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ABSTRACT: Polymer electrolyte fuel cells are attracting attention as
clean, highly efficient power generation devices that can solve
problems such as energy resource depletion, global warming, and
environmental pollution. In this research, we have fabricated proton
conductive filler-filled membranes, employing polymer-coated
cellulose nanocrystals and different binder resins. Moreover, we
have demonstrated the relationship between proton conductivity and
water uptake of binder resins. It was clarified that the fabricated
membrane with a high water uptake ratio showed excellent proton
conduction performance under high humidity at low temperatures
with a low activation energy for proton conduction. The
substantiation of the compatibility relationship between water
absorption and efficacy of proton conduction can contribute to the
design and fabrication of a new binder resin synthesis model and
contributes to the knowledge of the polymer skeleton structure for the improvement of the proton conductive performance of
polymer electrolyte membranes.

■ INTRODUCTION
Mixed matrix membranes (MMMs)1 are hybrid membranes
consisting of two or more components, such as inorganic/
organic particles, polymers, and matrix resins. By mixing two or
more components, it is possible to impart new properties that
cannot be achieved by one material alone. MMMs have a wide
range of applications, including gas separation membranes,1,2

separators for electronic components,3,4 and biomaterials. As
such, much research has been conducted on these membranes.
In recent years, MMMs, of which each component consists of a
single domain of nano- or molecular order, have been
developed to manufacture more precise devices and higher
performance materials. However, it is difficult to achieve
uniform mixing of different components in a microspace,
resulting in interfacial defects and a significant decrease in
performance.5 Attempts have been made to increase perform-
ance using liquid fillers to fill in the interfacial defects.6,7

However, it has been challenging to immobilize the liquid
components within the polymer matrix as a result of the
leaching of the liquid under differential pressure.8−13 Never-
theless, there have been reports of the successful fabrication of
membranes with few defects through surface modification of
nanoparticles using grafting coupling agents and forming
strong chemical bonds by coupling reactions between
nanoparticle surfaces and the polymer matrix.14 To suppress
the performance degradation caused by the collapse of

conduction channels as a result of interfacial defects, such as
gas separation and electron/proton conductivity, it is necessary
to fabricate MMMs without defective sites.15−18

Previously, we successfully fabricated polymer electrolyte
membranes (PEMs) with high proton conductivity by mixing
functionalized nanofillers. Nanoparticle surfaces were precisely
coated with polymers that were highly compatible with matrix
materials via reversible addition−fragmentation chain transfer
(RAFT) polymerization with particles (PwP).19−26 Specifi-
cally, cellulose nanocrystals (CNCs), known for their high
aspect ratio and strength,27 were used as the core nano-
particles. A copolymer of poly(vinylphosphonic acid) (PVPA)
and polystyrene (PS) (PVPA-b-PS) was used as the shell
polymer. The obtained functionalized nanoparticles, namely,
CNC@PVPA-b-PS, were blended with polycarbonate (PC), a
flexible and oxidation-resistant matrix resin. The membranes
(CNC@PVPA-b-PS/PC) were fabricated using the doctor-
blade method and then heat-pressed above the glass transition
temperatures of their constituent polymers. The prepared PEM
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was tested by inserting it into a single cell and examining its
power generation characteristics. It was confirmed that direct
current (DC) power was generated at room temperature under
atmospheric conditions, indicating that the PEM was of a level
that could be put to practical use. In contrast to existing PEM,
such as Nafion,28−30 which as a result of having superstrong
acidity (pKa ∼ −6) by perfluorinated sulfonyl acid needs to use
platinum for the catalyst and treat the acid durability around
the system, the fabricated membranes have low acidity (pKa ∼
2.5) and, thus, have the potential to generate electricity using
catalysts other than platinum.22 However, their proton
conductivity was still about 1 order of magnitude lower than
that of Nafion. To further improve proton conductivity, we
focused on the water uptake ratios of the matrix resins. At low
temperatures (below 100 °C), proton conductivity is
correlated with the amount of water, which is the source of
protons. We found that the higher the relative humidity, the
higher the proton conductivity. Therefore, we expect that,
under the same relative humidity, if we use material with
higher water uptake for the matrix resin, the water content in
the membrane should be higher, resulting in greater proton
conductivity across the membrane.31

