compare the 

hermal conductivity predicted from the present work with the re- 

ult previously obtained from various methods including MD-based 

ethods (HNEMD, EMD, and NEMD) and BTE methods. As detailed 

n the related discussion in supplementary materials, the present 

esults are generally consistent with the results reported in previ- 
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Fig. 7. A comparison of VDOS of graphene, biphenylene network, and pentaheptite. 

Three components including (a) armchair VDOS, (b) zigzag VDOS, and (c) flexural 

VDOS are considered here. 
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T

us studies. In addition, as shown in Fig. S10 (see supplementary 

aterials), the flexural phonon modes are found to contribute the 

ajor part of λ(ω) and k (L ) in all carbon allotropes, which is con-

istent with the results extracted from the above κ(ω) . 

To better understand the thermal transport in carbon allotropes 

onsidered in this study, the VDOS is calculated by performing the 

ollowing Fourier integral transform on the atomic velocity auto- 

orrelation function (VACF) [47] : 

DOS ( ω ) = 

∫ 
〈 ∑ 

j 

v j ( 0 ) · v j ( t ) 〉 e −2 π iωt d t, (11) 

here σ is the frequency, i is the imaginary unit, and 〈 ∑ 

j v j (0) ·
 j (t) 〉 is the VACF. Here, v j (0) and v j (t) are velocities of the jth

tom at time t and the initial time, respectively. Considering the 

lanar feature of carbon allotropes considered here, their VDOS is 

urther decomposed into three components, respectively, in arm- 

hair, zigzag, and flexural (out-of-plane) directions. 

The armchair, zigzag, and flexural components of VDOS in three 

arbon allotropes are shown in Fig. 7 . As for all VDOS compo- 

ents, more peaks and modes are observed in biphenylene net- 

ork and pentaheptite when compared with graphene. This dif- 

erence is attributed to the fact that more atoms exist in the 

ravais lattice of biphenylene network and pentaheptite, because 

he symmetry is greatly reduced after the structural transforma- 

ion of biphenylene network and pentaheptite from graphene (see 

ig. 1 ). As for the armchair and zigzag VDOS components, the 

harp peak around the high frequency of 50 THz in graphene dis- 
Fig. 8. The phonon dispersion curves of (a) graphene, (b) biphenylene network, an

9 
ppears in the result of biphenylene network. Based on the afore- 

entioned SHC results, it is found that the thermal conductivity 

f carbon allotropes is mainly attributed to the flexural phonon 

odes with a low frequency smaller than 20 THz. In the flexural 

DOS with the frequency smaller than 20 THz (see Fig. 7 (c)), the 

eaks of both biphenylene network and pentaheptite locate in the 

requency region lower than that of graphene. In addition, the flex- 

ral VDOS in this region of biphenylene network and pentaheptite 

how more peaks (corresponding to more phonon modes) when 

ompared with the corresponding result of graphene. This differ- 

nce observed in the flexural VDOS of biphenylene network and 

entaheptite indicates a stronger phonon-phonon scattering effect 

nd correspondingly a shorter phonon lifetime in biphenylene net- 

ork and pentaheptite, which is a factor responsible for the much 

eaker thermal transport property observed in biphenylene net- 

ork and pentaheptite when compared with that of graphene. A 

urther comparison among the armchair VDOS, zigzag VDOS, and 

exural VDOS of each carbon allotrope is shown in Fig. S11 (see 

upplementary materials). It is found that the armchair VDOS and 

igzag VDOS in graphene are identical to each other very well. 

imilarly, the armchair VDOS in biphenylene network is very close 

o its zigzag VDOS. However, the armchair VDOS in pentaheptite is 

learly found to be different with its zigzag VDOS, which is con- 

istent with its anisotropic thermal transport property as shown in 

able 1 . 

