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Highlights

Thermal transport in planar sp2-hybridized carbon allotropes: A
comparative study of biphenylene network, pentaheptite and graphene

Penghua Ying, Ting Liang, Yao Du, Jin Zhang, Qiangqiang Ma, Xiaoliang
Zeng, Zheng Zhong

• Thermal transport properties of three carbon allotropes are investi-
gated by three MD-based methods including HNEMD, EMD, and NEMD.

• Thermal conductivity of biphenylene network only corresponds to about
one-thirteenth of graphene.

• The great reduction in thermal conductivity of biphenylene network
and pentaheptite arise from the decline of structural symmetry.

• The analysis of phonon mean free path, phonon group velocity, elastic
modulus together with electron localization function are performed to
reveal the mechanism.
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Abstract

The biphenylene network with periodically arranged four-, six-, and eight-
membered rings has been successfully synthesized in very recent experiments.
This novel two-dimensional (2D) carbon allotrope has potentials in applica-
tions of lithium storage and carbon-based circuitry. Understanding the ther-
mal transport property of biphenylene network is of critical importance for
the performance and reliability of its practice applications. To this end, the
thermal transport in biphenylene network is comprehensively investigated in
this paper with the aid of homogeneous non-equilibrium molecular dynam-
ics (HNEMD), equilibrium molecular dynamics (EMD) and nonequilibrium
molecular dynamics (NEMD) simulations. For the sake of comparison, the
thermal conductivity of some other 2D sp2-hybridized carbon allotropes such
as graphene and pentaheptite is also investigated using the same methods.
The thermal conductivities of biphenylene network and pentaheptite pre-
dicted from the HNEMD method are, 208.3 W/(mK) and 342.7 W/(mK),
respectively, which only equal to one-thirteenth and one-eighth of the value
(2812.4 W/(mK)) of graphene. These results obtained from the HNEMD
method are found to be in good agreements with the results extracted from
EMD and NEMD methods, indicating the reliability of the present results.
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Based on the spectral heat current decomposition method, the thermal con-
ductivity of all three 2D carbon allotropes is found to be mainly attributed to
the flexural phonon mode. Through the analysis of phonon property, mechan-
ical property and electron density distribution, the low thermal conductivity
of biphenylene network and pentaheptite smaller than that of graphene is
found to stem from the decline in their structural symmetry, which leads to
the aggravation of phonon scattering, the decrease of phonon group velocity
and the reduction of phonon mean free path.

Keywords: biphenylene network, planar carbon allotropes, thermal
conductivity, molecular dynamics, phonon transport

1. Introduction1

Since Geim and Novoselov experimentally discovered graphene by using2

micromechanical cleavage in 2004 [1], this two-dimensional (2D) carbon al-3

lotrope has attracted a great number of interest in academia and industry4

by virtue of its superior and novel physical properties. For example, exper-5

iments demonstrate that graphene has an ultrahigh strength of 130 GPa, a6

large Young’s modulus up to 1 TPa [2], and an extremely high thermal con-7

ductivity in the range of 3000-5800 W/(mK) [3–6]. Inspired by the extraordi-8

nary structural and material properties observed in graphene, numerous 2D9

materials based on other elements have also been reported, such as hexago-10

nal boron nitride, transitional metal dichalogenides (e.g., MoS2 and MoTe2),11

and many monoelements including silicene, germanene, phosphorene, stanene12

and borophene [7]. In addition, the demand of other 2D carbon allotropes13

has also stimulated substantial efforts in searching pure-carbon nanodevices14

beyond graphene [8]. To date, a large amount of novel 2D carbon allotropes15

have been theoretically predicted with the aid of the structure searching16

method and first-principles calculations [9–16], though only a few have been17

successfully synthesized in experiments. In 2010, graphdiyne whose crystal18

lattice is arranged with sp and sp2-bonded carbon atoms was reported by19

Li and coworkers in their experimental study [17]. Very recently, motivated20

by previous works [18, 19], Fan and coworkers synthesized the biphenylene21

network in experiments [20], which can be treated as the second pure sp2-22

hybridized carbon allotropes with repeating nonhexagonal motifs along both23

planar dimensions. These biphenylene networks are reported to have the24

application potentials in lithium storage and carbon-based circuitry.25
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Understanding the thermal transport in 2D carbon allotropes not only26

provides an important guidance for their thermal management applications27

in nanodevices, but also is the essential step to reveal the fundamental mech-28

anism of phonon transport in low-dimensional systems. Theoretically, the29

lattice thermal conductivity of a crystal can be obtained by lattice dynamic30

methods or molecular dynamics (MD)-based methods. By using the homo-31

geneous non-equilibrium molecular dynamics (HNEMD) method [21], the32

thermal conductivity of graphene was predicted to be around 3000 W/(mK)33

at room temperature, which is higher than any other known 2D carbon al-34

lotropes. The outstanding thermal transport property observed in graphene35

can be attribute to its strong sp2-hybridized bond and planar honeycomb36

lattice with very high symmetry. As for other 2D carbon allotropes, their37

thermal conductivity is reported to be substantially smaller than that of38

graphene. For example, based on phonon Boltzmann transport equation39

and first-principle calculations, the thermal conductivities of α, β, and γ40

graphyne with sp and sp2-hybridized bonds were predicted to be 21.1, 22.341

and 106.2 W/(mK) at room temperature, respectively, which are one order42

or two orders of magnitude smaller than 2962.8 W/(mK) of graphene [22].43

Using the same method, the thermal conductivity of penta-graphene [23]44

with sp and sp3-hybridized bonds was predicted to be 645 W/(mK) at room45

temperature [24], which is also significantly smaller than that of graphene.46

Equilibrium molecular dynamics (EMD) simulations together with Green-47

Kubo method [25, 26] were employed to predict the thermal conductivities48

of OPG-L and OPG-Z [27] with pure sp2-hybridized bonds, which are 313-49

344 W/(mK) and 233-261 W/(mK) at room temperature, respectively. Very50

recently, by extrapolating the non-equilibrium molecular dynamics (NEMD)51

results [28], the thermal conductivities of penta-graphene (392 W/(mK)) and52

three pure sp2-hybridized 2D carbon allotropes including ψ-graphene [29]53

(338 W/(mK)), pop-graphene [30] (156.5 W/(mK)), and net-W [19] (156.554

W/(mK)) were obtained. All existing results suggest a big difference between55

graphene and other carbon allotropes.56

Compared with a large number of studies reported for the thermal con-57

ductivity of graphene [31–35], the study on the thermal transport in some58

other 2D carbon allotropes is stills in its infancy stage. Especially, the newly59

