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A mesoporous platinum catalyst was electrodeposited on the outer region of a carbon with

hierarchical porous structure, using a block copolymer template. The platinum deposits

exhibit an excellent stability enhanced by the roughness of the carbon support. Membrane

Electrode Assemblies (MEAs) were prepared using the hierarchical carbon supported

mesoporous platinum as anode, a Nafion 117 membrane, and a commercial gas diffusion

electrode on the cathode side. Their performance was compared with that of MEAs

prepared with commercial gas diffusion electrode and electrodeposited mesoporous

catalyst over carbon cloth, by measuring the polarization curves in a single fuel cell (1 cm2

active area) with H2/O2 at 60 �C and at ambient pressure. The fuel cell with mesoporous

catalyst over hierarchical carbon reaches a power density of 25 mWmgPt�1 cm�2, 50%

higher than that obtained with the commercial gas diffusion electrode. The high power

density achieved is attributed to a synergic effect as a result of the integration of the

structured catalyst and hierarchical carbon, which is proposed as an innovative procedure

to prepare efficient MEAs for small fuel cells.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction electrodes for fuel cells are obtained by spraying the catalyst
Electronic portable devices such as, mobile phones, cameras,

mp3 players, PDAs, netbooks [1e6] are increasingly more

multi-functional, and consequently more power demanding.

Alternative power sources for these modern devices, such as

small fuel cells, needs to becomemore efficient and durable to

replace current advanced batteries [6]. The component

manufacturing and assembly procedures for small fuel cells

cannot be extrapolated from macro fuel cells. Generally, the
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ink directly onto the membrane or gas diffusion layer (GDL),

forming the called gas diffusion electrode (GDE). This is

a cumbersome method for small fuel cells fabrication, and

new ones should be explored. In the trend to fabricate a small

power supply based on PEM fuel cells, nanostructured mate-

rials are good candidates for innovative applications. Many

efforts are being made to obtain a catalyst with high activity

and long life [7,8]. However, the electrocatalyst activity is also

affected by the accessibility of the gaseous or liquid reactants
ited mesoporous platinum catalysts over hierarchical carbon
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to the catalysts surface, the release of the reaction products,

or the blocking of the catalyst electroactive area. Therefore,

fuel cells performance could be improved beyond the intrinsic

properties of the used materials by a suitable design and

integration of the different components of the device.

Thereby, structured materials with tailored properties are

being proposed [9]. Over the past two decades, several routes

to control thosematerials properties have arisen [10]. A recent

study has shown that Pt mesoporous catalysts deposited on

gold have higher performance than nanoparticled Pt catalysts

supported on commercial carbon employing similar platinum

load [11].

We have recently proposed the use of monolithic carbon

with hierarchical pore size distribution as gas diffusion layer

[9] in PEM fuel cells. The hierarchical monolithic carbon is

formed by porous nanometer size spheres (whose packing

generates mesopores), and straight capillaries crossing the

bulk material. We expected that the gas transport through the

capillaries be more efficient than through the mesopores.

However, once the reactant gases reach the catalyst layer the

flow could be redistributed in the lateral direction by the

mesopores surrounding the capillaries.

The use of a viscous block copolymer as a template in the

electrodeposition of Pt catalysts assure that the structured

catalyst would be deposited only on the outer region of the

carbon support, allowing the integration of the catalyst with

the structured monolithic carbon which acts as gas diffusion

layer and current collector [12]. Thus, we would avoid the use

of the carbon powder support. Moreover, the electrodeposi-

tion process reduces the contact resistance between the GDL

and the catalytic layer, also reducing its thickness, which in

turns facilitates the contact of the catalyst with the

membrane optimizing the three-phase zone [13]. Further-

more, the electrodeposition procedure replicates the surface

shape of the gas diffusion layer reducing the problem on the

imperfection of the interfacial contacts [14,15].

In the present work, the mesoporous platinum catalyst

electrodeposited over hierarchical monolithic carbon was

analyzed for the hydrogen oxidation reaction (HOR), aiming to

the integration of the mentioned materials. In order to

demonstrate such effects the performance of the integrated

MEA was evaluated by measuring the fuel cell polarization

curves with H2/O2 at 60 �C and compared with conventional

MEAs.
2. Experimental part

2.1. Materials

2.1.1. Hierarchical porous carbon
The structure of the hierarchical carbon (HC) is formed by

capillaries and nanopores. Two templates were used in the

polymerization media to obtain pores of different sizes as

described elsewhere [16]. Briefly, a precursor resin was

prepared by polymerization of resorcinol (Fluka) and formal-

dehyde (Cicarelli, 37 wt.%). Na2CO3 (Cicarelli) was used as

catalyst and poly(diallyldimethyl)ammonium chloride

(PDADMAC, SigmaeAldrich) as a structuring agent. The reac-

tive mixture of resorcinol (R) and formaldehyde (F) was
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monolithic support as anode in small PEM fuel cells, Inter
j.ijhydene.2012.02.058
prepared in 0.4 M Na2CO3 (C) aqueous solution at 40 �C, stir-
ring the mixture for 10 min and finally the PDADMAC (P) was

added. The molar ratios of the components R:F:C:P were:

1:2:0.005:0.0212, respectively, where P is the monomeric unit.

Once the mixture becomes homogenous, commercial poly-

propylene (PP; Softbond Inc.) cloths were immersed in the

solution and heated at 70 �C for 48 h under atmospheric

pressure. The resulting cubic shaped monolithic RF-

polypropylene composite was dried in air for 5 days. After

drying, laminar samples of the RF polymerwere cut with a low

speed saw (Isomet, Buehler). Finally, the samples were

carbonized under nitrogen at 1000 �C at a heating rate of

60 �Ch�1. A typical monolithic carbon sample has an area of

5 cm2 and a thickness of 300 mm.

