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ABSTRACT

Nafion, a widely used proton exchange membrane in fuel cells, is a representative perfluorosulfonic acid membrane consisting of a
hydrophobic Teflon backbone and hydrophilic sulfonic acid side chains. Its thermal conductivity (k) is critical to fuel cell’s thermal
management. During fuel cell operation, water molecules inevitably enter Nafion and could strongly affect its k. In this work, we measure the
k of Nafion of different water content (4). Findings reveal that k is significantly low in a vacuum environment characterized as
0.110 Wm 'K}, but at 1 ~1, a notable increase is observed, reaching 0.162W m 'K~ . Moreover, k at 1 & 6 is 60% higher than that of
A ~1. This exceptional k increase is far beyond the theoretical prediction by the effective medium theory that only considers simply physical
mixing. Rather this k increase is attributed to the formation of water clusters and channels with increased A, creating thermal pathways
through hydrogen bonding, thereby improving chemical connections within the Nafion structure and augmenting its k. Furthermore, it is
observed that Nafion’s k reaches the maximum value of 0.256 Wm 'K~ ! at 1 =~ 6, with no further increase up to A ~ 10.5. This
phenomenon is explained by the coalescence of water clusters at A ~ 6, forming channels that optimize heat transfer pathways and
connections within the Nafion structure. Moreover, the free movement of water molecules within water channels (4 > 6) shows physical
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alterations in Nafion structure (significant volume increase), which have a lesser impact on k.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0217244

Proton exchange membrane (PEM) fuel cells are recognized as
environment-friendly energy solutions applicable in portable, station-
ary, and automotive settings. Developing PEMs with enhanced perfor-
mance, stability, and longevity is crucial. These materials should
demonstrate superior proton conductivity and robust thermal and
chemical durability.”” Nafion, a widely used PEM in fuel cells, is a rep-
resentative perfluorosulfonic acid membrane consisting of a hydro-
phobic Teflon backbone and hydrophilic sulfonic acid side chains.”
Understanding the temperature distribution in fuel cells is crucial
for efficient thermal management. Nafion’s thermal conductivity,
strongly influenced by its water content, significantly impacts fuel cell
thermal performance.”  Thus, understanding the thermal conductiv-
ity and water content relationship in Nafion is essential for effective
thermal management in fuel cells. It is crucial to understand Nafion’s
ability to maintain optimal hydration levels to design systems that
efficiently regulate temperature, preventing overheating, inefficient
operation, drying, or flooding, thereby ensuring fuel cell efficiency and
durability.”

To date, several studies have been conducted to determine the
Nafion’s thermal conductivity in dry and hydrated states. Khandelwal
and Mench’ reported the out-of-plane thermal conductivity of dry
Nafion [equivalent weight (EW) =1100g mol '] at different tempera-
tures, ranging from 0.16 Wm 'K ' at room temperature (RT) to
0.13Wm 'K ' at 65°C. Using the volume average method, they also
theoretically estimated the thermal conductivity of hydrated Nafion as
030 Wm 'K~ " at 100% relative humidity (RH). Since water content
and Nafion are not in parallel configuration in the heat transfer direc-
tion, such estimation lacks sound physical base. Burheim et al." con-
ducted the ex-site experiment for measuring the Nafion’s thermal
conductivity as a function of water content. They found the thermal
conductivity of dry and fully hydrated Nafion at 20°C and 4.6 bars
compaction pressure as 0.177 and 0.254Wm 'K/, respectively.
Alhazmi® theoretically estimated the thermal conductivity of hydrated
Nafion 115 at various temperatures, considering the humidified mem-
brane as a physical mixing of water and membrane material. The find-
ings indicated a thermal conductivity of 0.18 Wm 'K ' for dry
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Nafion and an increased value of 0.400 Wm™ 'K~ at 100% RH at
35°C. Vie and Kjelstrup® determined the thermal conductivity of fully
hydrated Nafion 115 by evaluating the parallel structure of polymer
and water, yielding a value of 0.18 Wm ' K", Burford and Mench’
provided an estimation for the thermal conductivity of Nafion 111 in
the range of 0.025-0.25 Wm 'K}, utilizing embedded micro-
thermocouple in the electrolyte with significant uncertainty. Chen
et al.'’ measured the thermal conductivity of dry Nafion 117 as
0.14Wm 'K, supplementing their findings with predictions based
on non-equilibrium molecular dynamics (MD) simulations at varied
water contents and temperatures. Zheng et al.'' employed MD simula-
tions to determine the thermal conductivity of hydrated Nafion,
reporting a value of 0.24 Wm ™' K" at 300 K. Alhazmi et al. reported
the in-plane and out-of-plane thermal conductivity in different tem-
peratures. Their results were 0.18 Wm 'K ™' for in-plane'” and
0.193 Wm ™' K™ for out-of-plane directions'” at 35 °C. The small dif-
ference in thermal conductivity between these two directions suggests
an isotropic structure for Nafion."*