synthesized biphenylene network [20] and the theoretically predicted pen-60

taheptite [10] show a periodically arranged nonbenzenoid structure differ-61

ent from pristine honeycomb lattice in graphene. This lattice structure dif-62

ference should make biphenylene network and pentaheptite have a thermal63
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transport property different from that of graphene. Thus, it is essential to64

conduct a comprehensive study on the thermal conductivity of these new65

sp2-hybridized 2D carbon allotropes. In this work, a comparative study66

on the thermal transport in planar sp2-hybridized carbon allotropes includ-67

ing graphene, biphenylene network, and pentaheptite is performed by using68

graphics processing units molecular dynamics (GPUMD) [36] simulations.69

Three MD-based methods including HNEMD, EMD, and NEMD are used70

to predict the thermal conductivity of carbon allotropes. The spectral heat71

current (SHC) analysis, lattice dynamics calculations, electron localization72

function calculations and tensile simulations are also performed to reveal the73

mechanism underlying the phonon transport in these carbon allotropes.74

2. Model and Methods75

2.1. Simulation Model76

zi
gz

ag

armchair

(a)  Graphene (b)  Biphenylene network (c)  Pentaheptite

Figure 1: Lattice structures of three planar carbon allotropes including (a) graphene, (b)
biphenylene network with four-, six-, and eight-membered carbon rings, and (c) pentahep-
tite with five- and seven-membered carbon rings.

As shown in Figure 1, the lattice structures of biphenylene network and77

pentaheptite considered here can be constructed by reorganizing some par-78

tial bonds in graphene. Specifically, when generating pentaheptite, all six-79

membered carbon rings (i.e., rings of carbon atoms) in graphene are equally80

split into five- and seven- membered carbon rings. In generating the bipheny-81

lene network, partial six-membered rings in graphene are split into four- and82

eight- membered carbon rings, resulting in the coexistence of ternary (four-83

, six-, and eight-membered) rings in the materials. Here, the cell size of84

graphene, biphenylene network and pentaheptite is set as 25 nm × 25 nm in85

all HNEMD and EMD simulations, which is sufficiently large to eliminate the86

finite-size effect [21, 34]. Correspondingly, there are 24072, 22110, and 2407287
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atoms in the present simulation models of graphene, biphenylene network,88

and pentaheptite, respectively. Periodic boundary conditions are applied in89

both planar directions, while the free boundary condition is applied in the90

out-of-plane direction. It is noted that the principle directions, i.e., arm-91

chair and zigzag directions in pentaheptite and biphenylene are defined as92

the same as those in graphene. In other words, the definition of the armchair93

and zigzag directions of biphenylene network and pentaheptite is unchanged94

during the structural construction based on graphene (see dotted lines in95

Figure 1(b-c)).96

2.2. Thermal Conductivity Calculations97

All calculations of thermal conductivity based on MD simulations were98

performed at room temperature (300 K) using the open source GPUMD pack-99

age [36], in which the standard Newton equations of motion are integrated in100

time by the velocity-Verlet integration algorithm [37]. By the virtue of power-101

ful GPUs, GPUMD is of higher efficiency in calculating thermal conductivity102

of nanomaterials when compared to any other MD codes such as LAMMPS103

[38]. In addition, GPUMD can correctly calculate the heat flux of multi-104

body potential systems, which is significantly underestimated by LAMMPS105

[39–41]. The time steps in the simulations of graphene, biphenylene network,106

and pentaheptite were set as 0.5 fs, 0.25 fs, and 0.1 fs, respectively. The ther-107

mal conductivities in two principle directions including both armchair and108

zigzag directions were considered for all carbon allotropes. The optimized109

Tersoff force field [42] was employed to describe the atomic interactions in all110

planar carbon allotropes considered here. The optimized Tersoff force field111

has been widely utilized in previous MD simulations on the mechanical and112

thermal properties of various carbon-based 2D materials such as graphene113

[32, 35, 43–46], penta-graphene [47, 48], hexagonal boron nitride [49, 50],114

C3N [51, 52], BC3N, BC6N [53] and so on. To examine the reliability of115

this force field in describing the 2D carbon allotropes considered here, we116

compared the lattice lengths and energies of these 2D carbon allotropes pre-117

dicted from the optimized Tersoff force field to the results calculated from118

first-principle calculations (see Figure S1 in supplementary materials). It119

was found that the results obtained from these two methods agree very well120

with each other. Specifically, the energies of biphenylene network and pen-121

taheptite obtained from the optimized Tersoff potential are 0.37 eV/atom122

and 0.70 eV/atom higher than that of graphene, respectively, which are con-123

sistent with the corresponding results of 0.24 eV/atom and 0.47 eV/atom124
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obtained from first-principles calculations. The energy of both biphenylene125

network and pentaheptite is higher than that of graphene. As for the newly126

synthesized biphenylene network, we also compared its phonon dispersion127

relations calculated from various force fields including aforementioned op-128

timized Tersoff, airebo [54], and ReaxFF[55] to the results extracted from129

first-principle calculations (see Figure S2 in supplementary materials). It130

was demonstrated that among these three force fields, the optimized Tersoff131

force field has the most accuracy in describing the phonon band structure of132

biphenylene network.133

In this work, the thermal conductivity of planar carbon allotropes was134

calculated by three different MD-based methods including HNEMD, EMD,135

and NEMD. The corresponding theory and simulation details of these meth-136

ods were briefly introduced below.137

2.2.1. HNEMD Simulations138

Based on the non-canonical linear response theory, Evans proposed the139

HNEMD method in 1982 [56], which was recently extended to generalized140

many-body potentials in GPUMD package developed by Fan and coworkers141

[21]. The HNEMD method has been widely applied in calculating the thermal142

conductivity of various 2D materials such as graphene [21, 57], polyaniline143

(C3N) [52], MoS2 [58], and etc. For planar carbon allotropes considered here,144

the thermal conductivity along armchair or zigzag direction is given by145

k(t) =
1

t

∫ t

0

〈Jq(τ)〉
TV Fe

dτ, (1)

where t, V , and T are, respectively, the production time, system volume,146

and temperature. 〈Jq(τ)〉 is the nonequilibrium heat current induced by the147

driving force Fe. The symbol 〈〉 denotes the average over simulation time148

t. The volume of 2D materials usually depends on their thickness, which149

has diverse theoretical predictions in various literatures [59]. To avoid the150

influence of thickness definition and, meanwhile, facilitate the comparison151

among three carbon allotropes considered here, a conventional value of 0.335152

nm is used here as the thickness for all three carbon allotropes. Previous153

studies demonstrated that the driving force parameter Fe should be within154

a reasonable range. On one hand, Fe has to be small enough to keep the155

system within the linear-response regime and converge within the simulation156

time. On the other hand, Fe has to be large enough to obtain a reliable157

result with a large signal-to-noise ratio [56, 60, 61]. According to the rule of158
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thumb developed by Mandadapu and coworkers [60], the value of Fe should159

