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1. INTRODUCTION

The proton exchange membrane fuel cell (PEMFC) has been recognized as a reliable alternative to the fossil fuels 
machine for its high energy density and low emission. Though a great deal of work has been done in the studies 
of PEMFC by researchers, there are still many mechanistic problems that need to be discussed before PEMFC can 
be widely applied to industries (Hassanzadeh and Mansouri, 2005; Deevanhxay et al., 2011; Burheim et al., 2015; 
García-Salaberri et al., 2015; Fiori et al., 2015; Fazeli et al., 2016; Epting and Litster, 2016; Nandjou et al., 2016; 
Zhang et al., 2017; Gao et al., 2017). One of the most concerning problems is the thermal management of the fuel 
cell. The thermal conductivity of the proton exchange membrane is a key parameter in the fuel cell heat transfer 
process, however, there is lack of research about Nafi on thermal conductivity to the best of the authors' knowledge.

The most commonly used material of the proton exchange membrane is Nafi on invented by Dupont Corpora-
tion, which is a typical porous polymer. Due to the complex microstructure of Nafi on, the internal heat conduction 
mechanism becomes very complicated. 

Scholars use the transient plane source method extensively to conduct experimental measurements of dry Nafi on 
thermal conductivity at 25oC by a hot disk thermal constants analyzer (ISO22007-2, 2008; Zhang et al., 2010, 
2013a,b; Wang et al., 2010). Some self-developed experimental systems are also used to measure the thermal con-
ductivity of Nafi on. Khandelwal and Mench (2006) performed the in situ direct measurement of Nafi on through-
plane thermal conductivity over a range of temperatures from 17 to 65oC by a steady-state measurement method. 
Burheim et al. (2010) performed the ex situ measurements of through-plane thermal conductivity of Nafi on as a 
function of water content.

There is a common problem with above experimental measurement methods: the measurement accuracy of the 
thermal conductivity of the wetted Nafi on cannot be guaranteed. The experimental process of measuring thermal 
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conductivity takes a period of steady state, while the water content of Nafi on may vary during measurement. To 
further solve this problem, Chen et al. (2014) studied the thermal conductivity of Nafi on 117 at 25oC by the hot 
disk method, and established a molecular dynamics calculation model of the proton exchange membrane according 
to the chemical structure by Materials Studio (MS) software platform. In Chen et al. (2017), the effect of water 
content and temperature on the thermal conductivity is also discussed to reveal the relationship between the ther-
mal conductivity, water content, and temperature.

The above experimental studies of Nafi on membranes should be considered as macroscopic studies. Though 
the numerical simulations by the molecular dynamics method are generally considered as microscopic research, 
the modeling and calculation still focus on the problems at the macroscale such as the effect of water content and 
temperature on the thermal conductivity of Nafi on. With the development of computational science, the focus of 
thermal conductivity research has gradually shifted to its relationship with the microstructure of materials, espe-
cially at the molecular and atomic scales. Based on the fi rst-principles and calculation software packages, the ther-
mal conductivity can also be investigated and calculated at an atomistic scale (Yan et al., 2013). In recent years, 
one of the hot topics in materials science is two-dimensional and one-dimensional materials. First-principles-based 
calculations have performed well in the research on the thermal conductivity of low-dimensional materials (Ma 
et al., 2012, 2017; Lee et al., 2014).

In this paper, we try to work out the relationship between the heat conductance performance and the microstruc-
ture of Nafi on. Since the Nafi on bulk is agglomerated by long molecular chains, its microscopic thermal conduc-
tion mechanism includes the mechanism of the thermal conduction in Nafi on molecular chain and the mechanism 
of energy transfer between the molecular chains. Both these two parts will be mentioned in this paper.

2. DETAILS OF NUMERICAL SIMULATION

2.1  Molecular Model

The molecular formula and the long molecular chain model are shown in Fig. 1. The protrusion on the carbon–
fl uorine backbone (marked out by red circle in Fig. 1) is carbon branches with the sulfate ions (SO3

–), which are 
connected to the backbone through two carbon–oxygen C–O bonds and reduce the balance of molecular chains. 
Two different models of Nafi on molecular chain part are given in Fig. 2 as two basic calculation models of this 
paper. The key principle is that the chosen molecular chain must contain the branch with the sulfonate as it deter-
mines many of Nafi on material properties, such as hydrophilicity, proton transfer ability, and so on. In this kind of 
branch, there will be two C–O bonds, which is also the basis for selecting and judging the branches.