Despite these studies contributing significantly to advancements
in understanding Nafion’s thermal conductivity, direct measurement
of the thermal conductivity of Nafion under different RH and compre-
hensive physics-based explanation regarding the enhancement of ther-
mal conductivity with increased water content remain a notable gap.
In this study, the out-of-plane thermal conductivity of a Nafion is mea-
sured under various hydration levels, up to 94% RH, along with the
thermal conductivity of dry Nafion in a vacuum environment for
comparison purposes, using the differential thermal resistance (DTR)
technique. Additionally, the in-plane thermal conductivity of dry
Nafion in vacuum is determined using the transient electro-thermal
(TET) technique, aiming to evaluate the isotropic structure of our sam-
ple. We elucidate the impact of water molecules on the Nafion polymer
structure and provide an explanation on how it influences thermal
conductivity through the formation of hydrogen bonding.

In this study, we investigate the Nafion 117 from Ion Power,
Inc., with a measured thickness of 181 um using a digital microme-
ter. The density (p) of the membrane is determined to be
1994 kgm ™ by directly measuring its mass and volume at RT and
a specified RH of 16%. To further understand the thermal proper-
ties of the material, the specific heat capacity (c,) of the sample is
determined to be 1370 J kg ' K~ ' using differential scanning calo-
rimetry at 20 °C. This value will be later used in the in-plane ther-
mal conductivity calculation.

ARTICLE pubs.aip.org/aip/apl

The water content (1) serves as a crucial parameter for the
molecule-based comparison of membrane hygroscopic properties.'® In
Fig. 1(a), the relationship between the number of water molecules per
sulfonic acid group (4 = ny,0/ns0,1) and RH is illustrated, which is
obtained from dynamic vapor sorption measurements by having the
membrane in contact with water vapor at 25°C."” The plot indicates an
increase in A with rising RH. The density of hydrated Nafion holds sig-
nificant importance for determining the volume fraction of water and
Nafion components, which will be elaborated in the supplementary
material through the use of effective medium theories. The left axis of
Fig. 1(b) presents the effective density of Nafion at different water con-
tents, as measured by Bai et al.'® The density exhibits an initial slight
increase followed by a decrease as water content rises. At low water con-
tents, water molecules occupy free spaces within the Nafion structure,
and the Nafion polymer volume remains unswollen. Consequently, the
mass of hydrated Nafion increases without a volume expansion, leading
to an increase in density. However, higher water contents cause the
Nafion polymer to expand, resulting in an overall decrease in density.'®
The right axis of Fig. 1(b) displays the swelling ratio of Nafion 117, as
reported by Feng et al.'” Swelling ratio represents the volume difference
of Nafion before and after water absorption, relative to the initial Nafion
sample volume. It is evident that at lower water contents, the swelling
ratio remains minimal. However, as water content surpasses approxi-
mately A = 6, the swelling ratio increases significantly, causing Nafion
to swell and reduce its density. Bai et al.'® reported a density of approxi-
mately 2043 kgm ™ at ~16% RH, which is in good agreement with our
result of 1994kgm . Therefore, we use their reported density for dif-
ferent water contents in our data processing.