The aforementioned SHC analysis suggests that the phonon MFP 

f graphene is much longer than that of two other carbon al- 

otropes, which is an important factor responsible for the much 

igher thermal conductivity observed in graphene. In addition to 

he phonon MFP, as suggested by the classical phonon-gas model 

n Eq. (10) , the phonon group velocity is another important param- 

ter determining the lattice thermal conductivity. Thus, we show 

he phonon dispersion curves of three carbon allotropes obtained 

y lattice dynamics calculations in Fig. 8 and further compare their 

honon group velocities in Fig. 9 . For the sake of comparison, 

he high symmetry direction of the first Brillouin zone is set as 

− X − S − Y − 
 for all carbon allotropes. Among three acoustic 

odes, the longitudinal acoustic (LA) and transverse acoustic (TA) 

odes of all carbon allotropes show linear dispersion, while their 

exural acoustic (ZA) mode shows a quadratic dispersion, which is 

 classical characteristic of phonon dispersion curves of monolayer 

D materials [27] . It is found that the frequency corresponding 

o the acoustic modes of graphene locates much higher than that 

f biphenylene network and pentaheptite. For example, at the X 

oint, frequencies at LA, TA, and ZA modes of graphene are, respec- 

ively, around 33 THz, 26 THz, and 13 THz, which are much larger 

han the corresponding results of biphenylene network (24 THz, 

 THz, and 4 THz) and pentaheptite (16 THz, 11 THz, and 2 THz). 

he speed of sound equaling to the slope of all three acoustic 
d (c) pentaheptite along high symmetry directions of the first Brillouin zone. 
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Fig. 9. A comparison of the phonon group velocity g v and the corresponding average group velocity of (a) graphene, (b) biphenylene network, and (c) pentaheptite. The 

averaged g v is obtained by averaging the group velocity each 1 THz. 
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odes in biphenylene network and pentaheptite is found to be 

uch smaller than that in graphene. This difference is directly re- 

ated to the different group velocities observed among three car- 

on allotropes as shown in Fig. 9 . 

From Fig. 9 , it can be obviously observed that the average 

roup velocity of biphenylene network and pentaheptite is signif- 

cantly smaller than that of graphene at the low frequency re- 

ion smaller than 20 THz that mainly contributes to the ther- 

al conductivity. The highest value of average group velocity is 

ound to decrease from 12.0 km/s of graphene to 8.9 km/s of 

iphenylene network and 9.1 km/s of pentaheptite, which indicates 

 weaker phonon transport property and correspondingly a much 

ower thermal conductivity of biphenylene network and pentahep- 

ite when compared to graphene. Although biphenylene network 

nd pentaheptite have almost the same highest value of average 
(a)

ig. 10. (a) The ELF of graphene, biphenylene network, and pentaheptite. For clarify, 3 ×
iphenylene network, and pentaheptite, respectively. The ELF is visualized by using VEST

entaheptite uniaxially elongated along armchair and zigzag directions. In the legend, 

entaheptite, while arm and zig respectively denote the tensile simulation along armcha

rom tensile simulations. 

10 
roup velocity, the group velocity of biphenylene network within 

he low frequency smaller than 15 THz is much smaller than that 

f pentaheptite, leading to a much lower thermal conductivity of 

08.3 W/(mK) when compared with 342.7 W/(mK) of pentahep- 

ite. 

.3. Electron density and mechanical properties 

In the above discussion, we have demonstrated that the phonon 

FP and group velocity of biphenylene network and pentaheptite 

re significantly smaller than those of graphene, leading to a much 

eaker thermal transport property observed in biphenylene net- 

ork and pentaheptite. Furthermore, although the phonon MFP of 

iphenylene network is close to that of pentaheptite, the bipheny- 

ene network has a group velocity smaller than that of pentahep- 
2 × 1 supercell, 3 × 2 × 1 supercell, and unit cell are presented for graphene, 

A package [48] . (b) Stress-strain response of graphene, biphenylene network, and 

Gr, BN, and Penta are respectively short for graphene, biphenylene network, and 

ir direction and zigzag direction. (c) The corresponding Young’s modulus obtained 
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ite. Thus, among three carbon allotropes, the lowest thermal con- 

uctivity is observed in biphenylene network. To reveal the ori- 

in of the significant reduction in phonon MFP and group veloc- 

ty of biphenylene network and pentaheptite, the electron local- 

zation function (ELF) [49] of all carbon allotropes is graphically 

lotted in Fig. 10 (a) to illustrate their atomic bonding features. It 

s found that the electron localization occurs around the center of 

ll bonds in three carbon allotropes, which, as expected, clearly in- 

icates the dominance of covalent bonding. However, the electron 

ocalization of biphenylene network prefers to locate in the space 

f eight-membered and six-membered rings and deviates from the 

our-membered rings. A similar distribution is also found in pen- 

aheptite, in which the electron localization prefers to locate in 

he seven-membered rings rather than five-membered rings. The 

eviation degree of electron localization in biphenylene is greater 

han that in pentaheptite, while no deviation is found in graphene 

ue to its perfect symmetry structure with six-membered rings. 