be roughly smaller than 1/λmax, where λmax denotes the maximum phonon160

mean-free-path (MFP). As shown in Figure 2 (a-b), taking the biphenylene161

network as an example, we tested the sensitivity of k(t) to the parameter Fe.162

The value of k(t) is found to diverge with increasing t when Fe ≥ 0.6 µm−1.163

The convergence of k(t) is found at Fe ≤ 0.5 µm−1. However, a very small164

value 0.05 µm−1 of Fe results in a significant noise. Under this circumstance,165

more simulations are needed to obtain a more reliable value of k(t). Based166

on the above analyses, Fe = 0.1 µm−1 was applied for all carbon allotropes167

considered in this work, which is consistent with the value selected in the168

previous HNEMD simulations of graphene and polyaniline (C3N) [21, 52].169

Energy minimization was performed to the initially constructed models of170

all carbon allotropes to obtain their equilibrium configurations. In doing this,171

the samples were relaxed in the NPT ensemble (constant number of particles,172

pressure, and temperature) with zero pressure and, subsequently, in the NVT173

ensemble (constant number of particles, volume, and temperature) for 100 ps.174

A total time of 10 ns was used to obtain the converged k, and the raw data175

of thermal conductivity was averaged for each 1 ps. For each calculation176

of the thermal conductivity, eight independent HNEMD simulations were177

performed (see Figures 2 and 3), corresponding to a total production time178

of 80 ns. Finally, the averaged result of these eight simulations at t = 10 ns179

was taken as the values of k.180

2.2.2. EMD Simulations181

On the basis of fluctuation-dissipation theorem [62], we also calculated182

the thermal conductivity of planar carbon allotropes by EMD simulations183

together with Green-Kubo method [25, 26]. As shown below, this method184

calculates the running thermal conductivity k(t) by integrating heat current185

autocorrelation function (HCACF) over a given correlation time t186

k(t) =
V

kBT 2

∫ t

0

〈J(0)J(τ)〉 dτ, (2)

where kB is Boltzmann’s constant and 〈J(0)J(τ)〉 is the average HCACF187

over different time origins with J being the heat current.188

It is worth noting that the HNEMD method and EMD method are phys-189

ically equivalent to each other. However, due to the introduction of the fic-190

titious driving force in a fixed direction to the system, the HNEMD method191

enjoys much higher computational efficiency and larger signal-to-noise ratio192

7



[21]. Therefore, compared with the HNEMD method, the EMD method re-193

quires more independent simulations to obtain a reliable result. As shown in194

Fig. 4, we carried out 80 independent simulations and each simulation has a195

correlation time of 2 ns. The obtained 80 results were averaged to obtain the196

converged running thermal conductivity. All other simulation parameters in197

the present EMD simulations are the same as those set in the above HNEMD198

simulations. For each EMD simulation, the production time is 20 ns that is199

10 times as long as the correlation time. Each EMD result was obtained200

by using a total production time of 1600 ns. For all carbon allotropes, the201

averaged k(t) converges well in the time ranging from 1 ns to 2ns. The final202

value of k obtained from EMD method was obtained by averaging the results203

in the last 500 ps. In addition, as for k obtained from both HNEMD and204

EMD methods, the corresponding standard statistical error σn is calculated205

as206

σn =

√∑n
i=1(ki − k̄)2

n
, (3)

where n is the number of independent simulations and k̄ is the averaged207

thermal conductivity.208

2.2.3. NEMD Simulations209

Both the aforementioned HNEMD and EMD methods are homogeneous210

methods. Thus, the size effect in them is usually extremely small, which can211

be generally ignored. To study the thermal transport in finite-sized carbon212

allotropes with a length of L, we calculated the thermal conductivity k by213

NEMD simulations using the following formula214

k(L) =
Q/S

∆T/L
, (4)

where Q, ∆T , and L are the the energy transfer rate, temperature difference,215

and effective length between the heat source and heat sink. In Eq. 4, S is216

the area of the cross section perpendicular to the transport direction. Li and217

coworkers [46] indicated that the nonlinear part of the temperature profile218

extracted from NEMD simulations should be considered in the calculation of219

the thermal conductivity. In other words, the temperature gradient should220

be calculated directly as ∆T/L here instead of the slope of the linear region221

of the temperature profile away from the local thermostats.222
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Fig 5(a) shows the setup of NEMD simulations performed in this study.223

The system along the thermal transport direction, i.e., heat flux direction224

was divided into three parts, which include the fixed regions with the same225

length at two ends, two thermostats (the heat source and heat sink regions)226

with the same length adjacent to the fixed regions, and the thermal transport227

region between heat source and heat sink. Herein, the lengths of fixed regions228

and thermostats were set as 1 nm and 25 nm, respectively. The dimension229

of the sample perpendicular to the heat flux direction was set as 25 nm.230

Correspondingly, S of all samples in NEMD simulations is 8.375nm2 with231

a conventional thickness of 0.335 nm being selected here. As shown in Fig232

5(b), five different lengths ranging from 25nm to 200nm were considered for233

all samples in simulations. Each NEMD simulation was performed for 6 ns,234

in which the stable temperature distribution was achieved within the initial235

1 ns, while the temperature gradient was obtained by averaging over the final236

5 ns.237

2.3. Spectral Heat Current Analysis238

Based on the NEMD and HNEMD results, the spectral heat current239

(SHC) analyses were further conducted to obtain the frequency-dependent240

MFP and length-dependent thermal conductivity. Firstly, the thermal con-241

ductivity calculated from the HNEMD method (see Eq. 1) can be spectrally242

decomposed in the frequency domain as follows: [18, 21, 32, 63, 64]243

k(ω) =
2K̃ω

TV Fe
. (5)

Here, K̃ω is the Fourier transform of the virial-velocity correlation function,244

which can be defined as [64]:245

K(t) =
∑
i

Wi(0) · vi(t), (6)

where Wi and vi denote the virial tensor and velocity of atom i, respectively.246

