Journal of Power Sources 196 (2011) 1069-1077

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Alternative hybrid electrolytes based on a series of bis(trialkoxysilyl)alkanes and
3-(trihydroxysilyl)-1-propane sulfonic acid applied in gas diffusion electrodes of
proton exchange membrane fuel cells

C.W. Lin*, L.C. Chung, R.S. Veerapur, F.C. Yang

Department of Chemical Engineering, National Yunlin University of Science and Technology, 123, Sec.3, University Road, Douliu, Yunlin 640, Taiwan

ARTICLE INFO ABSTRACT
Article history: This study demonstrates a method for improving the electrolyte distribution in catalyst layers and
Received 29 June 2010 enhancing the utilization of catalyst existing in primary pores. Bis(trialkoxysilyl)alkanes (BTAS-alkanes)

Received in revised form 5 August 2010
Accepted 9 August 2010
Available online 17 August 2010

and 3-(trihydroxysilyl)-1-propane sulfonic acid (THS)Pro-SOsH) precursors have been used to prepare a
series of hybrid electrolytes with various organic segment lengths of BTAS-alkanes and ratios of organic
moiety and sulfonic acid groups. Investigations of BTAS-alkanes series includes bis(triethoxysilyl)octane
(BTES-Oct), bis(trimethoxysilyl)hexane (BTMS-Hex), and bis(triethoxysilyl)ethane (BTES-Eth). Small

IF(EJEJ ;/v;rlrlis: angle X-ray spectroscopy (SAXS) identifies morphological phase separation in BTES-Oct and BTMS-Hex
Gas diffusion electrodes hybrid electrolytes. The results of mercury porosimetry and BET porosimetry show that the hybrid elec-
Hybrid electrolytes trolytes have better capability than Nafion ionomer to penetrate into primary pores of the catalyst layers.
Catalyst layer Electrochemical measurements including electrode polarization, electrochemical active surface (EAS)
Microstructure and electrochemical impedance spectroscopy (EIS) are discussed. The BTES-Oct or BTMS-Hex hybrid

electrolytes with higher ratio of organic moiety and sulfonic acid group have achieved better electrode
performance. Oxygen benefit current (OBC) results indicate that higher ratios of BTES-Oct/(THS)Pro-SOsH
provides higher hydrophobicity with better gas transport properties. However, the hybrid electrodes
exhibit lower cathode performance than Nafion®-based electrodes due to excessive electrolyte incorpo-
rated in the catalyst layer.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction ing high performance of PEMFC. The GDL acts as an effective path
for the transport of gas reactants to the catalyst layer, exhibit-
Due to their higher power densities and environmental bene- ing low electronic resistivity for the transmission of electrons.

fits, proton exchange membrane fuel cells (PEMFCs) have recently ~ 1he GDL also act as a flexible surface with proper hydrophobic-
generated an enormous amount of research as alternative power ity preventing water flooding and providing better contact with

sources for automotive, stationary, and portable applications. How- neighboring components [5,6]. High PEMFC performance requires
ever, several issues must be addressed before PEMEC systems can an optimal combination of electron transport, proton transport and
be commercialized, including the use of expensive components mass transport [7]. The combination of these mechanisms forms

with limited performance, and the poor durability of membrane a three-phase-boundary where electrochemical reactions occur

electrode assemblies (MEAs). Ironically, low catalyst activity and [8,9]. . ) )
mass transport limitations at the cathode leads to lower power One of the important goals in current PEMFC research is to
density values. An optimized MEA configuration that includes a address the basic understanding of both gas transport and ion trans-

catalyst layer and gas diffusion layers (GDLs) could address these port. The transport of gas and ions occurs in different directions;

shortcomings [1-3]. MEA efficiency depends on three major fac- gas diffuses perpendicularly to the ionomer thin film, while ions
tors: (i) amount of catalyst, (ii) type of proton exchange membrane migrate parallel to it. Electrochemical reactions generally occur in
(PEM), and (iii) gas diffusion layers (GDL) characteristics [4]. Among the gas diffusion elec.tr(.)de.(GDE). Because these rfeactions involve
these factors, GDL characteristics play an important role in achiev- complicated factors, it is difficult to evaluate the influence of one