In this paper, we selected materials for the binder resin
based on several criteria: variation in water uptake rates, the
ability to use fabrication methods consistent with our previous
experiments, general purpose, durability against redox
reactions, and insolubility in hot water, as a result of the
general operating environment of polymer electrolyte fuel cells
(PEFCs)32−36 having temperatures over 50 °C under wet
conditions. Three binder resins, poly(methyl methacrylate)
(PMMA), PC, and PS, were selected on the basis of these
criteria and used to fabricate each membrane (CNC@PVPA-b-
PS/PMMA, CNC@PVPA-b-PS/PC, and CNC@PVPA-b-PS/

PS). The water uptake ratios of PMMA, PC, and PS are 2.62,
0.54, and 0.06%, respectively.37 The effect of water absorption
on proton conduction was investigated.

■ EXPERIMENTAL SECTION
The functionalized filler (CNC@PVPA-b-PS) was synthesized using
the same fabrication methods used in previous experiments.22

Obtained CNC@PVPA-b-PS (0.50 g) was dispersed in haloalkane,
a highly polar solvent [10:1 mixture of dichloromethane (FUJIFILM
Wako Pure Chemical Corporation)/1,2-dichloroethane (FUJIFILM
Wako Pure Chemical Corporation)], used to dissolve the binder
resins. Simultaneously, each binder resin was dissolved in the same
mixture to make the resin solution.

Herein, the binder resins used in this paper are described. PMMA
(0.50 g, FUJIFILM Wako Pure Chemical Corporation) is one of the
most affordable resins with a high degree of weatherability, but it has
low heat resistance (up to 95 °C) and is vulnerable to strong alkalis.
The water uptake ratio of a membrane consisting only of PMMA is
2.62%, which is the highest water uptake ratio of all binder resins used
in this paper. PC (Panlite K-1300Y, 0.50 g, TEIJIN) is one of the best
candidates for PEFC membrane binders because of its high
moldability and high stability against weathering and temperature.38

The water uptake ratio of a membrane consisting only of PC is 0.54%.
Finally, PS (Mw ∼ 280 000, 0.50 g, Sigma-Aldrich), the same polymer
as the outermost layer of CNC@PVPA-b-PS, is compatible with
highly polar solvents. Therefore, CNC@PVPA-b-PS can evenly
disperse throughout the membrane. The water uptake ratio of a
membrane consisting only of PS is 0.06%, which is one of the lowest
water uptake ratios of the general resins.39

The filler dispersion and the resin solution were mixed thoroughly
using ultrasonication, kneading, and deforming techniques. The
resulting slurries of filler and resins were cast and thinned using the
doctor-blade method on the poly(ethylene terephthalate) (PET) film
in a climate-controlled glovebox [under 25 °C and 25% relative
humidity (RH)]. The coated membrane was then left at room
temperature to allow the solvents to evaporate. After drying, the PET

Figure 1. Surface and cross-sectional SEM images and EDX mapping of CNC@PVPA-b-PS/PMMA, CNC@PVPA-b-PS/PC, and CNC@PVPA-b-
PS/PS.
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film was peeled off to obtain the filler-filled membranes. To closely
connect the proton conductive pathways of the filler surfaces, the
obtained filler-filled membranes were hot-pressed with 1000 kg of
pressure for 5 min. The glass transition temperatures of PMMA, PC,
and PS are 105, 150, and 100 °C, respectively; therefore, the
temperature was set to 160 °C to unify the hot press temperature and
exceed the glass transition point.

Fourier transform infrared (FTIR) spectra and thermogravimetric
analysis (TGA) curves are shown in Figures S1 and S2 of the
Supporting Information, respectively.