Secondly, the quasi-ballistic spectral thermal conductance G(ω) based on the247

NEMD results can be similarly obtained. Finally, the frequency-dependent248

MFP λ(ω) can be obtained from K(ω) and G(ω) as follows:249

λ(ω) = K(ω)/G(ω). (7)
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The length-dependent k(L) can be expressed as the following classical250

first-order extrapolation formula: [65]251

k(L) =
k∞

1 + λ∞/L
, (8)

where k∞ is the length-independent thermal conductivity at 1/L = 0, and252

λ∞ is the phonon MFP for the infinite system. Further, k(L) can be obtained253

by integrating Eq. 8 in the frequency domain:254

k(L) =

∫
kω

1 + λω/L

dω

2π
. (9)

Based on Eqs. 5 and 6, we obtained the HNEMD-based SHC result and255

NEMD-based SHC result, respectively. Based on Eqs. 7 and 9, we obtained256

the frequency-dependent MFP and length-dependent thermal conductivity257

of carbon allotropes, respectively.258

2.4. First-principles Calculations259

First-principles calculations were conducted here to predict the lattice260

length, phonon dispersion relations, and electron localization function of261

planar carbon allotropes. All first-principles calculations were based on the262

Vienna Ab-initio Simulation Package (VASP) [66–68] together with the gen-263

eralized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof func-264

tional form (PBE) for the exchange-correlation potential [69]. For the sake265

of comparison, we used the 2D Bravais lattices with rectangular symmetry266

for all three carbon allotropes as shown in the inset of Fig. S1. The peri-267

odic boundary conditions were applied along all three Cartesian directions.268

A vacuum layer of 10 Å was set to avoid adjacent image-image interactions269

along the thickness directions. The convergence condition for the electronic270

self consistence loop was set as the total energy change smaller than 10−7eV.271

The Monkhorst-Pack k-point mesh sizes for graphene, biphenylene network,272

and pentaheptite were set as 15×9×1, 9×8×1, and 6×4×1, respectively.273

The structural optimization was performed by conjugate gradient method274

with the convergence condition for the ionic relaxation loop being the Hell-275

mann Feynman forces smaller than 0.001 eV/Å. The second-order (har-276

monic) interatomic force constants were calculated by the density functional277

perturbation theory (DFPT) methods. First-principles-based phonon disper-278

sion relations and the corresponding group velocities were obtained by the279
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PHONOPY package [70] with inputs provided by the DFPT results. For the280

sake of comparison, the high symmetry directions of the first Brillouin zone281

were set as Γ− X− S− Y − Γ for all carbon allotropes (see Figs. S1 and282

8). The VESTA package [71] was used to illustrate charge densities, while283

the VASPKIT package [72] was used to prepare parts of the input file for284

first-principle calculations.285

3. Results and Discussion286

3.1. Thermal Conductivity of Planar Carbon Allotropes287

In this section, we study the thermal conductivity of three planar carbon288

allotropes including graphene, biphenylene network, and pentaheptite using289

HNEMD, EMD, and NEMD. The thermal conductivities calculated by these290

three methods are cross-checked with each other. Efforts are also made to291

compare the thermal transport properties of these carbon allotropes including292

the magnitude of thermal conductivity, the anisotropy of thermal conductiv-293

ity, and the corresponding contributions of in-plane and out-of-plane phonon294

modes.295

We first investigate the thermal transport property of biphenylene net-296

work using HNEMD simulations. The thermal conductivities along armchair297

and zigzag directions are denoted as karm and kzig, respectively, which are298

obtained from Eq. (1) by applying the the driving force along the same di-299

rection. As shown in Fig. 2(c-d), karm and kzig are 213.1 ± 3.5 W/(mK) and300

203.5 ± 5.8 W/(mK), respectively, indicating a very trivial anisotropy of the301

thermal transport property existing in the biphenylene network. Following302

the heat current decomposition method proposed by Fan and coworkers [32],303

we decompose k into the in-plane and out-of-plane directions, the components304

of which are kin and kout, respectively. These two components correspond to305

the contribution of in-plane and out-of-plane (flexural) phonon branches, re-306

spectively. The thermal conductivities in the armchair and zigzag directions307

are averaged and similarly decomposed into kin and kout. The results of kin308

and kout are 38.1 W/(mK) and 170.2 W/(mK), respectively, which indicates309

that the flexural component contributes dominantly (about four-fifths) to310

the thermal transport in biphenylene network. In addition, it is also found311

that in both directions kin converges shortly at t = 4 ns, which is much faster312

than kout converging at t = 8 ns.313

Figure 3 shows the running thermal conductivity of pentaheptite and314

graphene calculated through the HNEMD method. The values of karm and315
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Figure 2: Thermal conductivity of biphenylene network with a szie of 25 nm × 25 nm,
which is calculated by HNEMD method at 300 K. (a-b) Results of the running thermal
conductivity when Fe ranges from 0.05 µm−1 to 1.0 µm−1. (c-d) Thermal conductivity of
biphenylene network along armchair and zigzag directions, respectively. The total thermal
conductivity is decomposed into an in-plane component and an out-of-plane component.
Each production thermal conductivity (see solid lines) is obtained by averaging by eight
independent simulations (see semi-transparent lines).

kzig of pentaheptite are 362.9 ± 8.5 W/(mK) and 322.4 ± 9.3 W/(mK),316

respectively, while the values of karm and kzig of graphene are 2807.3 ± 11.0317

W/(mK) and 2817.5± 18.0 W/(mK), respectively. The thermal conductivity318

of graphene calculated here is in good agreement with the previous studies319

based on HNEMD simulations such as 2847 ± 49.0 W/(mK) in Ref. [21]320

and 2900 ± 100.0 W/(mK) in Ref. [32]. Table 1 shows a comparison of321

karm and kzig among all three carbon allotropes. It is clearly found that the322

anisotropy of the thermal conductivity of biphylene network and graphene323

is very trivial. However, as for pentaheptite, its karm of 362.9 W/(mK) is324

larger than its kzig having a value of 322.4 W/(mK). This result suggests325

that pentaheptite possesses a larger thermal conductivity in the armchair326

direction. For the sake of comparison, we herein also calculate the scalar327
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Figure 3: Thermal conductivity along armchair and zigzag directions of (a and b) pen-
tahepitite and (c and d) graphene with a size of 25 nm × 25 nm, which is calculated by
HNEMD method at 300 K. The total thermal conductivity is decomposed into an in-plane
component and an out-of-plane component. Each final thermal conductivity (see solid
lines) is obtained by averaging eight independent simulations (see semi-transparent lines).

