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Providing sufficient hydration in a proton exchange membrane fuel cell is important to obtain high fuel-cell performance
under a low relative humidity (RH) condition. Herein, we investigated the influence of the silica (Si0,) particles on the
agglomerated structure in the catalyst layer (CL). The CLs were prepared with three different particle diameters namely 8,
30 and 100 nm and their water uptake (WU) behavior and the electrochemical properties were subsequently characterized.
As a result, the CL containing 8 nm SiO, particles showed intimate contact between the SiO, particles and Nafion ionomer,
thereby improving the electrochemical surface area and WU behavior. Consequently, it is clearly demonstrated that the cell
polarization of the 8 nm SiO,-containing CL presented 1.042 A cm™ at 0.5 V under 20% RH condition, which exhibited 2.94
times higher than that of the CL without the addition of SiO..
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Introduction 0,, respectively. Since then, the self-humidifying
membranes have been extensively explored to improve
A proton exchange membrane fuel cell (PEMFC) is a the WU of the membrane [6-13]. On the other hand, a

highly efficient and eco-friendly energy-conversion number of models of the self-humidifying catalyst layers
device to minimize contamination which is expected as (CLs) [14-24], generally including the hygroscopic
one of the most promising alternatives to conventional additives, have been recently manufactured owing to
fossil fuel. For the purpose of utilizing atmospheric air as dehydration of the anode CL by the electro-osmotic drag.
an oxidizing agent in the PEMFC, a stable and improved Han et al. [14] reported improved cell polarization
performance has to be considered and carried out in a under low RH by fabricating thin silica (SiO,)-Nafion
wide range of relative humidity (RH) [1]. However, the functional layer between the Nafion membrane and the
PEMFC requires an external humidification for sufficient CL. However, the MEA deteriorated the cell polarization
hydration in typical perfluorosulfonic acid membranes due under sufficient humidification compared to that of the
to the dependence of proton transport mechanism on the conventional one due to the increased ohmic resistance.
water uptake (WU) [2]. To commercialize the PEMFCs, Hence, Inoue et al. [15,16] have studied a simple
the system integrators focused on producing a membrane fabrication method of the SiO,-containing CL, which
electrode assembly (MEA) which can produce at least 1.5- controls both hydrolysis/condensation of SiO, suspension
20A cm™? at 0.6V with a platinum (Pt) loading of and the catalyst ink in a single vial. These authors
0.125 mg cm™ under 0-100% RH conditions [3]. Therefore, suggested that the electrochemical surface area (ECSA)
the WU in the MEA is the critical issue for successful was improved as increasing the SiO, content. However,
commercialization and increase cell performance under low others [17, 18] reported the decreased ECSA because
RH conditions. the SiO, insulates the electrocatalytic sites of the Pt.

For several decades, numerous researchers [4-24] have On the other hand, Han et al. [14] and Inoue et al. [16]
investigated on improving the WU to achieve high fuel- have asserted that SiO,-containing CL has reduced the
cell performance under low RH conditions. Watanabe et performance fluctuation under not only low RH but also
al. [4,5] firstly reported an improved concept of the self- high RH condition. Although the CLs with the addition
humidifying proton exchange membrane containing of hygroscopic additives have been extensively studied,
metal-oxide particles and Pt catalyst, which retained the effects of the hygroscopic additives on the CL
the WU and initiated the chemical oxidation of H, and morphology and thereby the cell polarization are

ambiguous so far.
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was implemented to precisely understand the relation
between the morphology and the WU of the CL.
Subsequently, the impacts of the different SiO, particle
sizes on the cell polarizations under low RH condition
were examined. The cyclic voltammetry (CV) was
further employed to correlate the agglomerate structure
and the electrochemically available surface area.
Hence, an attempt was made in this paper to study the
effect of hygroscopic additives namely SiO,-containing
CL by varying the particle diameter as a function.

Experimental

Materials

20 wt% carbon-supported platinum (Pt/C) catalyst
and 40 wt% tetrabutylammonium hydroxide (TBAOH)
were purchased from Alfa Aesar. The ammonia, 1-
propanol, methanol, tetracthyl orthosilicate (TEOS),
glycerol and 1,5-pentanediol were purchased from Sigma
Aldrich. The Nafion membrane and 5 wt% Nafion
dispersion were purchased from Ion Power. For the
electrochemical characterizations, the three-serpentine cell
fixture with an area of 9 cm? was purchased from CNL
Corp. and the gas diffusion layer with the microporous
layer (GDL 10BC) was prepared from Sigracet.