Water uptake ratios of the membranes [WU (%)] were calculated
using eq 1

= ×
W W

W
WU 100wet dry

dry (1)

where the wet membrane [Wwet (g)] was immersed in 20 °C ultrapure
water for 1 day and the dry membrane [Wdry (g)] was dried in the dry
oven at 80 °C for 1 day.40,41

The proton conductivities were measured using the alternating
current (AC) impedance method with the impedance analyzer (IM
3570, HIOKI E.E. Corp., frequency of 4.6−4.6 × 106 Hz, four-
terminal method). The measuring cells, set up in the same manner as
in our previous paper, were placed in an environment control machine
(bench-top-type temperature and humidity chamber, SH-222, ESPEC
Corp.) and was measured under various relative humidities (55−95%
RH) at 80 °C and under 95% RH at temperatures ranging from 20 to

80 °C. When proton conductivity is measured, these cells are
observed in the measurement environment during in situ measure-
ment with the AC impedance method until the time when the water
absorption of these membranes is saturated; i.e., the proton
conductivity values are stabilized. From the Cole−Cole plots (Figures
S3 and S4 of the Supporting Information), the inflection points were
regarded as the bulk resistance of each sample. Using the values of
bulk impedance [Rs (Ω)], distance between gold wires [d (cm)], and
proton-conducting surface area [S (cm2)], which was calculated by
membrane thickness × width, the proton conductivities [σ (S/cm)]
can be calculated using eq 2.

=
R

d
S

1

s (2)

The activation energies [Ea (eV)] were calculated using the Arrhenius
equation (eq 3)

=T
E
kT

exp0
ai

k
jjj y

{
zzz (3)

where the proton conductivity is [σ (S/cm)], the absolute
temperature is [T (K)], the pre-exponential factor is [σ0 (S K−1

cm−1)], and the Boltzmann constant is [k (8.6171 × 10−5 eV/K)].

Figure 2. (a) Relative humidity−proton conductivity plots under different RH (55−95%) at 80 °C and (b) Arrhenius plots under 95% RH at
different temperatures (20−80 °C) for Nafion (black line), CNC@PVPA-b-PS/PMMA membrane (red line), CNC@PVPA-b-PS/PC (orange
line), and CNC@PVPA-b-PS/PS (green line).

Table 1. Summary of Proton Conductivities and Ea of the Nafion Membrane, CNC@PVPA-b-PS/PMMA, CNC@PVPA-b-PS/
PC, and CNC@PVPA-b-PS/PS (Top) under 95% RH at Different Temperatures (20−80°C) and (Bottom) under Different
RH (55−95% RH) at 80 °C

80 °C(S/cm) 95% RH 85% RH 75% RH 65% RH 55% RH

Nafion (WU = 23.7%) 2.1 × 10−1 1.4 × 10−1 1.0 × 10−1 7.2 × 10−2 5.2 × 10−2

CNC@PVPA-b-PS/PMMA(WU = 30.0%) 3.5 × 10−2 1.5 × 10−2 6.8 × 10−3 3.0 × 10−3 1.2 × 10−3

CNC@PVPA-b-PS/PC(WU = 25.1%) 2.5 × 10−2 7.5 × 10−3 3.8 × 10−3 2.0 × 10−3 8.9 × 10−4

CNC@PVPA-b-PS/PS(WU = 17.6%) 1.6 × 10−2 5.3 × 10−3 2.5 × 10−3 1.3 × 10−3 5.4 × 10−4

95% RH(S/cm) 80 °C 70 °C 60 °C 50 °C 40 °C 30 °C 20 °C Ea (eV)