thermal conductivity k for each carbon allotrope, which has the definition of328

k = (karm + kzig)/2. By comparing three carbon allotropes as listed in Table329

1, we find that k of both biphenylene network and pentaheptite is much lower330

than that of graphene. Specifically, values of k of both biphenylene network331

and pentaheptite are, respectively, only about one-thirteens and one-eights332

of the value of graphene. In addition, it is also found that the flexural333

component contributes about two-thirds of the total thermal conductivity334

of both graphene and pentaheptite. kin of biphenylene network having the335

values of 38.1 W/(mK) is much lower than 142.8 W/(mK) of pentaheptite,336

which results in a much lower value of k (208.3 W/(mK)) in biphenylene337

network as compared to the value of 342.7 W/(mK) in pentaheptite.338

The thermal conductivity of biphenylene network (208.3 W/(mK)) and339

pentaheptite (342.7 W/(mK)) calculated here is close to the value of 233-344340
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W/(mK) reported for other carbon allotropes with five-five-eight-membered341

rings [48], but is significantly smaller than 2013 W/(mK) of graphene-like342

C3N [52]) and 656 W/(mK) of hexagonal boron nitride[49]. This finding in-343

dicates that the symmetry breaking of the pristine honeycomb lattice during344

the structural construction of carbon allotropes with hybrid-membered rings345

such as biphenylene network and pentaheptite from graphene can cause a346

much greater reduction in the thermal conductivity than that induced by347

the heterogeneous elements doping or substitution.348
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Figure 4: The thermal conductivity of (a) graphene, (b) biphenylene network, and (c)
pentahepitite with the same size of 25 nm × 25 nm, which is calculated by the EMD
method at 300 K. Here, the total thermal conductivity is decomposed into an in-plane
component and an out-of-plane component. Each final thermal conductivity (see solid
lines) is obtained by averaging by 80 independent simulations (see semi-transparent lines).

Figure 4 shows the running thermal conductivity of carbon allotropes as349

a function of correlation time obtained by EMD simulations. The values350

of k obtained from EMD simulations are 2960.3 ± 301.0 W/(mK), 229.3 ±351
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Table 1: Thermal conductivity (in the unit of W/(mK)) of planar carbon allotropes pre-
dicted by HNEMD and EMD methods at room temperature of 300 K.

Methods Samples karm kzig kin kout k

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

20.5 W/(mK), and 375.7 ± 29.0 W/(mK) for graphene, biphenylene net-352

work, and pentaheptite, respectively, which are in a good agreement with353

the corresponding HNEMD results of 2812 ± 14.5 W/(mK), 208.3 W/(mK)354

± 5.0 W/(mK), and 342.7 ± 11.3 W/(mK). Comparing the thermal conduc-355

tivity components including kin, kout, karm, and kzig obtained from EMD and356

HNEMD simulations (see Table 1), we can find that both EMD and HNEMD357

simulations present the similar results about the anisotropy of thermal con-358

ductivity and the contribution of phonon modes. Although the production359

time of 1600 ns in EMD simulations is more than one order of magnitude360

longer than 80 ns in HNEMD simulations, the standard error of EMD results361

is much larger than that of their HNEMD counterparts. This divergence re-362

veals that the statistical accuracy of the EMD is far inferior to the HNEMD,363

which is consistent with the conclusions extracted from previous EMD and364

HNEMD studies on graphene [21], carbon nanotube [21], and C3N [52].365

The size effect in the NEMD method arises from the phonon scattering366

at the hot and cold thermostats, which leads to a length-dependent thermal367

conductivity k(L) of the studied materials under the ballistic transport [63]368

at a small effective length L shorter than MFP. k of carbon allotropes with369

different L is graphically shown in Fig. 5(b). As defined above, here k is370

calculated as the average values of karm and kzig. As shown Fig. 5(b), k of all371

carbon allotropes increases gradually with increasing L. Among all carbon372

allotropes considered here, graphene is found to have the largest growth rate.373

For example, when L = 25 nm, k of graphene is 179.4 W/(mK), which is374
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(a)









 

Figure 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 k of the carbon allotropes with an effective length L
ranging from 25 nm to 500 nm. The circle and lines are results obtained from NEMD sim-
ulations 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.

about 6 times of the value (29.3 W/(mK)) of biphenylene network and 3375

times of the value (57.5 W/(mK)) of pentaheptite. However, k of graphene376

with L = 200 nm is 841.3 W/(mK), which is about 8 times and 3.5 times377

larger than k of biphenylene network (93.9 W/(mK)) and pentaheptite (186.0378

W/(mK)) with the same length, respectively. Meanwhile, it is observed that379

k of all carbon allotropes can be well fitted by Eq.(8), indicating that the380

thermal transport in all carbon allotropes now exhibits the feature of ballistic381

transport.382

In Fig. 5(c), we show a representative temperature profile along the383

armchair direction of the carbon allotropes with an effective length of 200384

nm. The corresponding accumulated energy evolution in the thermostats of385

carbon allotropes is shown in Fig. 5(d). From the temperature profile, we386

find a dramatic temperature drop occurring near the heat source and sink387

of graphene, which is attributes to the more intensive phonon scattering in388

16



graphene when compared to biphenylene network and pentaheptite. This389

finding is consistent with the more significant length-dependent phenomenon390

observed in the thermal conductivity of graphene as shown in Fig. 5(b). After391

applying the linear curve fitting to the accumulated energy evolution curves,392

we obtain the energy transfer rate of graphene, biphenylene network, and393

pentaheptite as 4.38 eV/ps, 0.49 eV/ps, and 1.03 eV/ps, respectively, which394

are consistent with the magnitudes of their thermal conductivity. In addition,395

through comparing karm and kzig extracted from NEMD simulations, we also396

investigate the anisotropy of thermal transport in finite-size carbon allotropes397

as shown in Fig. S3 (see Supplementary Materials). It is observed that karm398

is very close to kzig in graphene and biphenylene network, indicating an399

isotropic thermal transport property of these materials. As for pentaheptite,400

the difference between karm and kzig is found to increase as L grows. In401

other words, the anisotropy of thermal transport in pentaheptite will become402

more significant with increasing L, which is consistent with the HNMED and403

NEMD results listed in Table 1.404

3.2. Phonon Property Analysis405

According to the classical phonon-gas model, the thermal conductivity of406

a crystal can be expressed as407

k =
1

3
CV vgλ, (10)

where CV , vg, and λ are the volumetric heat capacity, phonon group velocity,408

and phonon MFP, respectively. From our results, it can be clearly found that409

the thermal transport property of both biphenylene network and pentahep-410

tite is much weaker than that of graphene. In this section, the analysis of411

phonon properties including the group velocity and MFP shown in Eq. (10) is412

performed to reveal the origin of the difference observed in the thermal con-413

ductivity of three carbon allotropes. Specifically, the frequency-dependent414

MFP is obtained by SHC calculations based on HNEMD and NEMD results,415

while the group velocity is calculated by lattice dynamics methods. In addi-416

tion, the vibrational density of states (VDOS) is also calculated to provide417

more information on the vibrational modes of carbon allotropes. Noted that418

all calculated phonon properties are based on the optimized Tersoff force419

field, which is consistent with the thermal conductivity calculations.420

In Fig. 6, we show SHC results including spectral thermal conductiv-421

ity k(ω), spectral ballistic thermal conductance G(ω), frequency-dependent422
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Figure 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.