The DTR technique is used to measure the out-of-plane thermal
conductivity of Nafion. Additional details and experimental data are
available in the supplementary material. The out-of-plane thermal
conductivity of Nafion in atmospheric air (16% RH) and vacuum con-
dition, with an uncertainty of 1.67%, is measured to be 0.162 and
0.110Wm 'K, respectively. This decrease in thermal conductivity
in the vacuum environment is attributed to the significantly lower RH
compared with atmospheric conditions. Moreover, as shown in
Fig. 2(a), the thermal conductivity of Nafion at ~70% is 1.6 times that
at 16%. Then, it remains pretty much constant until reaching full
hydration. The physics behind this behavior will be explained later in
the paper. To date, several researchers have estimated the thermal con-
ductivity of hydrated Nafion. Khandelwal and Mench’ reported the
theoretical thermal conductivity of Nafion (EW = 1100 gmol ') using
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volume averaging at different RHs and temperatures. This physical
treatment is not appropriate as the water molecules and Nafion are not
parallel in the heat transfer direction. Burheim et al.' measured the
thermal conductivity of Nafion at 20 °C and 4.6 bars compaction pres-
sure. Their result is 0.177Wm 'K™' for dry Nafion and
0.254 Wm 'K ' at 100% RH, exhibiting a strong agreement with the
results obtained in this study. They demonstrated the incompressibility
of Nafion by measuring the thickness of the sample with and without
applying pressure in the range of 0.5-10bars, revealing no signs of
compressibility. Chen et al.'’ reported the thermal conductivity of dry
Nafion as 0.14Wm 'K ', exhibiting good agreement with our
obtained value of 0.11 Wm™ 'K ', Alhazmi® calculated the effective
thermal conductivity of the hydrated Nafion 115 by averaging the ther-
mal conductivity of the water, air, and Nafion considering their vol-
ume fractions at different temperatures, assuming that the humidified
membrane behaves as a mixture of water and membrane material.
They also measured the thermal conductivity of dry Nafion using a
conventional steady states technique at different temperatures. Their
result showed the thermal conductivity of 0.188 Wm ' K" for dry
Nafion and 0.400 Wm ™' K ! at 100% humidity at 35 °C. The discrep-
ancy observed could be attributed to the experimental temperature in
Alhazmi’s work,” which is 35°C, while we conducted our measure-
ments at RT. It is important to note that the thermal conductivities of
water and Nafion tend to increase with increased temperatures.'®

Additionally, we present Nafion’s in-plane thermal conductivity,
measured using the TET technique, compare it with out-of-plane ther-
mal conductivity results, and understand the structure of Nafion. The
in-plane thermal conductivity is determined to be 0.112Wm™ 'K/,
which is very close to the out-of-plane thermal conductivity of
0.110 W m ' K" in vacuum. This confirms our Nafion sample’s good
isotropic structure. Our finding aligns with Burheim’s'* conclusion,
confirming the absence of any particular orientation in its polymer
structure. Additional details and experimental data of TET measure-
ments are available in the supplementary material.

Figure 2(b) presents the experimental results between thermal con-
ductivity and water content, by converting RH to water content using
the data in the work of Peron et al.'” Moreover, Fig. 2(b) shows the
effective thermal conductivity, as determined by different effective
medium theories. More information on these theories can be found in
the supplementary material. Effective medium theories need the data of
the thermal conductivity of water and intrinsic thermal conductivity of

dry Nafion. Using the thermal conductivity of liquid water as
06Wm "K' (Ref. 22) at RT and the thermal conductivity of dry
Nafion as 0.110 W m 'K, it is evident that none of the effective
medium theories can adequately account for the observed upward trend
of thermal conductivity increase with RH, and the experimental thermal
conductivity mostly is much higher than the theoretical predictions.
Additionally, the effective medium theories are not able to predict the
saturation of thermal conductivity at higher water contents. A compre-
hensive explanation regarding the factors that contribute to the observed
saturation in thermal conductivity will be presented later in the paper.
Acknowledging the limited mobility of water in the Nafion polymer, if
we assume that the water content has a thermal conductivity of ice
222Wm 'K (Ref. 23)], Fig. 2(b) also shows the prediction using
the Davis model. Despite the improvement of the results at higher water
contents, it is not enough to comprehensively explain the observed
experimental results. The observed discrepancy in thermal conductivity
could be attributed to the complex chemical structure and bonding
interactions between the Nafion polymer and water molecules inside
the cavities of polymer, as effective medium theories only consider the
physical addition of water within a medium.