Nafion (WU = 23.7%) 2.1 × 10−1 1.8 × 10−1 1.6 × 10−1 1.3 × 10−1 1.1 × 10−1 8.6 × 10−2 6.6 × 10−2 0.19
CNC@PVPA-b-PS/PMMA(WU = 30.0%) 3.1 × 10−2 3.1 × 10−2 2.8 × 10−2 2.3 × 10−2 2.2 × 10−2 2.0 × 10−2 1.8 × 10−2 0.11
CNC@PVPA-b-PS/PC(WU = 25.1%) 2.5 × 10−2 2.5 × 10−2 2.2 × 10−2 1.9 × 10−2 1.5 × 10−2 1.1 × 10−2 9.7 × 10−3 0.18
CNC@PVPA-b-PS/PS(WU = 17.6%) 2.2 × 10−2 2.0 × 10−2 1.8 × 10−2 1.5 × 10−2 1.1 × 10−2 7.9 × 10−3 5.3 × 10−3 0.24
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■ RESULTS AND DISCUSSION
Figure 1 shows the scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) mapping distribution targeted
for phosphorus from the aspect of the surface and cross section
for CNC@PVPA-b-PS/PMMA, CNC@PVPA-b-PS/PC, and
CNC@PVPA-b-PS/PS. The surface EDX mappings of filler-
filled membranes confirm that the EDX signal derived from the
phosphorus atom was localized on the membrane surface and
spread uniformly over the entire membrane with no
aggregations. Additionally, the cross-sectional EDX mappings
confirm that the EDX signal derived from the phosphorus
atom was also localized and spread across the membrane area.
Therefore, the filler was filled into these binder resins in the
same way. In our previous research,22 the compatibility
between binder resin and the outermost layer of functionalized
filler critically affected the dispersity in the filler-filled
membranes. However, in this research, there is no relationship
between the water uptake ratio of binder resins and dispersity
in filler-filled membranes.
Figure 2a shows the function of the relative humidity (55−

95% RH)−proton conductivity at 80 °C for Nafion, CNC@
PVPA-b-PS/PMMA, CNC@PVPA-b-PS/PC, and CNC@
PVPA-b-PS/PS, and Table 1 summarizes the water uptake
ratio, proton conductivities, and activation energies for each
sample. As a result of the functionalized filler, the water uptake
ratios drastically increased, such as PMMA to CNC@PVPA-b-
PS/PMMA, 2.62−30.0%; PC to CNC@PVPA-b-PS/PC,
0.54−25.1%; and PS to CNC@PVPA-b-PS/PS, 0.06−17.6%,
respectively.
Comparatively, in Nafion, the proton conductivity achieved

more than 5 × 10−2 S/cm in all measured ranges of relative
humidity and exceeded 1 × 10−1 S/cm over 75% RH at 80 °C.
Nafion shows excellent performance because it can keep high
proton conductivity, even if it is in the low-humidity condition.
On the other hand, each filler-filled membrane showed 1

order of proton conductivity less than Nafion. Like Nafion, the
proton conductivity exponentially increased with relative
humidity. In comparison to each other, it was confirmed that
the proton conductivity was critically related to the water
uptake ratio of binder resins. Protons have higher molar
conductivity than sodium cations, chloride anions, or any other
ions in water. This is because protons can diffuse not only
through the self-diffusion mechanism (vehicle mechanism) but
also by hopping through the hydrogen bonds formed between
water molecules (Grötthuss mechanism).42,43 In other words,
because the high water uptake filler-filled membranes contain
more water molecules than the low water uptake filler-filled
membranes in the same environment, the proton conductivity
increases as a result of the activation of proton diffusion by
both the vehicle mechanism and Grötthuss mechanism. As
such, the proton conductivity of filler-filled membranes is
correlated with their water uptake ratio, with PMMA having
the highest proton conductivity, followed by PC, and PS
having the lowest proton conductivity. Additionally, the filler-
filled membranes had a steeper slope than Nafion. This
suggests that the fillers dramatically increase the water uptake
ratio in the membranes. These results demonstrate that the
water uptake of the filler-filled membrane can be controlled by
changing the filler content ratio.
Figure 2b shows the Arrhenius plots under 95% RH at

different temperatures (20−80 °C) for Nafion, CNC@PVPA-
b-PS/PMMA, CNC@PVPA-b-PS/PC, and CNC@PVPA-b-