his can be explained by the difference in structural symmetry of 

tudied carbon allotropes. For example, the inner space of four- 

embered rings in biphenylene is much smaller than that of its 

ix-membered and eight-membered rings. As a result, the elec- 

ron localization moves to the six-membered and eight-membered 

ings due to the repulsion force between electrons in a small space. 

he similar mechanism is also applicable for the five-membered 

nd seven-membered rings in pentaheptite. The deviation of elec- 

ronic localization found in biphenylene network and pentahep- 

ite indicates stronger bond anharmonicity [50] , leading to stronger 

honon scattering, lower phonon MFP and correspondingly weaker 

hermal transport property when compared with graphene. 

We further performed MD simulations-based uniaxial tensile 

est on three carbon allotropes to extract their mechanical proper- 

ies (see supplementary materials for simulation details). Fig. 10 (b) 

hows the stress-strain curves of three carbon allotropes along 

rmchair and zigzag directions. The corresponding Young’s modu- 

us was obtained through performing the linear curve fitting to the 

tress-strain curves with the strain smaller than 0.05. Among these 

arbon allotropes, graphene is found to possess the largest strength 

nd Young’s modulus, followed by pentaheptite and biphenylene 

etwork. This trend is consistent with their thermal conductiv- 

ty. The Young’s moduli of graphene, biphenylene network, and 

entaheptite in the armchair direction are 892.5 GPa, 563.5 GPa, 

nd 683.8 GPa, respectively, while their values in the zigzag di- 

ection are 903.4 GPa, 632.7 GPa, and 634.7 GPa, respectively (see 

ig. 10 (c)). Based on the ELF analysis together with the calculated 

echanical properties of various carbon allotropes, we can see 

hat due to the reduction in the structural symmetry of bipheny- 

ene network and pentaheptite, their bond property and mechani- 

al properties are different from those of graphene, which leads to 

he lower phonon group velocity and MFP observed in biphenylene 

etwork and pentaheptite. These differences finally result in the 

eaker phonon transport property observed in biphenylene net- 

ork and pentaheptite. 

. Conclusion 

In conclusion, the thermal transport in three planar sp 

2 - 

ybridized carbon allotropes including graphene, biphenylene net- 

ork, and pentaheptite is investigated in this study by MD simula- 

ions together first-principles calculations. Three MD-based meth- 

ds, i.e., HNEMD, EMD, and NEMD are employed to obtain a re- 

iable prediction of the thermal conductivity of these carbon al- 

otropes. According to our HNEMD results, the thermal conductiv- 

ties of biphenylene network and pentaheptite are 208.3 W/(mK) 

nd 342.7 W/(mK), respectively, which are only one-thirteenth and 

ne-eighth of the value (2812.4 W/(mK)) of graphene. The much 

maller thermal conductivity observed in biphenylene network and 
11 
entaheptite originates from the symmetry breaking of the pris- 

ine honeycomb lattice during the structural transformation from 

raphene to biphenylene network and pentaheptite. The results 

btained from EMD and NEMD simulations are in good agree- 

ent with those from HNEMD simulations, which, to some extent, 

roves the reliability of results predicted from the present calcu- 

ations. In addition, it is also found that the thermal conductiv- 

ty of all three carbon allotropes is mainly attributed to the flexu- 

al phonon modes. Especially for biphenylene network, the flexural 

honon contributes up to four-fifths of the total thermal conduc- 

ivity. The SHC analysis and lattice dynamics analysis demonstrate 

hat both the phonon group velocity and MFP of biphenylene net- 

ork and pentaheptite are much smaller than those of graphene. 

urthermore, the deviation of ELF found in biphenylene network 

nd pentaheptite indicates that the bond property of these two 

arbon allotropes is different from that of graphene, which results 

n a larger anharmonicity and stronger phonon-phonon scattering 

n them when compared those of graphene. This mechanism is fur- 

her proved through the different mechanical properties observed 

mong these three carbon allotropes. Our study not only provides a 

eep understanding of fundamental mechanisms of phonon trans- 

ort in 2D carbon allotropes, but also facilitates their applications 

s carbon nanodevices. 
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