2.2  Computational Details

Thermal conductivity is defi ned as the amount of heat transferred by a unit temperature gradient over a unit heat 
conduction surface in a unit time. The macrocalculation method of thermal conductivity is the Fourier law of heat 

FIG. 1: The structure of Nafi on molecular long chain: (a) minimal Nafi on molecule (C9F17S1O5), (b) Nafi on molecule with 
carbon chain (C21F41S1O5)
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conduction. The thermal conductivity microcalculation method in this paper is to solve the phonon Boltzmann 
transport equation (BTE) using calculation software packages. The calculation software packages used in this pa-
per are VASP, Phonopy (Togo et al., 2008), and ShengBTE (Li et al., 2014), which are used for density functional 
calculation, phonon calculation, and thermal conductivity calculation, respectively. The brief calculation fl owchart 
is shown in Fig. 3, which is provided and proven by Li et al. (2014). This method has been recognized and used 
by many scholars, especially proving ShengBTE as an effective solver to phonon Boltzmann transport equation 
(Carrete et al., 2014; Qin et al., 2015; Xie et al., 2016; Shafi que and Shin, 2017).

In the structural calculation, we use the VASP package to optimize the structure of two Nafi on molecular chains 
with limit of truncation energy on 600 eV and residual as 1.0 × 10–6 eV. Since the lattice vectors of three dimen-
sions are larger than 15 Å, the structural relaxation is done for the unit cell with a 1 × 1 × 1 Monkhorst–Pack 
grid of k sampling. Two important input fi les of ShengBTE, the second-order (harmonic) and third-order (anhar-
monic) interatomic force constants (IFCs), are calculated by Phonopy and the thirdorder.py script packaged with 
ShengBTE. The 2 × 1 × 1 supercell with 20 × 1 × 1 k sampling for Brillouin zone integration is used for IFCs 
calculation. After the harmonic and anharmonic interatomic force constants are calculated and symmetrized, the 
phonon Boltzmann transport equation (Ziman, 1960) is then solved to obtain the thermal conductivity of Nafi on 
molecular chain. 

FIG. 2: The structure of Nafi on molecular chain part

FIG. 3: Calculation fl ow diagram
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2.2.1  Kohn–Sham Equation

The calculations performed by VASP are based on the density functional theory (DFT), and the key equation used 
is the Kohn–Sham equation (Bylaska et al., 2009). The Kohn–Sham equation refers to the Schrödinger equation 
that the virtual system associated with the real system satisfi es in the density functional theory. The particles (usu-
ally electrons) in the virtual system move in an effective potential fi eld without interaction, and the particle density 
is the same as the real system at each point in space. The effective potential in the Kohn–Sham equation is usually 
vs(r) or veff(r) to express, called the Kohn–Sham potential. The particles in the virtual system are fermions that do 
not interact with each other, so the exact solution of the Kohn–Sham equation is a single Slater determinant, and 
the orbit in the determinant is called the Kohn–Sham orbit. Each Kohn–Sham track can be expressed as a linear 
combination of atomic orbitals; it can also be expanded according to a basis function. The form of the Kohn–Sham 
equation is as follows:

 ( ) ( ) ( )
2

2
eff2 i i iv r r r

m
⎛ ⎞
− ∇ + φ = ε φ⎜ ⎟⎜ ⎟
⎝ ⎠

, (1)

where εi is the orbital energy of the Kohn–Sham track iφ . The electron density of the Kohn–Sham system contain-
ing N particles is given by

 ( ) ( ) 2=
N

i
i

r rρ φ∑  . (2)

2.2.2  Selection of Potential

The three potentials used in VASP calculations are the mode of conservation, the ultrasoft potential, and the pro-
jector augmented wave (PAW) potential. According to different methods, these potentials can be divided into ul-
trasoft pesudopotential (USPP) and PAW. Both methods can reduce the number of plane waves of the transition 
metal or each atom of the fi rst row element to a certain extent. According to the exchange correlation function, it 
is divided into local density approximation (LDA) and generalized-gradient approximation (GGA). GGA is divided 
into Perdew–Wang 91 (PW91) and Perdew–Burke–Ernzerhof (PBE). The electronic structure at Rc is calculated 
as a uniform electron gas of the same density in the local density functional LDA, while the gradient of density is 
considered the generalized gradient functional GGA to get higher accuracy. Therefore, in this study, the potential 
of S (sulfur), C (carbon), F (fl uorine), and O (oxygen) is the PAW–GGA–PBE potential in the paw_pbe folder 
provided by VASP. 