MFP λ(ω), and length-dependent thermal conductivity k(L) of three carbon423

allotropes. The corresponding in-plane and out-of-plane components of these424

SHC results are shown in Figs. S4 and S5 for each carbon allotrope. Here, all425

SHC results were obtained by averaging in armchair and zigzag directions.426

The result of k based on HNEMD is graphically shown in Figs. 6(a) as a427

function of ω. From this figure, we can see that k of all carbon allotropes is428

mainly attributed to the phonon modes less than 20 THz, which is especially429

significant in the biphenylene network and pentaheptite. As shown in Fig. S4430

(see Supplementary Materials), k of graphene and pentaheptite is mainly in-431

duced by the out-of-plane modes. As for the bipheneylene network, its k even432

almost entirely origins from the out-of-plane phonon modes. This finding is433

consistent with the previous HNEMD and EMD results that the out-of-plane434

phonon modes of biphenylene network contribute about four-fives of its ther-435
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mal conductivity, which is significantly larger than two-thirds contributed436

by out-of-plane phonon modes in both graphene and pentaheptite. After437

combined with G(ω) obtained by NEMD-based SHC (see Fig. 6(b)), the438

spectral phonon MFP λ(ω) can be obtained by Eq. (7), which is shown in439

Fig. 6(c). It is found that at extreme condition that ω → 0, the values of440

λmax of graphene, biphenylene network, and pentaheptite are around 10000441

nm, 4000 nm, and 4000 nm, respectively. With a choice of Fe = 0.1 µm−1442

in HNEMD simulations, λmax is in accordance with the criteria Feλmax . 1,443

which further ensures that HNEMD simulations are now in the linear re-444

sponse region [21]. It is also clearly observed that λ of graphene is much445

larger than that of biphenylene and pentaheptite at a low frequency smaller446

than 20 THz, which is consistent with the fact that graphene possesses the447

largest thermal conductivity among three carbon allotropes.448

Ultimately, k(L) obtained by first-order classical extrapolation (see Eqs.449

(8) and (9) shows that k of graphene, biphenylene, and pentaheptite con-450

verges to 2785.1 W/(mK), 210.0 W/(mK), and 386.0 W/(mK), respec-451

tively, when L is approaching 1 mm (see Fig. 6(d)), which agree well with452

our previous HNEMD and EMD results (see Table. 1). The minimum length453

corresponding to the onset of the convergence of k is in the scale of millime-454

ter, which indicates that the NEMD is a computationally expensive method455

in obtaining a convergence value of k for 2D carbon allotropes. Based on456

NEMD simulations together with the extrapolation method, in the previous457

study [28], 2272.0 W/(mK) and 156.5 W/(mK) were, respectively, predicted458

for k of graphene and biphenylene network, which are much smaller than459

2812.4 W/(mK) and 208.3 W/(mK) obtained by our HNEMD method here.460

This large gap observed in the results obtained from the present and previ-461

ous studies can be mainly attributed to the fact that the length smaller than462

100 nm used in the previous study is too short to predict a reliable thermal463

conductivity in the extrapolation method. In addition, as shown in Fig. S5464

(see Supplementary Materials), the out-of-plane phonon modes are found to465

contribute the major part of λ(ω) and k(L) in all carbon allotropes, which466

is consistent with the the results extracted from the above k(ω).467

To better understand the thermal transport in carbon allotropes con-468

sidered in this study, the VDOS is calculated by performing the following469

Fourier integral transform on the atomic velocity auto-correlation function470
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(VACF) [73]:471

VDOS(ω) =

∫
〈
∑
j

vj(0) · vj(t)〉e−2πiωtdt, (11)

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

j vj(0) · vj(t)〉 is the472

VACF. Here, vj(0) and vj(t) are velocities of the jth atom at time t and the473

initial time, respectively. Considering the planar feature of carbon allotropes474

considered here, their VDOS is further decomposed into three components,475

respectively, in armchair, zigzag, and out-of-plane directions.476
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Figure 7: A comparison of VDOS of graphene, biphenylene network, and pentaheptite.
Three components including (a) armchair VDOS, (b) zigzag VDOS, and (c) out-of-plane
VDOS are considered here.

The armchair, zigzag, and out-of-plane components of VDOS in three477

carbon allotropes are shown in Fig. 7. As for all VDOS components, more478

modes and peaks are observed in biphenylene network and pentaheptite when479

compared with graphene. This difference is attributed to the fact that more480

atoms exist in the Bravais lattice of biphenylene network and pentaheptite,481

because the symmetry is greatly reduced after the structural transformation482

of biphenylene network and pentaheptite from graphene (see Fig. 1). As for483

the armchair and zigzag components of VDOS, the sharp peak around the484
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high frequency of 50 THz in graphene disappears in the result of bipheny-485

lene network. Based on the aforementioned SHC results, it is found that486

the thermal conductivity of carbon allotropes is mainly attributed to the487

out-of-plane phonon modes with a low frequency smaller than 20 THz. In488

the out-of-plane VDOS with the frequency smaller than 20 THz (see Fig.489

7(c), the peaks of both biphenylene network and pentaheptite locate in the490

frequency region lower than that of graphene. In addition, the out-of-plane491

phonon VDOS in this region of biphenylene network and pentaheptite show492

more peaks (corresponding to more phonon modes) when compared wit the493

corresponding result of graphene. This difference observed in the out-of-494

plane VDOS of biphenylene network and pentaheptite indicates a stronger495

phonon scattering effect and correspondingly a shorter phonon lifetime in496

biphenylene network and pentaheptite, which is a factor responsible for the497

much weaker thermal transport property observed in biphenylene network498

and pentaheptite when compared with that of graphene. A further compar-499

ison among the armchair VDOS, zigzag VDOS, and out-of-plane VDOS of500

each carbon allotrope is shown in Fig. S6 (see supplementary materials). It501

is found that the armchair VDOS and zigzag VDOS in graphene are identical502

to each other very well. Simialrly, the armchair VDOS in biphenylene net-503

work the is very close to the zigzag VDOS. However, the armchair VDOS in504

pentaheptite is clearly found to be different with its zigzag VDOS, which is505

consistent with its anisotropic thermal transport property as shown in Table506

1.507

X S Y
0

10

20

30

40

50

60

Fr
eq

ue
nc

y 
(T

Hz
)

(a) Graphene

X S Y

(b) Biphenylene network

X S Y

(c) Pentaheptite

Figure 8: The phonon dispersion curves of (a) graphene, (b) biphenylene network, and (c)
pentaheptite along high symmetry directions of the first Brillouin zone.

