
Introduction
1)

In recent years, polymer electrolyte fuel cells (PEFCs)

have been spotlighted as promising electricity generators

with high energy efficiency and ease of carriage. Mostly,

perfluorosulfonic acid (PFSA) proton conducting poly-

mers such as Nafion are used for the membrane and cata-

lyst binder. However, the operation of the cells is limited

to temperatures below the boiling point of water under

atmospheric pressure, because the proton conductivity of

the polymers is strongly dependent on the relative hu-

midity [1].

High temperature cell operation has the advantage of al-

lowing for simple water management and high tolerance

to CO [2-9]. In the case of Nafion, the water drag gen-

erated by the proton transport causes the anode to be-

come dry and the cathode to become flooded with liquid

water, which decreases the cell performance. To make up

for the water imbalance, very delicate operations are
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needed. The operation of the cell at high temperature

does not produce liquid water and simplifies the equip-

ment required for water supply and recovery. Another

difficulty associated with low temperature fuel cell oper-

ation under 100
o
C is the poisoning of the Pt catalyst by

CO. The interaction of CO with Pt is very strong and the

CO adsorbed on Pt blocks the active sites needed for pro-

ton formation. Thus, the cell performance decreases rap-

idly with increasing CO content in the fuel. However,

when the cell is operated at temperatures over 150
o
C, the

cell performance is not affected by the CO in the feed

gas. Therefore, reformate gas with a high CO content can

be used without the need for a multi-step fuel purifica-

tion process.

Much effort has been made to develop ionomers for

high temperature PEFCs (120 200∼

o
C), and remarkable

progress has been achieved with acid-doped poly-

benzimidazole (PBI) derivatives. Since PBI doped with

phosphoric acid was first reported to have high thermal

stability and high proton conductivity at high temper-

ature [10,11], many different types of benzimidazole pol-

ymers have been synthesized and the modification of
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these polymers with additives has also been reported.

Recently, phosphoric acid-doped poly(2,5-benzimida-

zole) (ABPBI), which is the simplest member of the pol-

ybenzimidazole family, was reported to have better pro-

ton conductivity than phosphoric acid-doped PBI by

Asensio and coworkers [12-14]. ABPBI can be prepared

by the condensation reaction of a single commercial

monomer which is cheaper than the binary monomers

used for the synthesis of PBI. The direct casting of the

ABPBI film obtained from the homogeneous polymer

solution developed by Kim and coworkers [15,16] made

the preparation process very simple.

There have been several reports on the synthesis of PBI

derivatives and their application to PEFCs [17-27].

However, most of these studies were focused on the use

of acid-doped polybenzimidazole ionomers as a mem-

brane and very few results have been reported for fab-

rication methods using the ionomer as a binder polymer

in a catalyst layer.

The previously reported methods of fabricating catalyst

layers with phosphoric acid-doped PBI ionomers can be

classified as follows: (1) Post doping of phosphoric acid

on the electrode impregnated with PBI/N,N-dimethylace-

tamide solution on the pre-cast Pt/C layer [17], (2) Post

doping of phosphoric acid on the electrode pre-cast with

Pt/C and PBI dispersion in acetone [27], and (3) Casting

of the electrode using a catalyst slurry impregnated with

phosphoric acid and PBI in trifluoroacetic acid [16].

This paper presents a new fabrication method designed

to enhance the utilization of the Pt catalyst. The morpho-

logical changes were studied with different ionomer bin-

der contents using a transparent ionomer solution and

opaque ionomer dispersion. The size of the ionomer was

measured and compared with the morphological changes

of the catalyst layers. The combined impregnation with

the transparent ionomer solution and opaque ionomer

dispersion improved the cell performances.

ABPBIMembrane and PBI BinderPolymer

ABPBI film was prepared following the previously re-

ported method [15]. The dried ABPBI film was im-

mersed in aqueous 50 wt% phosphoric acid solution for 5

days to obtain the phosphoric acid-doped ABPBI mem-

brane.

PBI polymer powder was prepared by the method re-

ported previously [16]. 3,3'-diaminobenzidine and iso-

phthalic acid were used as the monomer, and the volume

ratio of CF3SO3H to CH3SO3H was 1:1.

IonomerSolution and Catalyst Slurry

Two types of ionomer solution were made for the im-

pregnation of Pt/C with the phosphoric acid/PBI iono-

mer. A transparent ionomer solution was prepared by the

dissolution of PBI powder with phosphoric acid in tri-

fluoroacetic acid (TFA), and an opaque ionomer dis-

persion was made by dropping excess iso-propanol into

the transparent ionomer solution with stirring. The ratio

of phosphoric acid to PBI was fixed at 6 H3PO4 mole-

cules per PBI repeating unit. The total weight percentage

of H3PO4 and PBI in the catalyst layer was defined as the

ionomer content.