2.2.3  Phonon Boltzmann Transport Equation 

A nonzero heat current J is caused by the temperature gradient (Li et al., 2014):

 ( )3
=

2p

dqJ f vλ λ λω
π

∑ ∫ , (3)

where λ includes both a phonon branch index p and a wave vector q, ωλ, and vλ are the angular frequency and 
group velocity of phonon mode λ, respectively, and fλ is the phonon distribution function.

The phonons in thermal equilibrium (there is no temperature gradient and other thermodynamic forces) are 
distributed according to the Bose–Einstein statistic f0(ωλ). When there is a temperature gradient, the deviation of 
phonon actual distribution function fλ from f0(ωλ) in equilibrium can be obtained by BTE. The BTE considers two 
factors affecting phonon distribution: diffusion and scattering, and explains the fact that the rate of change of pho-
non distribution inevitably disappears in a steady state (Peierls, 1929; Li et al., 2014):

 diffusion scattering
0df f f

dt t t
λ λ λ∂ ∂
= + =

∂ ∂
, (4)

where
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and scatteringf tλ∂ ∂  depends on the actual scattering situation, which can be analyzed by the perturbation theory.
Most of the time, the norm of ∇T is small enough that fλ can be fi rst-order extended in ∇T and expressed as 

fλ = f0(ωλ) + gλ. And the linear relationship between gλ and ∇T can be expressed as gλ = –Fλ·∇T·df0/dT. When the 
scattering sources are the two- and three-phonon processes, the linearized BTE can then be written as (Omini and 
Sparavigna, 1995, 1996; Lindsay and Broido, 2008; Ward and Broido, 2010; Ward et al., 2009)

 ( )0F vλ λ λ λ= τ + Δ . (6)

2.2.4  Nanowires Correction 

The structure of a nanowire can be viewed as extending only in one dimension, and its phonon dispersion should 
be expressed as a function of the wavenumber along that direction. When the nanowire is thick enough, it will 
contain a large number of unit cells in the radial direction, that is, there are a large number of phonon branches. 
The bulk phonon dispersions can be used instead, though the translational symmetry perpendicular to the nanowire 
axis is still destroyed by physical boundaries. Then the BTE needs to supplement a spatial correlation term and 
correct Eq. (6) to (Li et al., 2012, 2014):
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3. RESULTS AND DISCUSSION

3.1  Structure and Chemical Bonding Analysis

After structural relaxation, the carbon–carbon (C–C) bond average length is 1.5 Å, the carbon–sulfur (C–S) bond 
length is 1.46 Å, and the carbon–oxygen (C–O) bond length is 1.42 Å. These structure parameters are in good 
agreement with the experimental results (Doyle and Rajendran, 2003), which suggests that the structures after 
relaxation are reliable. To move a step further, a series of crystal orbital overlap population (COOP) analyses are 
carried out by LOBSTER (as shown in Fig. 4), an open-source program developed by the Dronskowski group 
at RWTH Aachen University (Dronskowski and Blöchl, 1993; Deringer et al., 2012; Maintz et al., 2014, 2016). 
COOP is calculated by multiplying overlapping populations by corresponding states density, can also be expressed 
as overlapping population-weighted density of states. The integral value of COOP below the Fermi level can be 
understood as the number of bonding electrons shared between two atoms, which can refl ect the strength of the 
bond. In the analysis, the range of the energy is selected as –18 eV to 12 eV, and we fi tted the fi gures with the 
range of COOP from –0.2 to 0.4.

As mentioned above, it is the area below the Fermi level that we mainly care about in the COOP fi gure. In 
this area, the peaks with the positive COOP values represent the bonding which indicates that the chemical 
bond is stronger, while the peaks with the negative COOP values represent the antibonding. As we can tell, the 
C–C bonding, the S–O bonding, and the C–O bonding all got several antibonding which we do not expect. The 
COOP values of antibonding are all in the range of –0.1–0 and very close. In the comparison, the C–C bonding 
is the strongest bonding of the three bondings since it has 2 signifi cant positive peaks with the COOP value about 
0.3, while the C–O bonding seems to be the weakest of the three bondings as it got the lowest COOP value.