The aforementioned SHC analysis suggests that the phonon MFP of508

graphene is much longer than that of two other carbon allotropes, which509
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is an important factor responsible for the much higher thermal conductivity510

observed in graphene. In addition to the phonon MFP, as suggested by the511

classical phonon-gas model in Eq. 10, the phonon group velocity is another512

important parameter determining the lattice thermal conductivity. Thus, we513

show the phonon dispersion curves of three carbon allotropes obtained by514

lattice dynamics calculations in Fig. 8 and further compare their phonon515

group velocities in Fig. 9. For the sake of comparison, the high symme-516

try direction of the first Brillouin zone is set as Γ− X− S− Y − Γ for all517

carbon allotropes (see Figs. S1 and 8). Among three acoustic modes, the518

longitudinal acoustic (LA) and transverse acoustic (TA) modes of all carbon519

allotropes show linear dispersion, while their flexural out-of-plane acoustic520

(ZA) mode shows a quadratic dispersion, which is a classical characteristic521

of phonon dispersion curves of monolayer 2D materials [34]. It is found that522

the frequency corresponding to the acoustic modes of graphene locates much523

higher than that of biphenylene network and pentaheptite. For example, at524

the X point, frequencies at LA, TA, and ZA modes of graphene are, respec-525

tively, around 33 THz, 26 THz, and 13 THz, which are much larger than526

the corresponding results of biphenylene network (24 THz, 6 THz, and 4527

THz) and pentaheptite (16 THz, 11 THz, and 2 THz). The speed of sound528

equaling to the slope of all three acoustic modes in biphenylene network and529

pentaheptite is found to be much smaller than that in graphene. This differ-530

ence is directly related to the different group velocities observed among three531

carbon allotropes as shown in Fig. 9.532

From Fig. 9, it can be obviously observed that the average group velocity533

of biphenylene network and pentaheptite is significantly smaller than that of534

graphene at low frequency region smaller than 20 THz, which mainly con-535

tributes to the thermal conductivity. The highest value of average group536

velocity is found to decrease from 12.0 km/s of graphene to 8.9 km/s537

of biphenylene network and 9.1 km/s of pentaheptite, which indicates a538

weaker phonon transport property and correspondingly a much lower thermal539

conductivity of biphenylene network and pentaheptite compared to that of540

graphene. Although biphenylene network and pentaheptite have almost the541

same highest value of average group velocity, the group velocity of bipheny-542

lene network within the low frequency smaller than 15 THz is much smaller543

than that of pentaheptite, leading to a thermal conductivity of 208.3 W/(mK)544

of biphenylene network that is much smaller than 342.7 W/(mK) of penta-545

heptite.546

22



0

6

12

18

24

g v
 (k

m
/s

)

(a) Graphene (b) Biphenylene network (c) Pentaheptite

0 15 30 45 60
Frequency (THz)

0

4

8

12

16

Av
er

ag
e 

g v
 (k

m
/s

)

0 15 30 45 60
Frequency (THz)

0 15 30 45 60
Frequency (THz)

Figure 9: A comparison of the phonon group velocity gv and the corresponding aver-
age group velocity of (a) graphene, (b) biphenylene network, and (c) pentaheptite. The
averaged gv is obtained by averaging the group velocity each 1 THz.

3.3. Electron Density and Mechanical Properties547

In the above discussion, we have demonstrated that the phonon MFP548

and group velocity of biphenylene network and pentaheptite are significantly549

smaller than those of graphene, which is responsible for the much weaker550

thermal transport property observed in biphenylene network and pentahep-551

tite. Furthermore, although the phonon MFP of biphenylene network is close552

to that of pentaheptite, the biphenylene network has a group velocity smaller553

than that of pentaheptite. Thus, among three carbon allotropes, the lowest554

thermal conductivity is observed in biphenylene network. To reveal the origin555

of the significant reduction in phonon MFP and group velocity of biphenylene556

network and pentaheptite, the electron localization function (ELF) [74] of all557

carbon allotropes is graphically plotted in Fig. 10(a) to illustrate their atomic558

bonding features. It is found that the electron localization occurs around the559

center of all bonds in three carbon allotropes, which, as expected, clearly indi-560

cates the dominance of covalent bonding. However, the electron localization561

of biphenylene network prefers to locate in the space of eight-membered and562

six-membered rings and deviates from the four-membered rings. A similar563

distribution is also found in pentaheptite, in which the electron localization564

prefers to locate in the seven-membered rings rather than five-membered565

rings. The deviation degree of electron localization in biphenylene is greater566

than that in pentaheptite, while no deviation is found in graphene due to its567
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(a) Graphene Biphenylene network Pentaheptite

Figure 10: (a) The ELF of graphene, biphenylene network, and pentaheptite. (b) Stress-
strain response of graphene, biphenylene network, and pentaheptite uniaxially elongated
along armchair and zigzag directions. (c) The corresponding Young’s modulus obtained
from tensile simulations.

perfect symmetry structure with six-membered rings. This can be explained568

by the difference in structural symmetry of studied carbon allotropes. For ex-569

ample, the inner space of four-membered rings in biphenylene is much smaller570

than that of its six-membered and eight-membered rings. As a result, the571

electron localization moves to the six-membered and eight-membered rings572

due to the repulsion force between electrons in a small space. The simi-573

lar mechanism is also applicable for the five-membered and seven-membered574

rings in pentaheptite.575

The deviation of electronic localization in biphenylene network and pen-576

taheptite reveals that their bond property is different to that of graphene at577

the electronic scale. We further performed the MD simulations of uniaxial578

tensile test on three carbon allotropes to compare their mechanical properties579

(see supplementary materials for corresponding simulation details). Fig 10(b)580

shows the stress-strain curves of three carbon allotropes along armchair and581

zigzag directions. The corresponding Young’s modulus was obtained through582

performing the linear curve fitting to the stress-strain curves with the strain583
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smaller than 0.04. Among these carbon allotropes, graphene is found to pos-584

sess the largest strength and Young’s modulus, followed by pentaheptite and585

biphenylene network. This trend is consistent with their thermal conductiv-586

ity. The Young’s moduli of graphene, biphenylene network, and pentaheptite587

in the armchair direction are 924.4 GPa, 576.8 GPa and 644.9 GPa, respec-588

tively, while their values in the zigzag direction are 954.7 GPa, 637.1 GPa and589