parameter while keeping other properties constant. For example,

a variation in the ionomer content simultaneously affects gas per-

meability, catalytic activity and ionic resistance [4-6]. Wilson et al.
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by increasing the number of Pt particles in contact with proton
conducting networks, which in turn increases catalyst utilization
[10-12]. The distribution of the three-phase-boundary is another
critical phenomenon governed by the microstructures of catalyst
layers. Recent study by Watanabe et al. shows that there are two
types of pores in the catalyst layer: primary pores with a diameter of
<0.1 wm and secondary pores with a diameter of >0.1 wm and more
than 85% of Pt particles are located on the wall of primary pores
[13,14]. Uchida et al., further analyzed pore structures in the PEMFC
catalyst layer, showed that sulfonated polymer electrolytes could
not penetrate into primary pores with small diameters [15,16]. This
suggests that the catalyst utilization in primary pores is excluded
from three-phase boundaries.

Recent research efforts have focused on the preparation of
organic-inorganic hybrids through sol-gel processes [17-19].
These hybrids have the advantages of thermal stability provided
by an inorganic backbone, while organic chains confer the required
specific properties such as flexibility and processibility. These
hybrid electrolytes become proton conducting when they are
doped with acidic moieties such as monododecylphosphate (MDP)
or 12-phosphotungstic acid (PWA) and a family of acid func-
tionalized polysilsesquioxanes (Si;O3) [20,21]. Nishikawa et al.
improved PEMFC performance by combining nano-hybrid elec-
trolytes with platinum-loaded carbon blacks [22,23]. Our earlier
reports investigate the feasibility of proton conducting hybrid
membranes based on SiO,/PEG (polyethylene glycol) doped with
either 4-dodecylbenzene sulfonic acid (DBSA) or PWA as elec-
trolytes in PEMFCs [24]. Continuing this line of research the present
study demonstrates the preparation of various gas diffusion elec-
trodes with a series of hybrid electrolytes through a sol-gel process
involving BTAS-alkanes and (THS)Pro-SOsH precursors. Mercury
porosimetry and BET porosimetry measurements were performed
to examine the variation of pore-size distribution before and after
incorporating the hybrid electrolyte in catalyst layer as binder in
advance to examine the possibility of utilization of catalysts located
in the primary pores. The rational behavior between organic moi-
eties and electrode performance were examined by varying the
organic segment length of BTAS-alkane precursors. This study also
compares the performance of the electrodes with the hybrid elec-
trolytes and Nafion®. The outcome of these results indicates that
the use of alternative organic-inorganic hybrid electrolyte may be
advantageous in utilizing catalyst existing in primary pores of gas
diffusion electrode.

2. Experimental
2.1. Preparation of electrodes

2.1.1. Hybrid electrolyte-based electrodes

Hybrid electrolytes were prepared via sol-gel process using
BTAS-alkane (Gelest Co. Ltd., Japan) and (THS)Pro-SO3H aqueous
solution (Gelest Co. Ltd., Japan) precursors by varying the organic
segment lengths of BTAS-alkanes viz., bis(triethoxysilyl)octane,
bis(trimethoxysilyl)hexane and bis(triethoxysilyl)ethane with the
number of carbon atoms in their organic moieties of 8, 6, and
2, respectively. Scheme 1 presents the structural formulas of
precursors. This study adopts the hybrid electrolytes prepara-
tion procedure reported in the literature [22]. Pt-CB (Platinum
nominally 50% on Carbon Black Alfa Aesar) and (THS)Pro-SOsH
were mixed with constant stirring for 2 h at room temperature.
A BTAS-alkane and 2-propanol (>99.8%, Sigma-Aldrich, USA) mix-
ture was added and once again stirred for 30 min. The mixing
ratio of Pt:BTAS-alkane:(THS)Pro-SO3H:water-IPA were 1:A:B:20
by weight. A uniform paste was spread onto commercial gas diffu-
sion layers (Carbon cloth, 15 wt.% wet proofing, microporous layer

on single side, type: CeW1S12, HEPHAS energy) with a circular area
of 1 cm? and Pt loading of 0.5 mg cm~—2. The electrodes were dried
under 60 °C and rinsed with deionized water before measurement.