Preparation of the membrane electrode assemblies

The catalyst inks used in this study were prepared as
following manner. In a vial equipped with a magnetic
stirrer (50 mL), 2.24 g of the 5 wt% Nafion dispersion was
added into 3.1 g of glycerol followed by homogenization.
After then, the TBAOH was added followed by 30 h
stirring. For the SiO,-containing CL, the prepared
10 wt% colloidal SiO, solution was applied into the
catalyst ink with the SiO,-to-carbon ratio 0.04. The
SiO, particles with different sizes (8 nm, 30 nm and
100 nm particles) were synthesized by Stober method
[25, 26]. Briefly, 1.2 g of TEOS was added into a 3.0 M
ammonia solution in a mixture of 1-propanol and
methanol. The solution was stirred in room temperature
to form spherical colloidal SiO, through the sol-gel
reaction. After the reaction, the solution was centrifuged
and washed and dried in a vacuum oven at 50 °C for
24 hrs. Then, 10 wt% aqueous solutions of SiO, with
different sizes namely 8, 30 and 100 nm were prepared
before use.

The 0.3 T polytetrafluoroethylene (PTFE) film was
cleansed and repeatedly painted with the catalyst ink
and annealed in a convection oven at 130 °C until the Pt
loading reached 0.2 mg cm™. Subsequently, a sufficient
amount of 1,5-pentanediol was applied onto the CL
surface to increase decal transfer rate. Before the decal
transfer, the Nafion membrane was transformed into
sodium-form by boiling the membrane in an aqueous
sodium hydroxide (1 wt%). After that, the decal was
assembled by sandwiching the sodium-form Nafion
membrane and hot-pressing at 140 °C for 5 min [26].
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To prevent severe delamination, the PTFE cover
surrounding the decal was removed after successful
transfer of CL. After peeling off the PTFE films, the
MEA was boiled in deionized water at 100 °C to
remove the residual solvents and 0.5 M sulfuric acid
solution at 80 °C and finally cleansing in boiling water
for 1 h before use.

Characterizations

The scanning electron microscopy (SEM, Hitachi S-
4800) was conducted to examine the microstructure of
CL. The WU behavior as a function of RH was identified
by conducting the DVS experiment (Advantage Surface
Measurement Systems). The MEA was cut into a size of
50 mm?. All the MEA samples were equilibrated under
0% RH of N, feed at 25 °C for 2 hrs or more until the
mass variation rate reached 0.002 wt% min™' to
determine the initial weight. After the equilibrium, the
MEA was hydrated up to 90% RH by stepwise
increasing the RH of N, feed by 15% RH, followed by
dehydrating down to 0% RH as same manner [27]. All
the MEA samples were stabilized at each RH step for
at least 30 min to ensure steady-state results. The WU
of Nafion membrane was obtained to subtract the water
content of membrane from the total amount of water
absorbed by the MEA samples. The water content was
calculated based on the mass change of sample.

The cell polarization was evaluated with a 9 cm?
single-serpentine cell fixture. The 99.999% of H, and
0, gas feed were provided into the cell at 70 °C and
ambient pressure, while the humidifying temperature
was fixed to reach the target RH. To obtain the CV
profiles, the H, and N, gas feed were added to the cell
with a fixed flow rate of 20 sccm, while the cell and
humidification temperature was maintained at 30 °C
[28]. The potential was cycled from 0.05V to 1.20 V
with a scan rate of 50 mV s'. The amount of charge
involved in atomic hydrogen adsorption was used to
calculate the ECSA.

Results and Discussion

Morphology of the SiO,-containing CLs

Fig. 1 shows the SEM images of CL surfaces
prepared from different particle sizes of SiO,. As seen
in Fig. 1(a), the 8 nm SiO,-containing CL presented the
well-dispersed and well-contacted Pt/C-SiO,-Nafion
agglomerate structure compared to that of the CLs with
larger diameters of the SiO, particles. For the CLs
containing larger sizes of SiO,, the SiO, particles were
often observed as unconnected and dis-continuous
particles from the Pt/C-Nafion agglomerates. In addition,
the Pt/C-Nafion agglomerates showed severely aggregated
morphology as increasing the SiO, particle diameter.
Recently, for larger SiO,-containing CLs, the poorly
contacted Pt/C-Nafion agglomerate structures were also
identified by Lee et al. [29]. From the SEM images, the
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Fig. 1. SEM images of the SiO,-containing CLs with different SiO, particle diameters. (a) 8 nm SiO», (b) 30 nm SiO, and (¢) 100 nm SiO..

CL prepared with the small size of SiO, particles may
enhance the WU and ECSA due to intimate contact
between the SiO, particles and Nafion ionomer. For the
CLs with larger SiO, particle size, the ohmic resistance
may be increased invariantly by the decrease of charge-
transfer pathways because of the weak contact among
the agglomerates.