PS/PS. The proton conductivity increased with the temper-
ature because of the motility of activated water molecules and
protons by heat. In general, the lower the activation energy, the
faster the ion conduction rate, which can be used to estimate
the ion conduction mechanisms. As mentioned above, there
are two types of conduction mechanisms for protons, the
vehicle mechanism and the Grötthuss mechanism, which have
the activation energy over 0.4 eV and the activation energy
below 0.4 eV, respectively. However, these two conduction
mechanisms can occur simultaneously. The activation energy is
high when the vehicle mechanism is dominant and low when
the Grötthuss mechanism is dominant. Nafion achieved proton
conductivity over 6 × 10−2 S/cm in all measured ranges of the
temperature and exceeded 1 × 10−1 S/cm from 40 °C under
95% RH with Ea = 0.22 eV. Therefore, from panels a and b of
Figure 2, the Nafion membrane shows excellent proton
conductivity performance in low-temperature (<100 °C)
environments.
In filler-filled membranes, proton conductivity increased

with the water uptake ratio, demonstrating the relationship
between relative humidity and proton conductivity. At
temperatures over 40 °C under 95% RH, all proton
conductivities achieved 10−2 S/cm, which is a good level for
practical applications. The activation energies of these samples
were in descending order against the water uptake ratio. This is
likely because the binder, which has a high water uptake ratio
like PMMA, can absorb much water, even if it is exposed to
low humidity in a low-temperature environment. Therefore,
the proton conductivity performance of the high water uptake
ratio membrane was almost completely dominated by the
Grötthuss mechanism in low-temperature environments.
Because the water uptake ratio does not change significantly
as the temperature rises, there is no significant improvement in
proton conductivity associated with the temperature increase.
Furthermore, stable proton conductivity can be shown from
low temperatures (20 °C) to high temperatures (80 °C). On
the other hand, the binder, which has a low water uptake ratio
like PS, cannot absorb enough water under low temperatures.
As the temperature is increased, the water uptake ratio
gradually ticks up, resulting in a greater increase in proton
conductivity than in high water uptake ratio binders. Thus, we
have shown that protons mainly conduct via the vehicle
mechanism at lower temperatures, but the Grötthuss
mechanism becomes the dominant mechanism as the temper-
ature rises. Therefore, the activation energy of the low water
uptake ratio binders was higher than that of high water uptake
ratio binders. However, the activation energy does not
continue to increase, which suggests that it has a limit. As
shown in Figure S5 of the Supporting Information, the clear
change in activation energy can be observed in a low water
uptake ratio binder at 50 °C. Taking this into consideration,
practical applications should use a binder with a high water
uptake ratio membrane that can provide stable proton
conductivity over a wide temperature range, provided that
there is no swelling and collapsing of the membrane shape.

■ CONCLUSION
In summary, we have successfully fabricated the filler-filled
membrane composed of functionalized filler of CNC@PVPA-
b-PS and three binder resins (PMMA, PC, and PS), which
have different water uptake ratios, and revealed the relationship
between the water uptake ratio and the proton conductivity
performance. The proton conductivity of filler-filled mem-
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branes is strongly correlated with the water uptake ratio, where
the higher the water uptake ratio, the higher the proton
conductivity in all environmental ranges studied in this paper
(under 55−95% RH at 80 °C and under 95% RH at 20−80
°C). The activation energy of the filler-filled membrane was
also closely related to the water uptake ratio, where the higher
the water uptake ratio, the lower the activation energy for
conditions under 95% RH at 20−80 °C. These results were
attributed to the proton transport mechanism mediated by
water molecules. For a membrane with a high water uptake
ratio, water is sufficiently absorbed into the membrane, even in
low-temperature and low-humidity conditions. Protons are
conducted via the Grötthuss mechanism, which conducts
through water molecules, resulting in low activation energy and
high proton conductivity. Conversely, for membranes with low
water uptake ratios, the ability to absorb water into the
membrane is extremely small in low-temperature and low-
humidity conditions. Therefore, water molecules move by
themselves as oxonium ions, which are conducted via the
vehicle mechanism, resulting in low proton conductivity and
high activation energy. This knowledge serves as an important
design guideline for the selection of binders in filler-filled
membranes. As long as swelling or membrane collapse as a
result of excessive water absorption does not occur, selecting a
binder with as high of a water uptake ratio as possible will
result in consistently high proton conductivity and low
activation energy over a wide range of temperature and
humidity environments.
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