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A B S T R A C T

A simple and facile way of modifying commercial membranes for effective fuel cell operation under
elevated temperature/low relative humidity conditions has been developed. Instead of using the
conventional casting and evaporation method involving the mixed Nafion1 ionomer and inorganic fillers,
a TiO2/Nafion1 composite membrane was fabricated by transferring uniformly constructed porous TiO2

layers from a Si wafer to the Nafion1 membrane via spin-coating, followed by a thermal imprinting
process. From the process, filler agglomeration was prevented during the solvent evaporation, which
secured water retention effect of the hygroscopic TiO2 layers. Furthermore, the prepared TiO2/Nafion1

composite membrane was subjected to an additional prism patterning process to provide more proton
pathways by enlarging the interfacial surface area between the composite membrane and the catalyst
layer, and offset the reduced proton conductivity due to insertion of the inorganic fillers. The modified
membrane exhibited highly improved performance compared to the pristine Nafion1 211 membrane
under elevated temperature/low humidity conditions.
© 2020 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

The need for clean and highly efficient power sources has
increased steeply due to worldwide concerns and tightening
environmental policies, such as the regulation of CO2 emissions [1–
3]. As a result, the proton exchange membrane fuel cells (PEMFCs),
utilizing hydrogen gas (H2) as a fuel, have received significant
attention due to its high power generation efficiency, zero CO2

emissions, low noise, and short start-up time [4–8]. Although,
many technological breakthroughs have been made in PEMFC
systems, there are some issues that still hinder the practical use of
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PEMFCs including the high cost of noble metal catalysts and
difficulty of water management [9–12]. The most desirable
approach is to operate the PEMFC at higher temperatures
approximately 100–150 �C, where CO poisoning of the catalyst is
significantly reduced and the reaction kinetics of the catalyst
(mainly the oxygen reduction reaction (ORR)) are greatly enhanced
[13–15]. More importantly, high-temperature operation allows
easy water and thermal management for the PEMFC systems [16–
18]. However, perfluorosulfonic acid (PFSA) based membranes
such as Nafion1, which are widely utilized in PEMFCs, exhibit poor
performance under elevated temperature/low humidity condi-
tions because of loss of the proton conductivity from the
membrane dehydration [19–22].

In this respect, extensive efforts have been made to improve the
proton conductivity of Nafion1 membranes under higher temper-
ature and lower humidity conditions, including the incorporation
of inorganic nanoparticles and nanofibers (SiO2, TiO2, ZrO2, CeO2,
etc.,) into the membrane [13,14,23–27]. These hygroscopic-
inorganic fillers are able to efficiently reduce water evaporation
hed by Elsevier B.V. All rights reserved.
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at elevated temperatures by providing strong Coulombic attraction
for the water molecules within the electrical double layer (EDL)
[13]. However, the performance of the composite Nafion1

membrane with hygroscopic fillers is not significantly improved
under elevated temperature/low humidity conditions, which can
be attributed to the following reasons. First, there is a fundamental
tradeoff between improving the water retention and reducing the
number of proton pathways by inserting inorganic fillers into the
membrane [18]. Second, there is a methodological problem in
which the composite membrane is commonly made by casting a
mixed solution of the Nafion1 ionomer and inorganic nanosized
fillers, which leads to particle agglomeration during solvent
evaporation [14,15,17]. These agglomerated particles reduce the
effective surface area for water retention and severely block the
proton pathway. Recently, to prevent particle agglomeration, Lee
et al. developed the composite membrane with foam-like
inorganic nanofibrous web using the electrospinning method
[15]. They successfully achieved enhanced PEMFC performance
and durability under high temperature/low relative humidity (RH)
conditions. Nonetheless, the process for fabricating uniformly
dispersed nanofibrous webs over large areas is still challenging and
time-consuming.