2.1.2. Nafion®-based electrodes

Pt-CB and 2-propanol were mixed and until complete disper-
sion was achieved. Nafion® solution (5 wt.% Sigma-Aldrich, USA)
was added this dispersion and again stirred to produce a uniform
paste. The mixing ratio of Pt:IPA:Nafion® was 1:30:C [C represent-
ing Nafion® content (0.6, 1, 1.34, and 3)]. The paste was spread onto
a commercial gas diffusion layer same as the one prepared in sec-
tion 2.1.1 with a circular area of 1 cm? and Pt loading of 0.5 mg cm—2
then dried under 60°C and rinsed with deionized water before
measurements.

2.2. Small angle X-ray scattering measurements

A small angle X-ray scattering instrument (PSAXS-USH-WAXS-
002, Osmic, USA) was used to determine the microstructures of
the organic-inorganic hybrid electrolytes. BTAS-alkane, (THS)Pro-
SOsH and IPA (Sigma-Aldrich, USA) were mixed in equimolar
amount at room temperature with constant stirring for 30 min. The
aging process conducted at 60 °C and 95% R.H. for 12 h. After drying,
the samples were ground into powder for SAXS measurement.

2.3. Porosimetry measurements

The pore-size distribution and the specific pore volume were
calculated from an intrusion curve obtained by a mercury pore
sizer (Autopore 9520, Micromeritics Corporate, USA). Mercury
porosimetry technique could determine the distribution of pore
diameter between 300 pm and 3 nm. The volume of mercury (V)
penetrated into the pore is measured directly as a function of
applied pressure. For mercury porosimetry, shredded hybrid elec-
trolytes weighing 100-200 mg were subjected to an operating
pressure of 0.10-60,000 psi. Intrusion of mercury began at a pres-
sure of 0.44 psi.

The specific surface area and the pore volume distribution were
also measured from BET porosimetry (Beckman Coulter SA3100,
Taiwan). This type of pore sizer could determine the distribution
of pore diameter in nanometer range. For BET porosimetry, hybrid
electrolytes were crushed into powder weighed 100-200 mg for
subsequent outgassing at approximately 150°C for 2h before
measurement. Nitrogen adsorption/desorption was carried out at
—196.15°C.

2.4. Electrochemical measurements

Electrochemical measurements were conducted by a half-cell
system based on a conventional three-electrode cell [25], and a
potentiostat (Autolab, PGSTAT30, Eco Chemie, USA) was adopted to
evaluate electrode performance. The prepared GDE was mounted
on a PTFE holder to form a working electrode. The PTFE holder con-
tained a Pt ring as current collector, and gases were fed from the
back of the electrode. The reference electrode and counter elec-
trode were Ag/AgCl and Pt wire, respectively. Scheme 2 shows the
construction of the half-cell system. 0.5M sulfuric acid was used
as a liquid electrolyte for this system. When oxygen was fed into
the working electrode, it reacted with the protons of sulfuric acid
in an oxygen reduction reaction (ORR). Therefore, the proposed
design simulated fuel cell cathode. This design can eliminate other
variables while achieving the property of a freestanding GDE.