Ultrasonic treatment was carried out with a commercial

Pt/C catalyst (20 wt% Pt/C, E-tek) in the ionomer sol-

ution or dispersion to obtain a catalyst slurry with ad-

equate viscosity for casting. The catalyst slurry impreg-

nated with the phosphoric acid/PBI ionomer was cast on

carbon paper (Toray, TGPH-090) using an adjustable

doctor-blade, followed by evaporation of the solvent to

obtain the ionomer-impregnated catalyst layers coated on

the carbon paper. The catalyst layers impregnated with

an ionomer content of x wt% using the transparent ion-

omer solution and opaque ionomer dispersion were de-

noted as “xT” and “xC”, respectively, and the catalyst

layer with a mixture of both the transparent ionomer sol-

ution and opaque ionomer dispersion was denoted as

“TC” (for example, 1T9C) and impregnated stepwise as

follows; 1) impregnation of fresh catalyst with a small

amount of transparent ionomer solution, 2) removal of

TFA solvent, and 3) impregnation of pre-impregnated

catalyst with opaque ionomer dispersion.

The size of the ionomer in the transparent ionomer sol-

ution was measured by the dynamic light scattering

method (Otsuka electronics, Photal ELS-8000), and the

size of the ionomer agglomerate in the opaque ionomer

dispersion was measured by the laser light scattering

method (Malvern, Mastersizer-E).

The pore size distribution of the catalyst layer and met-

allic surface area which was not covered by the ionomer

were measured by nitrogen physisorption and CO chem-

isorption (Micromeritics, ASAP 2010), respectively.

Single Cell Assembly

The phosphoric acid-doped ABPBI membrane (thick-

ness: 105 ± 5 µm) and two catalyst layers on carbon pa-

per were assembled without hot pressing process. The

anode was made of the 10T catalyst layer in each case,

while the cathode was changed. The active electrode area

for a single cell was 2 cm
2
. The Pt loadings of the anode

and cathode were 0.45 ± 0.05 and 0.50 ± 0.05 mg/cm
2
,

respectively.
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Figure 1. Pore size distributions of catalyst layer with different

ionomer content using transparent ionomer solution.

Figure 2. Particle size distribution in opaque ionomer disper-

sion.

Hydrogen and oxygen were used as the fuel and oxi-

dant, respectively. All gases were supplied without ex-

ternal humidification and the cell temperature was kept at

150
o
C. The polarization curves were obtained using an

electric loader (Daegil Electronics, EL500P). The impe-

dance spectra were plotted using a potentiostat (Zahner,

IM6) at different current densities in the frequency range

of 100 kHz 0.1 Hz, and the specific ohmic resistance∼

was obtained from the impedance curve.

Characterization of Ionomerand Catalyst Layer

The size of the ionomer in the transparent ionomer sol-

ution measured by the dynamic light scattering method is

between 8 and 20 nm. It shows a relatively narrow dis-

tribution and the minimum diameter is 8 nm.

The pore size distributions of the catalyst layers with

different ionomer binder contents in the electrode using

the transparent ionomer solution are presented in Figure

1. Considering that the minimum size of the ionomer in

the solution is 8 nm, it is supposed that the ionomer par-

ticles could not enter into those pores smaller than 8 nm.

Accordingly, the Pt sites placed in the pores smaller than

8 nm could not be utilized for the electrochemical re-

action, due to the lack of ionomer. The decrease of the

pore volume by pores under 8 nm was due to the block-

ing of the pore openings by the ionomer particles, as

shown in Figure 1. As the ionomer binder content in the

catalyst layer increased to 1 and 2T, the pore volume of

the pores between 4 30 nm increased compared with∼

that of the Base (0 wt% ionomer content) and the max-

imum peak shifted from 50 to 35 nm. On the other hand,

in the cases of the ionomer binder contents of 5, 10, and

20T, the pore volumes of all the pore sizes decreased

with increasing ionomer binder content, and the max-

imum peak approached 50 nm which is similar to that of

the Base. From these results, it is suggested that the pri-

mary pores with a diameter bigger than that of the

Figure 3. Pore size distributions of catalyst layer with different

ionomer content using opaque ionomer dispersion.

ionomers were coated inside by the ionomer and became

narrower, resulting in the shift of the maximum peak po-

sition to 35 nm without the blocking of the openings in

the cases of the ionomer binder contents of 1 and 2T.

However, the pores were gradually filled and their vol-

ume decreased in the case of the high ionomer contents

from 5 to 20T without the shift of the maximum peak.

The particle size distribution measured by the laser light

scattering method in the opaque ionomer dispersion is

presented in Figure 2. The ionomer agglomerates had a

broad diameter range and the minimum size was 0.4 µm.