In this paragraph, the trend of thermal conductivity increase with
water content is elucidated through the exploration of the molecular
structures of Nafion and water, as shown in Fig. 3. Adding water to
Nafion changes its structure. Initially, as water molecules permeate the
pores within Nafion, they increase the connections between polymer
chains, leading to more heat conduction channels, thereby increasing
Nafion’s thermal conductivity. By further increasing the water content,
the effect of hydrogen bonds strengthening dominates the formation
of additional bonds and increases thermal conductivity. More detailed
explanations regarding these mechanisms are provided in the follow-
ing paragraphs.

When the water content is low (4 ~ 1, 2), as illustrated in Fig. 3(a),
the water molecules induce the dissociation of H* from sulfonic acid
groups, resulting in the formation of hydronium ions (H;O™).
Concurrently, water molecules begin to occupy pores within the Nafion
membrane. With a gradual rise in water content (1 = 5, 6), as shown in
Fig. 3(b), the water molecules further permeate the pores, leading to the
swelling of Nafion and the water clusters formation within the Nafion
structure. In other words, the Nafion backbone, characterized by its
hydrophobic properties, and the sulfonic acid groups, showcasing
hydrophilicity, tend to create two distinct environments: water clusters
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FIG. 3. Schematic of Nafion membrane and water molecules. (a) At low water content levels around 7 == 1, 2, sulfonate groups (SO; ) and hydronium ions (H30*) are gener-
ated. At this stage, there is no formation of a water pathway. (b) At the medium water content levels around 4 = 5, 6, water clusters with an approximate diameter of 4 nm
form. However, these clusters remain disconnected. (c) At higher water content levels of 4 > 6, water clusters coalesce to form channels with an approximate diameter of
1nm. (d) In these clusters and channels, water molecules form a hydrogen bond network with themselves and/or sulfonate groups. The colors are interpreted as follows: red

for oxygen atoms, yellow for sulfur atoms, and blue for hydrogen atoms.

and the polymer matrix.”* Note that there is an absence of continuity
between clusters at this level of water content. Increasing the water con-
tent up to 4 ~ 6 improves the connections between molecules within
the sample, thereby enhancing Nafion’s thermal conductivity, as shown
in Fig. 2(b). In other words, the presence of hydrogen bonding in poly-
mers can facilitate the improvement of existing thermal pathways and
potentially create extra pathways, resulting in more effective conduction
of heat with reduced phonon scattering.”” Zhang et al.”” conducted a
study on the effect of hydrogen bond density on nanoscale thermal
transport in crystalline nylon. Their findings suggest that using the
effect of hydrogen bonds can be a suitable approach to enhance thermal
conductivity of crystalline polymers.

As shown in Fig. 3(c), at higher water contents (4 > 6), the
clusters coalesce, causing the membrane to be fully extended with
channels of water molecules. According to the cluster model pro-
posed by Gierke et al.,”””” clusters featuring a diameter of 4 nm are
interconnected via channels with a diameter of 1 nm. In the study
by Komarov et al.,” the estimated characteristic size of water chan-
nels varied between 2.5 and 5.0 nm, depending on the water con-
tent. As illustrated in Fig. 2(b), increasing water content beyond 4
~ 6 does not result in further increases in thermal conductivity.
This phenomenon can be attributed to the formation of water
channels, which create a heat transfer path. Once the channels are
established at 4 = 6, the thermal conductivity reaches its maximum
value, as this configuration provides optimal connections between
molecules within the Nafion membrane, forming an optimized
heat transfer pathway. In other words, by increasing the water