Three electrochemical measurements were used to evaluate
the performances of various electrodes with the same catalyst
but different electrolytic binder at room temperature. Galvanstatic
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Scheme 1. Structural formulas of precursors. (a) BTES-Oct, (b) BTMS-Hex, (c) BTES-Eth and (d) (THS)Pro-SOsH.

polarization (GP) was conducted in an oxygen and/or air atmo-
sphere. Note that the potential values are referred to Ag/Agcl.
Experimental conditions include a gas flow rate of 100 mL min~!,
a scan range of 1-0V, and a scan rate of 40mVs~!. The polar-
ization curve was obtained via GP analysis. Cyclic voltammetry
(CV) was conducted in a nitrogen atmosphere. The gas flow rate
was maintained at 100 mLmin~', with a scan range of 0.2~1V
and a scan rate of 40mVs~!. After recording 30 scans, the last
cycle was considered as stable CV spectra. The peaks of hydro-
gen adsorption/desorption on Pt appeared at a range of 0.2-0.1V.
The total exchanged charges were calculated by evaluating the
areas of hydrogen desorption peak and dividing it by the refer-
ence hydrogen adsorption charge (210 wCcm~2) to determine the
electrochemically active surface (EAS). The EAS represents the Pt
area capable of hydrogen adsorption. Electrochemical impedance
spectra (EIS) analysis was conducted in an oxygen or air atmo-
sphere. The value of perturbation was 0.3 V. The gas flow rate was
100 mL min~!, with an operating potential of 0.3 V and a frequency
range of 10000-0.01 Hz.

Reference Electrode Inlet gases:

0 L N2 - air
Counter Electrode Ag/ Working Electrode
— AgCl
Pt wire
S |
0.5 M Sulfuric Acid

\

Scheme 2. Schematic representation of half-cell system.

3. Results and discussion
3.1. Small angle X-ray scattering measurements

Fig. 1 displays the SAXS spectra of hybrid electrolytes pre-
pared with various BTAS-alkane precursors. In this study, the molar
ratio of hybrid electrolytes was BTAS-alkane/(THS)Pro-SOsH=1.
The BTMS-Hex and BTES-Oct-based hybrid electrolytes exhibited
visible peaks, indicating phase separation in the microstructure
of the hybrid electrolytes. The BTES-Eth-based hybrid electrolyte,
did not exhibit a peak. This result clearly shows that precur-
sors containing longer organic segment lengths, e.g. BTES-Oct
and BTMS-Hex-based hybrid electrolytes, formed a microphase
separation structure. However, due to their smaller organic seg-
ment lengths, BTES-Eth-based hybrid electrolytes could not form
a microphase separation structure. The d-spacing of hybrid elec-
trolytes, i.e., the distance between inorganic-rich phases, were
36.4 nm and 28.3 nm for the BTES-Oct and BTMS-Hex- based hybrid
electrolytes, respectively. In other words, the distance between
inorganic-rich phases was the size of the organic-rich phase.

30

I

\ ———BTES-Oct{THS)Pro-SO,H
¥ — — BTMS-Hex/(THS)Pro-SO,H
I

|

25 - BTES-Eth/(THS)Pro-SO,H

20

15

Intensity /a.u

10

- T

. . - -
0.00 0.05 0.10 0.15 0.20
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Fig. 1. SAXS spectra of BTES-Eth, BTMS-Hex and BTES-Oct-based hybrid elec-
trolytes.
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Fig. 2. Phase separation morphology of (a) BTES-Oct and BTMS-Hex (b) BTES-Eth-based hybrid electrolytes.

Fig. 2 shows the SAXS measurements of the model phase separa-
tion structure. This figures show that hybrid electrolytes based on
BTES-Oct and BTMS-Hex formed a microphase separation struc-
ture consisting of organic-rich phases and inorganic-rich phases.
Fig. 2(a) suggests that the hydrophobic organic-rich phases pro-
vided transport channels for reactant gases, and that hydrophilic
sulfonic groups were located in inorganic-rich phases. This kind of
phase separation structure promotes transport properties in the
catalyst layer because it provides independent transport channels
for both gases and protons. Varying the organic segment length
of the hybrid electrolytes changed the number of microphase.
Because BTES-Eth-based hybrid electrolytes exhibit no phase sepa-
ration structure, their protons, and gases show poor transportation
[Fig. 2(b)].