Without using the conventional casting and evaporation
method for the mixed Nafion1 ionomer and inorganic fillers,
herein, we develop a simple and facile method of modifying a
commercial membrane for effective PEMFC operation under
elevated temperature/low relative humidity conditions. In order
to prevent the agglomeration of the nanoparticles in the composite
membrane, a method of transferring uniformly distributed TiO2

nanoparticle layers to the Nafion1 211 membrane by spin-coating
and subsequent thermal imprinting is utilized in this study. Well-
dispersed TiO2 nanoparticle layers inserted on the anode side of
the membrane are expected to effectively alleviate membrane
dehydration at the forefront of the membrane. Furthermore, to
mitigate reduction of the proton conductivity due to incorporation
of the TiO2 nanoparticles, an additional micro-prism patterning
process is carried out to secure more proton pathways by widening
the gap between the pre-inserted TiO2 nanoparticles and enlarging
the interfacial surface area between the Nafion1/TiO2 layers and
the catalyst layers. By utilizing this Nafion1 composite membrane
with prism-patterned TiO2 layers, a significantly improved PEMFC
performance under high temperature/low RH operating conditions
is achieved. The recent researches on high-temperature fuel cells
using TiO2 fillers summarized in Table S1. Unlike the conventional
method of manufacturing a composite membrane by casting and
drying of a mixed solution of proton conducting ionomer and TiO2

fillers all at once, our novel transferring method of pre-formed and
well-defined TiO2 layers to the commercially available membrane
(e.g. Nafion1) has advantages in terms of large-area fabrication,
compatibility, and reproducibility.

Experimental details

Fabrication of Nafion1 composite membrane with prism-pat-
terned TiO2 layers. Commercial TiO2 pastes with particle sizes of
�20 nm (Dyesol Ltd., Australia, 18NR-T) and �250 nm (Dyesol Ltd.,
Australia, WER2-O) were utilized in this study. The TiO2 pastes
were further diluted in ethanol at weight ratios of 1:1 and 2:1
(ethanol:TiO2 paste), and the prepared TiO2 solution was sonicated
for 20 min to obtain a uniform dispersion of TiO2 nanoparticles and
polymer binders in ethanol. Thereafter, a small amount of diluted
TiO2 solution that could cover the entire area of the Si wafer was
dispensed onto the cleaned Si wafer and spin-coated at a rotation
speed of 2000 rpm for 2 min. The TiO2/binder-coated Si wafer was
placed on a hot plate (�100 �C) for 20 min to evaporate the
remaining solvent and further thermal treatment was performed
in a furnace at �550 �C in air for 1 h to fully remove the organic
residue. Before transferring the TiO2 layers from the Si wafer to the
Nafion1 membrane, the TiO2 layers were coated with Nafion1

ionomer solution (5 wt.%, Sigma–Aldrich, United States) using a
spin-coater at low rotational speed (�500 rpm). After ionomer
coating, the Nafion1 211 membrane (25 mm thickness, DuPont,
United States) was placed between the TiO2 coated Si wafer and PI
film and thermal imprinting was carried out at a temperature of
�130 �C for 3 min. After cooling, the assembly of the PI film/
Nafion1 membrane with TiO2 layers was gently detached from the
Si wafer. Additional imprinting with a polymeric prism mold (a
pitch size of �10 mm) was further conducted at �140 �C for 3 min,
and finally prism-patterned TiO2 layers/Nafion1 composite
membrane was successfully fabricated.

Preparation of membrane electrode assembly (MEA). The MEAs
were fabricated using the following steps. First, the catalyst slurry
was prepared by mixing a carbon-supported Pt catalyst (40.0 wt.%
Pt, Johnson Matthey, United Kingdom), 5 wt.% Nafion1 ionomer
solution, DI water, and 2-propanol (Sigma–Aldrich, United States).
The catalyst slurry was sonicated for 20 min and deposited onto the
membranes by using air-spray gun. The Pt loading was carefully
checked to secure an exact loading of 0.2 mg/cm2 on both the
anode and cathode sides, and the active area of all the samples was
set to 5.0 cm2.

Single cell assembly. The prepared catalyst-coated membranes
were located on the center of a single cell with bipolar plates with a
serpentine channel (width: �1 mm) and two GDLs (JNTG, Korea,
JNT 30-A3, �290 mm thickness). Teflon gaskets (CNL Energy, Korea,
�240 mm thickness) were inserted both anode and cathode sides
for effective gas sealing, and finally the prepared single cell was
tightly assembled by fastening eight bolts with a torque of 70 ft-lb.

Electrochemical characterization. The single-cell polarization
curves for the prepared MEAs were obtained using a PEMFC Test
System (CNL, Korea). To determine the effects of the prism-
patterned Nafion1 composite membrane with TiO2 layers under
elevated temperature/low relative humidity conditions, humidity
of the reactant gases and the operating temperature were changed
with humidity of RH 35 to RH 100 and temperature of 80–120 �C,
respectively. The corresponding fuel cell performances were
monitored using the current sweep method with a scan speed
of 10 mA s�1 while maintaining the flow rate of the H2 (150 mL
min�1) and air (800 mL min�1) to the anode and cathode. The
electrochemical impedance spectroscopy (EIS) spectra were
measured using an impedance analyzer (HCP-803, BioLogic,
France) at 0.6 V with an amplitude of 10 mV in the frequency
range from 0.1 Hz to 15 kHz.