Back to the structure of Nafi on molecular chain, the C–C bonding is the main bonding of the Nafi on back-
bone, the C–O bonding and the C–S bonding play the role of connecting the sulfate ions branches to the C–F 
backbone. From the perspective of energy/phonon transmission, weak chemical bonds do not provide positive 
conditions for effi cient phonon transfer, which indicates the Nafi on molecular chain may not have high thermal 
conductivity.
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3.2  Thermal Conductance Analysis

First, the distribution of phonon density at different frequencies is performed by Phonopy. As shown in Fig. 5, the 
density of state has two obvious peaks in the lower frequency (about 1 THz) and higher frequency (about 33 THz). 
Due to the stability of the C–C bond and the fl uorocarbon backbone connected by C–C bonds, the DOS peak at 
low frequencies is formed by the C–C bond as the main infl uencing factor. The backbone and the sulfonate group 
are connected by two C–O bonds, and the branch is used as the extension of the main chain, and the vibration 
frequency is high. Therefore, the DOS peak near 33 THz is caused by this part of the branch. Regardless of the 
molecular mass or the strength of the chemical bond, as the molecular chain grows, the infl uence of the branch on 
the phonon transfer will naturally decrease. However, in the two molecular chains, we calculated, the effect of the 
branches including the SO3

– to the thermal conductance still cannot be ignored.
In the fi nal output of ShengBTE, the thermal conductivity per unit of mean free path (in the small-grain limit) 

of the two molecular chains remains almost the same as 0.065 W/(m·K·nm). The defi nition of the thermal conduc-
tivity per unit of mean free path is the local thermal conductivity in the mean phonon free path range, which is di-
rectly related to the microstructure of the material. The phonon free path of each material is different, which means 
that the phonon transmission performance of different materials is also different. The same result of the thermal 
conductivity per unit of mean free path of the two molecules in this paper also proves the structural consistency. In 
Table 1, the thermal conductivities of Nafi on bulk/membrane (according to Chen's research) and molecular chain 
are shown. As we can tell, the thermal conductivities of molecular chains have a signifi cant rise compared with the 
bulk/membrane, but still remain at a low level with the order of magnitude of 10, confi rming the above analysis 
and conjecture.

3.3  Analysis of the Relationship between Structure and Thermal Conductivity

As we can tell, both the Nafi on bulk and the Nafi on molecular chain have rather low thermal conductivity. Com-
pared to some two-dimensional/one-dimensional materials with high thermal conductivity, we can fi nd some pat-
terns of the relationship between structure and thermal conductivity.

Most of the two-dimensional/one-dimensional materials with excellent heat transfer performance have the me-
chanical structural stability, and the mechanical structural stability is based on the typical unit as lattice structure. 

FIG. 4: COOP analysis of C–C bond, C–O bond, and C–S bond
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In the examples given in this paper, as shown in Fig. 6, the two materials—silicone (Liu et al., 2017) and 12C/13C 
graphene superlattice (Mu et al., 2015)—mainly consist of a hexagonal silicon ring and a hexagonal carbon ring. 
On this basis, the material layer is formed by such a unit to a two-dimensional periodic expanding. This kind of 
structure ensures the overall mechanical stability, which means the bonds in the materials have high strength. In 

FIG. 5: PDOS (phonon density of state) fi gure of the minimal Nafi on molecule

TABLE 1:  Comparison of thermal conductivity between Nafi on membrane and molecular chain at 300 K

Bulk/Membrane Molecular Chain

MD Experiment C9F17S1O5 C21F41S1O5

0.12 W/(m·K) 0.14 W/(m·K) 6.73 W/(m·K) 4.17 W/(m·K)

FIG. 6:  Comparison of Nafi on structure with exempliary two-dimensional material structure
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contrast to the analysis given in Sections 3.2 and 3.3, stable chemical bonds not only ensure the mechanical prop-
erties of the material, but also provide thermal stability to the material.