3.2. Porosimetry measurements

Gas sorption (e.g. BET) and mercury porosimetry can be com-
plementary techniques used in this study. Physical adsorption
techniques can extend the lower size measurement down to about
0.35 wm diameter, thus probing well the variation of intra-particle
microstructure due to penetration of organic-inorganic hybrid
electrolytes. Mercury porosimetry was paired with the gas sorption
technique in this study to obtain porosity information in the large
size range (typically greater than about 0.3 pm diameter), which is
not attainable by gas sorption.

3.2.1. BET porosimetry

Fig. 3 depicts the BET porosimetry measurements. These mea-
surements revealed that the pore diameter of the catalyst layer in
the hybrid electrolytes ranged from <100 nm. These results sug-
gest that BTES-Eth-based hybrid electrolytes with smaller organic
segment length produce no benefit in occupying primary pores.

0.006 —
—x— 50 wit% Pt-CB
—B— BTES-Oct 1 : 1 (THS)Pro-SO,H with PI-CB

BTMS-Hex 1 : 1 (THS)Pro-SO H with PL-CB

—&—BTES-Eth 1 1 1 (THS)Pro-SOH with P-CB

& 0.004 -

3

s

f

g

@

o

& 0.002

0.000 g : ; ‘ . i . . . :
0 20 40 60 80 100

Pore diameter / nm

Fig. 3. BET porosimetry of hybrid electrolytes prepared using precursors with vary-
ing organic segment lengths.
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3.2.2. Mercury porosimetry

The distribution of hybrid electrolytes in primary or secondary
pores was determined specifically by mercury porosimetry. The Pt-
CB (50 wt. %) has a pore boundary of 62.5nm between primary
and secondary pores. Fig. 4(a) and (b) shows the distribution of
primary and secondary pores with varying contents of Nafion®
and BTES-Oct-based hybrid electrolyte, respectively. An increase

1.0 4
GDE containing
—6— TES-Eth :(THS)Pro-SOH
b TMS-Hex : (THS)Pro-SOH
0.8 - —5— TES-Oct :(THS)Pro-SOH

Potential /V vs. Ag/AgCl

0.00

0.05

0.10 0.15 0.20 0.25

itAem®

Fig. 5. Polarization curves of the GDEs containing various BTAS-alkanes with dif-
ferent organic segment lengths (C=8, 6, and 2).

1073
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0.000 |
-0.005
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Fig.6. Comparison of EAS of the electrodes based on the hybrid electrolyte BTES-Oct
and Nafion, respectively.

in Nafion® content merely decreased the distribution of secondary
pores. Increasing the content of BTES-Oct-based hybrid electrolyte
affected the penetration of primary and secondary pores in the
microstructure distribution. However, the primary pore population
decreased substantially. These observations suggest that the BTES-
Oct based hybrid electrolyte successfully occupied primary pores.
Nafion® occupied only secondary pores, and failed to utilize the Pt
catalyst existing in the primary pores. Fig. 4(b) shows that the sec-
ondary pore volume decreases after incorporating BTES-Oct-based
hybrid electrolyte at BTES-Oct:(THS)Pro-SOsH=1:1. However, it
rises again after changing content of the BTES-Oct-based electrolyte
at BTES-Oct:(THS)Pro-SO3H =2:2. As the organic-inorganic hybrid
has a highly porous nature, we presume the increase of secondary
pore volume might be attributed to the porosity created by the
hybrid electrolyte itself.