Characterization. Surface and cross-sectional images were
obtained using scanning electron microscope (SEM) (Carl Zeiss,
Germany) and focused ion beam scanning electron microscopy
(FIB-SEM) (Carl Zeiss, Germany).

Results and discussion

Fig. 1a–d shows the procedure for fabricating the prism-
patterned Nafion1 composite membrane with TiO2 layers. The
procedure consists of three main steps: (a) Formation of well-
dispersed TiO2 nanoparticle layers on a Si wafer by spin-coating
with diluted TiO2 paste, comprising ethanol solvent, TiO2 nano-
particles, and organic binders, followed by thermal sintering at
�550 �C in air for 1 h to completely remove the organic residue. (b)
Transferring of the TiO2 nanoparticle layers from the Si wafer to the
Nafion1 membrane by hot embossing above the glass transition
temperature (Tg) of the Nafion1 (�130 �C) with a hydraulic
pressure of �1.5 MPa. Before the transfer process, the TiO2 layers
were coated with Nafion1 ionomer solution by spin-coating at low
rotational speed (�500 rpm) for better adhesion and for



Fig. 1. Schematic illustrations of preparation of composite Nafion1 membrane with prism-patterned TiO2 layers. (a) Formation of well-dispersed TiO2 nanoparticle layers on
Si wafer by spin-coating process. (b) Transfer of sintered TiO2 layers from Si wafer to Nafion1 membrane via thermal imprinting process. (c) Additional hot-embossing process
for fabricating prism-patterned TiO2 layer/Nafion1 composite membrane. (d) Completed composite Nafion1 membrane with prism-patterned TiO2 layers.
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constructing the proton conducting network with the Nafion1

membrane. (c) Additional imprinting process on the prepared
Nafion1 membrane with TiO2 layers with a polymeric prism mold
with a pitch size of �10 mm at �140 �C for 3 min to secure more
proton pathways. A representative schematic image of the prism-
patterned Nafion1 composite membrane with TiO2 layers is shown
in Fig. 1d. By considering that direct-coating process of TiO2

solution can occur the severe problem such as membrane swelling,
which hinders uniform coating, and difficulty of the binder
removal, the transfer process can be a desirable choice to form
well-dispersed TiO2 nanoparticles on other substrates (Si wafers)
by carrying out consecutive steps of the solvent evaporation and
decomposition of the polymer binder at high-temperature. Fig. 2a
shows the SEM image of the surface of the Nafion1 composite
membrane after transfer of TiO2 nanoparticles with size of
�250 nm. The TiO2 nanoparticles were uniformly distributed
and embedded on the surface of the Nafion1 membrane owing to
transfer of the pre-formed TiO2 nanoparticle layers on the Si wafer.
This novel methodological approach of fabricating composite
membranes with inorganic nanoparticles can prevent the particle
agglomeration encountered in the conventional casting and drying
method with a use of the mixed solution of the inorganic fillers and
ionomers [18,26].

Fig. 2b confirms that additional prism patterning was
successfully carried out on the Nafion1 membrane with TiO2

layers. Repeating valleys and ridges of the prism arrays were well
formed, and this additional prism patterning process enabled
embedding of the pre-inserted TiO2 particles more deeply inside
the Nafion1 membrane, widening the distance between the TiO2

particles, and enlarging the interfacial surface area between the
composite membrane and catalyst layer. To further verify the
morphological characteristics of the modified Nafion1 mem-
branes, FIB-assisted cross-sectional SEM images were obtained
(Fig. 2c and d). The TiO2 layer in the flat TiO2/Nafion1 membrane
had a uniform thickness of �1.5 mm, where the Nafion1 ionomer
coated on the top of the Nafion1 membrane. Interestingly, the
thickness of the TiO2 layer on the valley (�500 nm) differed from
that of the ridge (�1.2 mm) of the prism patterned TiO2/Nafion1