Water uptake of the SiO,-containing CL

The WU behavior of SiO,-containing CL can be
varied due to difference in the interfaces between the
SiO, particles and Nafion ionomer. Fig. 2 presents the
water sorption isotherms of the CLs prepared with
different SiO, particle diameters. As observed in Fig. 2,
the SiO,-containing CLs showed higher WU than the
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Fig. 2 Water-uptake behaviors of the MEA without SiO, and SiO,-
containing MEAs with different SiO, particle diameters.
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CL without the addition of SiO, particles because of the
hygroscopic characteristic of SiO,. Especially, the 8 nm
SiO,-containing CL showed highest WU compared to
that of the other CLs, indicating that both the hygroscopic
characteristic of SiO, and the morphology of Pt/C-SiO,-
Nafion agglomerate affect the WU behavior. For the
small-sized SiO, particles relative to the Nafion covering
layer, the close contact between the SiO, particles and
Nafion ionomer can be obtained due to the penetration
of SiO, particles into the Pt/C-Nafion agglomerate.
In addition, the intimate interface between the SiO,
particle and Nafion ionomer showed the less-clustered
agglomerate structure, indicating severely segregated
Nafion agglomerates. Hence, weakly clustering of Nafion
agglomerate can be enhanced the WU of CL owing to
high degree of phase separation. It can be deduced that
the morphology of the Pt/C-SiO,-Nafion agglomerate
significantly affects the water sorption behavior.

Electrochemical performances of the SiO,-containing
MEA

Fig. 3 presents the cell polarizations of the MEAs at
different RH conditions. All the MEAs were characterized
with H,/O, feed gas at the anode/cathode flow channel
under 100% RH and 20% RH conditions. For 100% RH
operation, the cell polarization was slightly decreased as
increasing the SiO, particle size, indicating the increase
of ohmic resistance due to the non-conductive SiO,
particles separated from the agglomerates. Specifically,
the cell performance of the 8 nm SiO,-containing MEA
was improved compared to that of the 100 nm SiO,-
containing MEA owing to the well-contacted Pt/C-
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Fig. 3 Cell polarizations of the MEA without SiO, and SiO,-containing MEAs with different SiO, particle diameters. (a) 100% RH operation

and (b) 20% RH operation.
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Fig. 4 Cyclic voltammetry of the MEA without SiO, and SiO,-
containing MEAs with different SiO, particle sizes.

SiO,-Nafion agglomerate structure. Under 20% RH
condition, a typical type of cell voltage decrease in the
low-current region [30] was obtained for all MEAs.
Overall, the MEAs with SiO, particles improved the
cell polarization due to hygroscopic characteristic of
SiO,. Specifically, the cell performance of the 8 nm
SiO,-containing MEA has significantly improved by
exhibiting 1.042 A cm™ at 0.5V which presented 2.94
and 1.51 times higher than the MEA without SiO, and
100 nm SiO,-containing MEA, respectively. As observed
in the SEM image (Fig. 1), the sufficiently small-sized
SiO, particles in the agglomerate have a great contact
with Nafion electrolyte, hence providing low ohmic
resistance under low RH condition. Consequently, the
Pt/C-Nafion agglomerate structure with break-in SiO,
particles improves the cell polarizations under both
high and low RH conditions.

Fig. 4 presents the CV plots of the MEASs to examine
the influence of the SiO, particle size on the ECSA. As
observed in Fig. 4, the 8 nm SiO,-containing MEA
presented the highest ECSA of 68.5m” g, which
showed higher than that of the MEA without SiO,
(50.7m* g'). On the other hand, the MEAs containing
the 30 nm and 100 nm SiO, particle diameters exhibited
the decrease in the ECSA of 49.3 and 46.2m* g,
respectively. As observed from SEM images (Fig. 1),
the size and morphology of the agglomerates were
significantly affected as the SiO, particles approach
among the agglomerates. In addition, the intimate
contact between the SiO, particles and Nafion ionomer
in the 8 nm SiO,-containing CL contributed to increased
WU and electrochemical performances. Therefore, it is
important to enhance the CL structure by efficiently
penetrate the SiO, particles inside the agglomerates.

Conclusions

This paper reports the improvement of the PEMFC
performance under 20% RH condition by tailoring the
morphology of Pt/C-SiO,-Nafion agglomerate. The
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CLs with different particle sized SiO, viz., 8, 30 and
100 nm were prepared and examined for their interface
between the SiO, particle and Nafion ionomer. Among
the synthesized SiO, particle diameters, the 8nm SiO,-
containing CL showed the well-dispersed and well-
contacted morphology due to penetration of the SiO,
particles into the Pt/C-Nafion agglomerate. The water
sorption experiment revealed that the 8 nm SiO,-
containing CL improved the WU behavior compared to
that of the CLs containing larger sizes of SiO, owing to
intimate contact between SiO, particles and Nafion
ionomer. As a result, the 8 nm SiO,-containing MEA
presented the improved cell polarization under low RH
condition with 2.94-fold current density at 0.5V
compared to that of the MEA without SiO, particles.
Therefore, fabrication of the improved agglomerate
structure is mandatory to enhance the cell polarization
at low RH operation.
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