3.3. Influence of organic segment lengths of precursors on
electrode performance

3.3.1. Polarization curves

Polarization curves, electrochemical active surface (EAS) val-
ues, and electrochemical impedance spectroscopy (EIS) values are
the key factors in evaluating GDE performance. The total weight
of hybrid electrolytes in the electrodes remained constant, while
the lengths of organic segments based on BTAS-alkanes were var-
ied. The amount of (THS)Pro-SO3H was a variable. Fig. 5 shows the
polarization curves of the GDEs containing various BTAS-alkanes
with different organic segment lengths (C=8, 6, and 2) at a ratio
of BTAS-alkane:(THS)Pro-SOsH equal to 0.5:0.5. The BTAS-alkanes-
based hybrid electrolytes with longer organic segment lengths,
i.e., BTES-Oct or BTMS-Hex, exhibited better polarization char-
acteristics. The electrodes consisting of BTES-Oct-based hybrid
electrolytes exhibited better performance with increasing BTES-
Oct/(THS)Pro-SO3H ratio. Increasing the organic moiety content
produced similar trends, enhancing electrode performance.

3.3.2. Electrochemical active surface (EAS)

Fig. 6 shows a comparison of EAS of the electrodes with iden-
tical catalyst but based on the hybrid electrolyte BTES-Oct and
Nafion, respectively. These results confirm our speculation that
the BTES-Oct-based electrolyte can efficiently increase the cata-
lyst utilization compared to Nafion-based electrode. Fig. 7 shows
the influence of organic segment lengths on EAS of the electrodes
with identical catalyst. EAS values describe the size of the inter-
face between catalyst surfaces and the proton conducting network.
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The EAS values of BTES-Eth-based hybrid electrolytes suggest that
with smaller organic segment lengths were ineffective inimproving
electrode performance. As the organic segment lengths increased,
the EAS values of hybrid electrolytes based on BTES-Oct and BTMS-
Hex increased substantially, along with the organic moiety content.
Hybrid electrolytes containing rich sulfonic groups showed lower
EAS. The effect of a higher hydrogen concentration was limited,
suggesting that relatively few sulfonic groups were located at cata-
lyst sites. This is due to BTAS-alkanes hybrid electrolytes, which
act as the building blocks of macromolecules. The hybrid elec-
trolytes in this study formed large macromolecular structures in
the presence of abundant BTAS-alkanes. The organic moieties in
precursors served as pillars to support macromolecular structures,
and the functionality of two alkoxysilyl groups on BTAS-alkanes
promoted the growth of macromolecular structures. The resulting
hybrid electrolytes exhibited a widely expanded structure, with
sulfonic groups covalently bonded on the macromolecules to attain
good distribution in the catalyst layer. The distribution of sulfonic
groups produced a larger proton conducting network, generating
more EAS with Pt particles. For instance, BTAS-alkanes containing
smaller organic segment lengths, i.e., hybrid electrolytes based on
BTES-Eth, were poor building blocks for macromolecules, and pro-
duced oligomers instead. Poor distribution of sulfonic groups may
result in decreased EAS values. In addition, the organic segments
in BTES-Eth-based hybrid electrolytes were too short to serve as
building blocks.

3.3.3. Electrochemical impedance spectroscopy (EIS)

Fig. 8 shows the EIS values of BTAS-alkane hybrid electrolytes.
The frequency distributions of the impedances exhibited a semi-
circular pattern. Lower impedances appeared in hybrid electrolytes
based on BTES-Oct and BTMS-Hex, which had increased organic
moieties in their networks. The hybrid electrolytes based on BTES-
Oct and BTMS-Hex, exhibited larger impedances in the lower
frequency region. However, the frequency distribution changed
to a semi-circular pattern as the sulfonic acid group content
increased. The increase in impedances in the lower frequency
region represents limited oxygen transport. This retardation of oxy-
gen transport in the catalyst layer caused a new arc in the lower
frequency region, increasing impendence. When the two arcs were
too close, they seemed to merge into once arc [26,27].