membrane, which means that pre-inserted TiO2 particles in the
valley were more deeply embedded inside the membrane due to
more stress concentration in the valley of the prism pattern.
However, the thickest part of the ridge was still thinner than the
flat TiO2 of the non-patterned membrane, which signifies that the
patterning process increased the insertion of TiO2 particles more
deeply into the membrane. This additional prism-patterning
process was also effective for providing more proton pathways
by increasing the surface area of the composite membrane 1.4-fold
(calculated from the geometrical characteristics of the prism
patterns) and widening the gap between the pre-inserted TiO2

inter-particles by filling the gap with the viscoelastic behavior of
the Nafion1 ionomer above the Tg. This could offset the reduced
proton conductivity due to insertion of the inorganic fillers into the
membrane. The effects of this additional patterning process are
briefly summarized in the schematic image in Fig. 3.

To elucidate the effect of the prism-patterned TiO2 layer/
Nafion1 composite membrane during fuel cell operation under
elevated temperature/low relative humidity conditions, single
cells were constructed by incorporating the membranes (pristine
Nafion1 211 membrane and Nafion1 211 membranes with (flat/
prism-patterned) TiO2 layers) into the cells. The surface of the
Nafion1 membrane with the TiO2 layer was used as the anode side
because under elevated temperature/low relative humidity con-
ditions, membrane dehydration is much more severe at the anode
compared to the cathode where water is generated from the ORR.
Before evaluating the cell performance, the optimal thickness of
the TiO2 layer and the optimal size of the TiO2 nanoparticles were
investigated by comparing the fuel cell performance at 80 �C under
fully humidified H2/Air conditions. Under fully humidified opera-
tion, the water retention effect of the TiO2 layers was not apparent
due to the full hydration of the membrane. Therefore, the decrease
in the conductivity (increase in ohmic resistance) of the membrane
originated from particle insertion can be confirmed. Fig. S1 shows



Fig. 2. SEM images of surfaces of (a) flat TiO2 nanoparticle layers and (b) prism-patterned TiO2 nanoparticle layers; FIB-assisted cross-sectional SEM images of the Nafion1

composite membrane with (c) flat TiO2 and (d) prism-patterned TiO2 nanoparticle layers.
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the polarization curves for single-cells employing the Nafion1 211
membrane and the composite membranes with different particle
sizes of TiO2 (�20 nm and �250 nm). The performance of the
composite membrane with flat TiO2 layers was much poorer than
that of the Nafion1 211 membrane over the entire measured
region. In particular, in the middle current density region, a larger
overpotential (voltage loss) appeared in the profile of the
membrane with a TiO2 particle size of �20 nm compared to that
of the membrane with �250 nm TiO2 particles. It is thought that
the �20 nm TiO2 layers have mesoporous structures, which
makes it difficult to form well-connected ionomer networks
(proton pathways) with the membrane, as confirmed by the
cross-sectional SEM image (Fig. S2). After determining the effect
of the particle size on the cell performance, the effect of thickness
of 250 nm-sized TiO2 layer (�1.5 mm and �2.5 mm) on the cell
performance was further evaluated, and it confirmed that thicker
TiO2 layers deteriorated the cell performance, noticeably (Figs. S3
and S4). Based on these results, the 250 nm-sized TiO2 layers with
Fig. 3. Schematic illustration of effec
a thickness of �1.5 mm were selected as optimal in our
experimental set and three samples were prepared as follows:
a pristine Nafion1 membrane, flat-TiO2/Nafion1 composite
membrane, and prism-patterned TiO2/Nafion1 composite mem-
brane for comparison of the performance under high-tempera-
ture/low relative humidity conditions. Fig. 4 shows the single-cell
polarization curves under different operating conditions (80, 105,
and 120 �C under different humidity conditions). At 80 �C under
fully humidified conditions (Fig. 4a), the performance of the
prism-patterned membrane with TiO2 layers was significantly
enhanced compared to that of the flat-TiO2 embedded membrane
thanks to the patterning effects provided more proton pathways.
As the relative humidity decreased from RH 100 to RH 50 (Fig. 4b),
the performance differences of the patterned TiO2/Nafion1

composite membrane and pristine Nafion1 211 membrane were
markedly diminished due to the increased water retention effects
of the TiO2 layer, and the performance of the patterned TiO2/
Nafion1 composite membrane was even higher than that of the
t of additional prism patterning.