694.0 GPa, respectively (see Fig 10(c)). Based on the ELF analysis together590

with calculated mechanical properties of various carbon allotropes, we can591

see that due to the reduction in the structural symmetry of biphenylene net-592

work and pentaheptite, their bond property and mechanical properties are593

different from those of graphene, which leads to the stronger phonon scatter-594

ing and correspondingly the lower phonon group velocity and MFP observed595

in biphenylene network and pentaheptite. These differences finally result in596

the weaker phonon transport property observed in biphenylene network and597

pentaheptite.598

4. Conclusion599

In conclusion, the thermal transport in three planar sp2-hybridized car-600

bon allotropes including graphene, biphenylene network, and pentaheptite601

is investigated in this study by MD simulations together first-principles cal-602

culations. Three MD-based methods, i.e., HNEMD, EMD, and NEMD are603

employed to obtain a reliable prediction of the thermal conductivity of these604

carbon allotropes. According to our HNEMD results, the thermal conductiv-605

ities of biphenylene network and pentaheptite are 208.3 W/(mK) and 342.7606

W/(mK), respectively, which are only one-thirteenth and one-eighth of the607

value (2812.4 W/(mK)) of graphene. The much smaller thermal conductiv-608

ity observed in biphenylene network and pentaheptite originates from the609

symmetry breaking of the pristine honeycomb lattice during the structural610

transformation from graphene to biphenylene network and pentaheptite. The611

results obtained from EMD and NEMD simulations are in good agreement612

with those from HNEMD simulations, which, to some extent, proves the re-613

liability of the results predicted from the present calculations. In addition, it614

is also found that the thermal conductivity of all three carbon allotropes is615

mainly attributed to the flexural phonon modes. Especially for biphenylene616

network, the flexural phonon contributes up to four-fifths of the total thermal617

conductivity. The SHC analysis and lattice dynamics analysis demonstrate618

that both the phonon group velocity and mean MFP of biphenylene network619

25



and pentaheptite are much smaller than those of graphene. Furthermore,620

the deviation of ELF found in biphenylene network and pentaheptite indi-621

cates different bond properties existing in these two carbon allotropes and622

graphene, which results in a larger anharmonicity and stronger phonon scat-623

tering in them when compared those of graphene. This mechanism is further624

proved through the different mechanical properties observed among these625

carbon allotropes. Our study not only provides a deep understanding on626

fundamental mechanisms of phonon transport in 2D carbon allotropes, but627

also facilitate their applications in carbon nanodevices.628
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Figure S1: A comparison on the lattice length (left) and energy per atom (right) of three
planar carbon allotropes predicted by classical molecular dynamics simulations at 300K
with optimized Tersoff force filed (labled as ”Tersoff”) and first-principles calculations with
Perdew-BurkeErnzerhof generalized gradient approximation for the exchange correlation
potential (labled as ”PBE”). larm and lzig respectively represents the lattice length along
armchair and zigzag directions as shown in the inset.
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（a) Lattice and Brillouin zone

Figure S2: The phonon dispersion relations of biphenylene network predicted by classical
force fields and first-principles calculations. (a) The high symmetry directions of the first
Brillouin zone. (b-d) The phonon band structures predicted by first-principles calcula-
tions with PBE potential (labled as ”PBE”) versus optimized Tersoff force filed (labled as
”Tersoff”), (c) Airebo force filed (labled as ”Airebo”), and (d) ReaxFF potential (labled
as ”ReaxFF”).
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Figure S3: A comparison on the thermal conductivity along armchair direction and zigzag
direction, i.e., karm and kzig based on NEMD simulations for all carbon allotropes.
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Figure S4: A comparison on the spectral thermal conductivity k(ω) (top) and ballistic ther-
mal conductance G(ω) (bottom) contributed by in-plane and out-of-plane phonon modes
for three carbon allotropes: (a) graphene, (b) biphenylene network, (c) pentaheptite. All
the results are calculated at 300 K.

0 10 20 30 40 50
Frequency (THz)

100

101

102

103

104

105

(
) (

nm
)

(a) Graphene

In-plane
Out-of-plane
Total

0 10 20 30 40 50
Frequency (THz)

100

101

102

103

104

105
(b) Biphenylene network

In-plane
Out-of-plane
Total

0 10 20 30 40 50
Frequency (THz)

100

101

102

103

104

105
(c) Pentaheptite

In-plane
Out-of-plane
Total

10 2 10 1 100 101 102 103

L ( m)
0

1000

2000

3000

4000

k 
(W

/(m
K)

10 2 10 1 100 101 102 103

L ( m)
0

100

200

300

400

10 2 10 1 100 101 102 103

L ( m)
0

100

200

300

400

500

Figure S5: A comparison on the frequency-dependent MFP λ(ω) (top) and length-
dependent thermal conductivity k (bottom) contributed by in-plane and out-of-plane
phonon modes for three carbon allotropes: (a) graphene, (b) biphenylene network, (c)
pentaheptite. All the results are calculated at 300 K.
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Figure S6: A comparison of armchair VDOS, zigzag VDOS, and out-of-plane VDOS for
three carbon allotropes including (a) graphene, (b) biphenylene network, and (c) penta-
heptite.
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S2. Supplementary Note2

The tensile simulations of all carbon allotropes were performed by using3

large-scale atomic/molecular massively parallel simulator (LAMMPS) pack-4

age [1]. A sample size of 25 nm × 25 nm was used in all tensile simulations,5

which is consistent with the HNEMD and EMD simulations. The thickness6

of all carbon allotropes was set as 0.335 nm. The periodic boundary condi-7

tions were applied in planar directions, while free boundary condiction was8

applied in the out-of-plane direction. Here, the optimized Tersoff potential9

developed by Lindsay and Broido[2] was used to simulate the C–C interaction10

in the carbon allotropes. The time steps in all tensile simulations were set as11

1 fs. The uniaxial tensile simulations were performed at the room temper-12

ature of 300K. In doing this, an energy minimization was firstly performed13

using the conjugate gradient algorithm. The system was then relaxed within14

the isothermal-isobaric (NPT) ensemble at the temperature of 300 K and15

zero external pressure for 200 ps. Afterwards, the uniaxial tensile test was16

performed by expanding the box size in the armchair (or zigzag) direction17

with a strain rate of 109/s while the zigzag (or armchair) direction is set as18

free.19
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