To demonstrate the relationship between oxygen transport and
low-frequency impedance, this study presents EIS measurements
with gas feeding of oxygen and air for the same electrode. Fig. 9
presents the resulting data which shows that a decrease in oxy-
gen concentration enhanced low-frequency impedance, especially
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Fig. 8. EIS of hybrid electrolyte-based electrodes (a) BTES-Oct, (b) BTMS-Hex, and
(c) BTES-Eth. Gas flow rate O, 100 mLmin™'.

for electrode with high sulfonic acid group content. For an elec-
trode sample 0f 0.25:0.75, impedance of 1 Hz was located at left side
of this arc. This convinces that low-frequency impedances induce
a considerable contribution to the whole impedance semi-circle.
For electrodes based on hybrid electrolytes with higher sulfonic
acid content, oxygen transport was responsible for the control of
reaction kinetics.
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Fig. 9. EIS of BTES-Oct with different compositions under air. Gas flow rate
100 mLmin~'.



C.W. Lin et al. / Journal of Power Sources 196 (2011) 1069-1077 1075

1@

60

55

EAS/m'g"
L |

50

45

T T
0.5:0.5 1:0.5 1.5:0.5 2:0.5
BTES-Oct : (THS)Pro-SO_ H

60 (b)

557

|
\
/

50

45 T T T T
0.5:0.5 05:1 0.5:1.5 0.5:2
BTES-Oct : (THS)Pro-SO,H
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of (THS)Pro-SOsH.

3.4. Influence of organic moieties and sulfonic groups on
performance of electrodes

In Section 3.3.1, the electrode with BTES-Oct based electrolyte
exhibited a greater performance than other electrodes. When
the contents of BTES-Oct and (THS)Pro-SOsH precursors were
increased, the electrode was improved in its performance. These
results agree with data obtained by single cell test [22,23]. The
most favorable ratio of BTES-Oct to (THS)Pro-SOsH was 0.5:1, when
hybrid electrolytes contained a higher amount of (THS)Pro-SO3H.

The observations in Fig. 10(a) and (b) clearly show that the
BTES-Oct content had remarkable influence on EAS. The BTES-
Oct electrolyte as molecular frame promoted the distribution of
sulfonic acid groups to effect in highest EAS values for BTES-
Oct:(THS)Pro-SO3H=1:0.5 compositions. The excess amount of
BTES-Oct electrolyte decreased the EAS because the concentra-
tions of sulfonic acid groups decreased. Hence, with the increase
of (THS)Pro-SOsH content, EAS values raised slightly.

Introducing an oxygen benefit current (OBC) demonstrated
the hydrophobic channels formed by organic moieties promot-
ing gas transport in catalyst layers. Lower OBC values led to good
gas diffusion in the catalyst layer. In other words, the perfor-
mance of electrode does not rely on oxygen concentration heavily
[10,27]. Fig. 11(a) and (b) shows that an increase of BTES-Oct elec-
trolyte content decreased OBC values. However, OBC remained at
about 100 mA cm~2 when the (THS)Pro-SOzH electrolyte content
increased. The OBC values exhibited by electrodes of composition
BTES-Oct:(THS)Pro-SO3H=1:0.5 yields highest EAS that suggests
more reaction sites needing oxygen. The higher BTES-Oct elec-
trolyte content promotes transport of reactant gases, wherein
OBC value was restrained at the same level. The electrodes of
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Fig. 11. Oxygen benefit current of BTES-Oct/(THS)Pro-SOsH. (a) Increase of BTES-
Oct and (b) increase of (THS)Pro-SOsH.

BTES-Oct:(THS)Pro-SO3H=0.5:0.5 and 1.5:0.5 have similar EAS,
but with excess BTES-Oct electrolyte content, half of OBC is
reduced. Fig. 12 compares the impedances of electrodes of
compositions BTES-Oct:(THS)Pro-SO3H=1:0.5 and 0.5:1. Lower
impedances in the low-frequency region appeared for electrode of
BTES-Oct:(THS)Pro-SO3H = 1:0.5. Both EIS analysis and information
of OBC indicate that increase of organic moiety content promoting
gas transport inside the catalyst layer.