Fig. 4. Single-cell polarization curves under different operating conditions at (a) 80 �C with fully humidified H2/Air, (b) 80 �C with partially humidified H2/Air, (c) 105 �C with
partially humidified H2/Air, and (d) 120 �C with low humidified H2/Air.
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pristine Nafion1 211 membrane at 0.6V, which is generally used
as the operating voltage. At a higher temperature of �105 �C with
a similar RH condition (Fig. 4c), the effect of the patterned TiO2/
Nafion1 composite membrane was much greater than that of
�80 �C. This is because the water contained in the hygroscopic
TiO2 particles do not evaporate easily, even at temperatures
greater than 100 �C, owing to the attractive Coulombic force
within the EDL [13]. This water retention effect was further
confirmed through the EIS measurements, as shown in Fig. 5 and
Table 1. At 80 �C and RH 50, the ohmic resistance of the MEA with
prism patterned TiO2/Nafion1 211 (�0.1278 V cm2) was slightly
higher than that of the reference MEA (�0.1220 V cm2). However,
at 105 �C, where the temperature is higher than the boiling point
of water, both the ohmic resistance and the kinetic loss (Rct) of the
MEA with prism patterned TiO2/Nafion1 211 (�0.1146 V cm2/
�0.3596 V cm2) became lower than that of the reference MEA
(�0.1261 V cm2/�0.4379 V cm2), which resulted in the improved
performance. This water retention effect was more pronounced at
Fig. 5. EIS spectra of the reference MEA with Nafion1 211 and the modified MEA
with patterned TiO2/Nafion1 211 at 0.6 V and different temperature of 80 �C and
105 �C.

Table 1
EIS fitted values.

At 0.6 V Reference Nafion1 211 Patterned TiO2/Nafion1 211

Rohm [V cm2] Rct [V cm2] Rohm [V cm2] Rct [V cm2]

80 �C RH 50 0.1220 0.3293 0.1278 0.3611
105 �C RH 51 0.1261 0.4379 0.1146 0.3596



Table 2
Current density at 0.6 V and maximum power density of prepared samples from the single cell polarization curves.

Reference Flat TiO2 Patterned TiO2

Current density at
0.6 V [mA cm�2]

Maximum power
density [mW cm�2]

Current density at
0.6 V [mA cm�2]

Maximum power
density [mW cm�2]

Current density at
0.6 V [mA cm�2]

Maximum power
density [mW cm�2]

80 �C RH 100 927 794 777 (83.8%) 659 (83.0%) 897 (96.8%) 743 (93.6%)
80 �C RH 75 618 612 – – 662 (107%) 581 (95.0%)
80 �C RH 50 383 407 – – 431 (113%) 397 (97.5%)
105 �C RH 73 406 445 – – 488 (120%) 451 (101%)
105 �C RH 51 353 366 – – 453 (128%) 398 (109%)
120 �C RH 35 166 202 135 (81.3%) 137 (67.8%) 255 (154%) 250 (124%)

Parenthesis: the ratio of the current and maximum power density compared to the reference.
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120 �C and RH 35 (Fig. 4d). The current density at 0.6 V was
improved by 54% and the maximum performance of the patterned
TiO2/Nafion1 composite membrane was enhanced by 24%
compared to those of the Nafion1 211 membrane (Table 2).
However, in the case of flat TiO2, the performance was too low,
which means that the reduction of the proton conductivity by
incorporation of the TiO2 layer outweighs the positive effect of
water retention in the TiO2 layers. This result once again highlights
the importance of proton pathway expansion through an
additional patterning process.

Conclusion

A prism-patterned TiO2/Nafion1 composite membrane for the
effective operation of PEMFCs under elevated temperature/low
relative humidity conditions was developed via the transfer of
uniformly constructed TiO2 layers onto a Nafion1 membrane,
followed by the imprinting process with a micro-sized prism
mold. Fabrication of the TiO2 layers via a spin-coating process led
to well-distributed TiO2 layers without agglomeration problems.
Furthermore, the additional prism patterning process made it
possible to secure more proton pathways by embedding the pre-
inserted TiO2 particles more deeply inside the Nafion1 mem-
brane, widening the distance between the TiO2 particles, and
enlarging the interfacial surface area between the composite
membrane and catalyst layer. This prism-patterned TiO2/Nafion1

composite membrane exhibited significantly enhanced perfor-
mance compared to the reference Nafion1 211 membrane under
elevated temperature/low humidity conditions owing to the
water retention effect of the hygroscopic TiO2 particles and the
prism patterning effect.
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