The pore size distributions of the catalyst layers with

different ionomer binder contents ranging from 1 to 10

wt% using the opaque ionomer dispersion are presented

in Figure 3. Considering that the minimum size of the

ionomer agglomerates is 0.4 µm, it is supposed that the

ionomer agglomerates could not enter into the primary

pores. As expected, the volumes of most of the primary

pores with diameters of 5 30 nm did not decrease and∼

only those of the secondary pores bigger than 30 nm de-

creased with increasing ionomer content. From these re-

sults, it is suggested that the ionomer agglomerates were

located outside of the primary pores without blocking the

pore openings and that the Pt sites inside the primary
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Figure 4. Metallic surface areas of catalysts with different ion-

omer content.

pores did not come into contact with the ionomer ag-

glomerates.

The metallic surface areas measured by the CO chem-

isorption method with various ionomer contents are pre-

sented in Figure 4. Severe and mild reductions of the

metallic surface area were observed with increasing ion-

omer content in the catalyst layers impregnated using the

transparent ionomer solution and opaque ionomer dis-

persion, respectively. The different decay rates of the

metallic surface area also supported the morphological

differences, as mentioned above.

Ionomers Inside the Catalyst Layers

Schematic illustrations of the distribution of the ion-

omer inside the catalyst layers are shown in Figure 5.

The Pt inside the primary pores is in contact with the ion-

omer and gas flow to make a 3-phase interface in the

case of 1T (Figure 5(a)). However, the ionomer bridging

to the membrane is so poor that the 3-phase interface in-

side the primary pores cannot be utilized for the electro-

chemical reaction. The ionomer bridging to the mem-

brane becomes richer with increasing ionomer content in

the case of 10T (Figure 5(b)). However, the filling of the

primary pores with the ionomer is so much that the Pt in-

side the primary pores cannot make contact with the gas

flow, resulting in a severe decrease of the 3-phase

interface. The ionomer bridging to the membrane is suffi-

cient and the primary pores are open in the case of 10C

(Figure 5(c)). However, the Pt inside the primary pores

Figure 6. Pore size distributions of catalyst layers using various

impregnation methods.

is not in contact with the ionomer and the 3-phase inter-

face decreases severely. Eventually, the Pt inside the pri-

mary pores cannot be utilized for the electrochemical re-

action in both the 10T and the 10C cases for different

reasons.

The fabrication method was modified in order to pro-

duce the 1T9C specimen, in an attempt to enhance the

utilization of the Pt metals inside the primary pores, as

shown in Figure 5(d). In this specimen, the thin ionomers

inside the primary pores are connected with the thick

ionomers outside the primary pores. At the same time,

the primary pores are kept open to the gas flows.

The transparent ionomer solution with an ionomer con-

tent of 1 wt% in the catalyst layer was first used to im-

pregnate the inside of the primary pores without blocking

the openings. Then, the opaque ionomer dispersion with

an ionomer content of 9 wt% in the catalyst layer was

used to impregnate the outside of the primary pores to

keep the pores open.

The pore size distribution of 1T9C is compared with

those of 10T and 10C in Figure 6. In the case of 1T9C,

most of the primary pores with diameters of 8 30 nm∼

were successively impregnated on the outside without

any severe plugging of the pore openings by the ionomer

agglomerates. Considering that the inside of the primary

pores was previously impregnated with a 1 wt% ionomer

content, the 1T9C specimen was assumed to have opti-

mum ionomer connections between the inside and out-

side of the primary pores. The SEM images of the cut

sides are presented in Figure 7. The catalyst particles

were covered with ionomer and well interconnected in

Figure 5. Schematic illustrations for the distribution of ionomer in catalyst layer.
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Figure 7. SEM images of cutting side of catalyst layer impregnated by various impregnation methods.

Figure 8. iR free polarization curves of catalyst layers using

various impregnation methods.

the cases of 10C and 1T9C.

The polarization curves are presented in Figure 8 with

the iR-free voltage (cell voltage corrected for resistance).

The cell performance with 10C was slightly better than

that with 10T. However, the cell performance with 1T9C

was much better than that with 10C.

Conclusion

The impregnation of the Pt/C catalyst with the phos-

phoric acid-doped polybenzimidazole ionomer for use in

a high temperature polymer electrolyte fuel cell was per-

formed using a transparent ionomer solution and opaque

ionomer dispersion. The ionomers in the transparent ion-

omer solution and opaque ionomer dispersion were

nano-sized and micro-sized, respectively. The informa-

tions about both the 3-phase interface inside the primary

pores and the ionomer bridging to the membrane could

be obtained by gradually increasing the ionomer content

from an initially low content. The morphology changes

of the catalyst layer were dependent on the size of the

ionomer. An improvement of the cell performance was

obtained using the combined impregnation of the trans-

parent ionomer solution and opaque ionomer dispersion.
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