Moving on to the Nafi on microstructure, as an amorphous polymer compound with linear structural molecular 
chain, the form of its formation is fundamentally different from the above two-dimensional materials. Nafi on bulk/
membrane is agglomerated by molecular chains, and this causes a great number of interfaces between the molec-
ular chains. This kind of interfaces can be approximately considered as crystal defect, which means that Nafi on 
can be considered a high defect crystal, phonon scattering at the defect will become a key factor in the thermal 
resistance of the material. Focusing on a single Nafi on molecular chain, it will also show the characteristic of 
amorphous polymer, the backbone connected by carbon bonds has no regular fold line arrangement, and the mo-
lecular chain may twist and bend while forming Nafi on bulk/membrane. The irregular composition of the internal 
molecular chains results in poor thermal stability and poor heat transfer performance, while exhibiting certain 
anisotropic properties. Lin et al. (2017) also found that the thermal conductivity of amorphous polyethylene can be 
raised to the theoretical limit by using the CG–MD method to simulate hot stretching process. This study shows 
that the thermal conductivity of the polymer is positively correlated with its molecular chain order and polymer 
crystallinity, which is consistent with the conclusion of the above analysis. When the molecular arrangement inside 
the polymer tends to be ordered, and its structure tends to be stable, which is conducive to the transfer of energy.

The intuitive general conclusions drawn above can be theoretically explained by the following three points. 
These three points summarize the general characteristics of materials with intrinsically low thermal conductivity. 
Combining the above analysis of the structural characteristics of Nafi on, the relationship between the Nafi on mi-
crostructure the low thermal conductivity can be further stated:

1) Strong anharmonicity. The strength of anharmonicity is mainly related to the symmetry of the chemical bond 
and the equilibrium position of the atom. During the vibration of an atom, the greater the deviation of its 
symmetry center, the stronger the asymmetry. As mentioned, Nafi on molecular chain structure lacks symme-
try and is easy to twist and deform so that the Nafi on molecular chain has strong anharmonicity.

2) Weak chemical bonds. Materials with weak chemical bonds have lower phonon velocities, atoms have more 
active space near their equilibrium positions, and electron cloud distribution is more diffuse. In the phonon 
spectrum, weak chemical bonds often correspond to some low-frequency phonon modes, which are more 
likely to couple with the acoustic branch, thereby further reducing the contribution of the acoustic branch to 
the thermal conductance. COOP analysis in this article proves that the weak chemical bond strength in Na-
fi on molecular chain will also reduce its thermal conductivity.

3) Complex unit cell structure. On the one hand, the contribution of the acoustic branch to the total heat transfer 
capacity can be reduced due to complex unit cell structure, and on the other hand, the group velocity of the 
acoustic branch phonons can be reduced. As the Nafi on bulk/membrane is agglomerated by molecular chains, 
its structure does not have any periodicity or symmetry. The complexity of its cell structure is also one of the 
reasons for low thermal conductivity.

4. CONCLUSIONS

In conclusion, we have performed fi rst-principle calculation to study the phonon and thermal transport properties 
of the Nafi on molecular chain:

(1) Structure and chemical bonding analysis are carried out by crystal orbital overlap population (COOP), the 
order of the strength of the main chemical bonds that make up the Nafi on molecular chain is: carbon–car-
bon bond > carbon–sulfur bond > carbon–oxygen bond. 

(2) Phonon density of state shows that the backbone linked by carbon–carbon bonds is always the main route 
of phonon transport in the Nafi on molecular chain, and the branch of the sulfonate chain also plays a 
non-negligible phonon transfer roll in the local molecular chains.

(3) The calculated thermal conductivities of C9F17S1O5 and C21F41S1O5 are 6.73 W/(m·K) and 4.17 W/(m·K), 
which have a signifi cant rise than the thermal conductivity of the Nafi on bulk/membrane 
[0.12–0.14 W/(m·K)]. Despite this, the molecular thermal conductivity is still at a low level, but this 
calculation result proves the above-mentioned conjecture analysis of the infl uence of sulfonate branch on 
thermal conductivity.

(4) Comparing the structure of Nafi on with two high thermal conductivity two-dimensional materials (silicene 
and 12C/13C graphene superlattice), it is found that the high anharmonicity, weak chemical bonds, and 
complex cell structure caused by the irregular microstructure of Nafi on are the root causes of the low 
thermal conductivity of Nafi on bulk/membrane.
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