content up to 4 ~6, H;O" ions and water molecules begin to
occupy the pores and create hydrogen bonding, impeding their free
movement. These chemical alterations in the Nafion structure sig-
nificantly elevate the thermal conductivity compared with that
when 4 > 6. When 4 > 6, water channels form, which allow the
unimpeded movement of water molecules and causing Nafion to
swell, as shown in Fig. 1(b). Consequently, the changes in thermal
conductivity become negligible, as the structural modifications in
Nafion primarily occur at a physical level. Mehra et al.’®
also reported 1.6 times thermal conductivity enhancement for
PVA-PEG polymer compared to pure PVA due to the formation of
thermal bridge through hydrogen bonding. The presence of this
thermal bridge facilitates phonon transport without scattering.
Nishiyama et al.” investigated various chemical states of water
within the Nafion membrane, including protonated, hydrogen-
bonded, and non-hydrogen-bonded water. Protonated water species
manifest H;O™" ions, and hydrogen-bonded water molecules refer to
those engaged in hydrogen bonding either with each other or with sul-
fonate groups, whereas non-hydrogen-bonded water molecules are
those not participating in hydrogen bonding. Their study revealed
that with an increase in RH, the quantity of protonated water
species and non-hydrogen-bonded water molecules remains constant,
whereas the number of hydrogen-bonded water molecules increases.
Consequently, the rise in A is predominantly attributed to the increase
in hydrogen-bonded water molecules, indicating that the clusters and
channels consist of water molecules forming the hydrogen bond net-
work, as shown in Fig. 3(d). These hydrogen bonds further
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substantiate the intermolecular connections and heat transfer path-
ways, contributing to the observed thermal conductivity increase.

The same behavior for thermal conductivity increase by water con-
tent is also likely to be observed for other PEMs, such as sulfonated pol-
yimide,” sulfonated poly(ether ketone ketone),” sulfonated poly(ether
ether ketone),”" sulfonated polybenzimidazole,”””” and sulfonated poly-
sulfone.” Tt will be of great interest to investigate the effect of water
molecules on these PEM structures.

In summary, the out-of-plane thermal conductivity of Nafion was
measured under various RH levels, up to 94%, using the DTR technique.
The in-plane thermal conductivity was also measured using the TET
technique. A comparison of these two thermal conductivities revealed the
isotropic structure of the Nafion. Such an exceptional increase in thermal
conductivity was observed from 0.110Wm 'K ' in vacuum to
0.162Wm™ "K' at 16% RH, highlighting the very strong role of water
molecules in strengthening the connections between polymer chains. The
thermal conductivity further increased to ~0.256Wm 'K ™' at 70%
RH, indicating an enhancement of approximately 60%. Such exceptional
increase cannot be explained by the effective medium theory. We attrib-
uted this improvement to the water clusters formation within the Nafion
structure. The formation of hydrogen bonding among water molecules
within clusters creates extra pathways for heat transfer, enhancing ther-
mal conductivity. A maximum thermal conductivity was also observed at
this RH (corresponding to 4 ~ 6), attributed to the water channels for-
mation by coalescing water clusters. These channels optimize molecular
connections, enhancing thermal pathways efficiently. Thermal conductiv-
ity increase with water contents up to 4 ~ 6 shows the Nafion’s chemical
alteration and hydrogen bonding formation. However, at higher water
contents, a negligible increase in thermal conductivity was observed due
to water molecules’ free movement within established water channels.
These channels represent physical changes in Nafion, which have a much
smaller impact on thermal conductivity. Furthermore, given that the ther-
mal conductivity of Nafion can vary significantly under different humid-
ity levels, this property suggests that Nafion could be effectively utilized
for humidity sensing. This characteristic not only highlights Nafion’s
potential in sensor applications but also underscores its versatility in envi-
ronments where precise humidity monitoring is crucial. Additionally,
beyond the changes in thermal conductivity and density, other properties
such as specific heat, refractive index, and mechanical properties (e.g.,
Young’s modulus and mechanical strength) of Nafion could also be
affected due to the improved molecular connections by water molecules.

See the supplementary material for experimental details of out-
of-plane thermal conductivity measurement, in-plane thermal conduc-
tivity measurement, and effective medium theories.

Partial support of this work by the US National Science
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