With reference to results above, two competing mechanisms
can be observed inside the electrodes, i.e., gas transport and proton
transport. The excess BTES-Oct electrolyte content promoted reac-
tant gas transport but caused lesser sulfonic group concentration
inside the electrolyte. However, the excess (THS)Pro-SOsH elec-
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Fig. 12. EIS of BTES-Oct-based electrode of composition (0.5:1 and 1:0.5) at the gas
flow rate O; 100 mL min~!.



1076 C.W. Lin et al. / Journal of Power Sources 196 (2011) 1069-1077

65 o

60 o

55 4

EAS /m'g’

50 o

P ettt -----
T T T
1:0.5 0.5:1 1.34
BTES-Oct : (THS)Pro-SO,H Nafion/Pt

Fig. 13. EAS comparison of hybrid electrolytes-based electrodes and Nafion®-based
electrodes.

trolyte content magnified proton conducting network but caused
pore flooding and hindered gas transport. Hence, the gas trans-
port in electrodes containing hybrid electrolytes is a more efficient
mechanism to enhance electrode performance.

3.5. Comparison of electrodes based on hybrid electrolytes and
Nafion®-based electrodes

This study systematically compares the performance of the elec-
trodes based on hybrid electrolytes and Nafion®-based electrode.
Fig. 13 demonstrates the EAS values of electrodes based on the
hybrid electrolytes (BTES-Oct: (THS)Pro-SO3H=1:0.5 and 0.5:1)
and the Nafion® ionomer. The electrodes based on BTES-Oct hybrid
electrolytes exhibited higher EAS than Nafion®-based electrode,
with a maximum increase of 29.7%. However, the catalyst uti-
lization increased due to penetration of hybrid electrolytes into
primary pores. However, high catalyst utilization was not accom-
panied with high electrode performance. Fig. 14 shows that the
Nafion®-based electrode exhibits better performance than the elec-
trodes based on the organic-inorganic hybrid electrolytes.

Fig. 15 shows that the Nafion® content greatly influences the
impedance of electrodes. Increasing the Nafion® content in elec-
trodes increased the diameter of impedance semi-circle. However,
low-frequency impedances showed no significant differences. The
Nafion®-based electrodes reserved plenty of primary pores as the
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Fig. 14. Comparison of polarization curves of hybrid electrolytes-based electrodes
and Nafion®-based electrodes.
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Fig. 15. Effect of Nafion® content on EIS.

main channels of reactant gases. Electrodes based on hybrid elec-
trolytes exhibited much smaller pores. As a result, the performance
of electrodes based on hybrid electrolytes was found to be sen-
sitive to gas transport. Even though electrodes based on hybrid
electrolytes exhibited increased catalyst utilization, their lack of gas
transport channels decreased their three-phase-boundaries. There-
fore, the performance of electrodes achieved lower performance
than Nafion®-based electrode.

4. Conclusion

This study reports a new approach to prepare gas diffu-
sion electrode for PEMFC applications by using organic-inorganic
hybrid electrolytes. Results showed that the electrodes based on
BTAS-alkane/(THS)Pro-SO3H hybrid electrolytes achieved greater
extent of penetration into primary pores than Nafion®-based
electrodes. The electrodes based on BTES-Oct hybrid electrolytes
exhibited higher EAS than Nafion®-based electrode, with a maxi-
mum increase of 29.7%. The precursors containing longer organic
segment lengths formed phase separation during the forma-
tion of nanostructure. The electrodes based on BTES-Oct hybrid
electrolytes exhibited better polarization characteristics than
BTMS-Hex and BTES-Eth hybrid electrolytes. Although the current
approach efficiently enhanced catalyst utilization, a comparison
of the electrode performances showed that the hybrid electrolyte
were still inferior to the Nafion® ionomer in polarization char-
acteristics. EIS measurements showed that the electrodes based
on hybrid electrolytes lacked gas transport channels because the
hybrid electrolytes penetrated the pores of the catalyst layer to an
excessive extent. This implied novel technique in preparing elec-
trodes with the alternative electrolytes needs to be further studied
to achieve optimization.
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