2.1.2. Mesoporous platinum
Metal precursor solutions were prepared bymixing vigorously

1 g of Pluronic F127� with 1 cm3 of 0.1 M hexachloroplatinic

acid (HCPA) using a glass rod. The viscousmixture was poured

in a purpose-built three electrode electrochemical cell having

a carbonworking electrode. A large surface area platinumwas

used as counter electrode, while an Ag/AgCl (sat) reference

electrode was inserted in the mixture between the working

and the counter electrodes. Galvanostatic reduction condi-

tions (10 mA cm�2 for 30 min) were used to have an appro-

priated control of the mass of the electrodeposited catalysts.

Both, hierarchical carbon and commercial carbon cloth were

used asworking electrodes in order to analyze the influence of

the catalyst supports on the electrocatalytic activity. In Fig. 1

images of hierarchical carbon and carbon cloth before and

after catalyst electrodepostion are shown. Residual

compounds formed during the electrodeposition were

removed from the Hierarchical CarboneMesoporous Catalyst

(HCMC) and the Carbon ClotheMesoporous Catalyst (CCMC)

systems by successive washes with water during 72 h. Finally,

the samples were dried in a vacuum oven at 80 �C overnight.

Themasses of the electrodeposited catalysts were obtained by

direct weighting of the electrodes before and after the elec-

trodeposition. The average platinum electrodeposited masses

were 0.50� 0.05 mg cm�2.

2.2. Characterization

2.2.1. Morphology and structure of the materials
AnASAP 2020 (Micrometrics) instrumentwas used tomeasure

the nitrogen adsorption isotherms at �196 �C. Specific surface

area was calculated from the BrunauereEmmetteTeller (BET)

equation. The total volume of micropores (pores size smaller

than 2 nm) was determined by applying the t-plot equation,

and pore size distribution was calculated using Bar-

reteJoynereHalenda (BJH) equation from desorption branch

isotherms [17].

Scanning electron microscope images were taken with

a Quanta 200 (FEI Company) instrument. Scanning Electron

Microscope (SEM) operating at a voltage of 25e30 kV, equipped

with EDX. High-resolution electron micrographs were

obtained using a Supra 40 (Zeiss Company) Field Emission

Scanning Electron Microscopy (FESEM) operating at 3 kV.

X-ray Photoelectron Spectroscopy (XPS) measurements

were performed under UHV conditions (base pressure
ited mesoporous platinum catalysts over hierarchical carbon
national Journal of Hydrogen Energy (2012), doi:10.1016/
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Fig. 1 e SEM images of de GDL with and without catalyst deposits. (a) Hierarchical carbon before electrodeposition and (b)

after electrodepostion. (c) Carbon cloth before electrodeposition and (d) after electrodepostion.
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<5� 10�10 mbar) in a SPECS UHV spectrometer system

equipped with a 150 mm mean radius hemispherical electron

energy analyzer and a nine channeltron detector. XPS spectra

were acquired at a constant pass energy of 20 eV using an un-

monochromated Mg Ka (1253.6 eV) source operated at 12.5 kV

and 20 mA and a detection angle of 30� with respect to the

sample normal on grounded conducting substrates. Quoted

binding energies are referred to the adventitious C 1s emission

at 285 eV.

2.2.2. MEAs preparation
Three different MEAs having 1 cm2 active area were prepared

using the same electrolyte membrane and cathode electrode.

The membrane used was Nafion� 117 (Ion Power), previously

boiled in H2O2 3% (H2O2 30%, Biopack) followed by H2SO4 3%

(95e97%, Merck). Gas Diffusion Electrodes (GDE) (Fuel Cell

Store) composed of carbon cloth and a catalytic layer formed

by Vulcan� carbon, Platinum particles and Nafion as binder

(0.5 mg cm�2 of Pt) were used as cathode electrode. The three

different anodes electrodes prepared and tested were: (i)

mesoporous Pt catalyst electrodeposited over a hierarchical

carbon (HCMC); (ii) mesoporous Pt catalyst electrodeposited

over carbon cloth without PTFE treatment (hydrophilic)

(CCMC); (iii) the same commercial gas diffusion electrode

(CGDE) used as cathode electrode. After assembling the MEAs

by hot pressing at 150 �C and 40 bar for 25 min., they were

mounted into the fuel cell monostack manufactured in house,
Please cite this article in press as: Bruno MM, et al., Electrodepos
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bolt tightened to 15 bar and re-humidified by water recircu-

lation at 80 �C on the anodic and cathodic sides for 12 h.

Linear Sweep polarization test were performed from open

circuit voltage to a voltage close to short circuit (0.1 V).

Humidified H2 (RG 4.8, Indura) and O2 (RG 4.8, Indura) were

circulated at the anode and cathode, respectively, at a flow

rate of 50 sccm. All measurements were performed with an

Autolab PGSTAT302N potentiostat.

2.2.3. Electrical in-plane resistivity of the GDL
The electrical in-plane resistivity of HC material was deter-

mined using manual four point resistivity probing equipment

with a SP4 four point probe head (Signatone Corporation). A

current (200 mA) was applied with a current source (Keithley

6221) on the extreme contacts and the potential drop between

central contacts was measured with a voltmeter (Keithley

2182A). According to Schroeder [18] the resistivity can be

calculated according to the following equation,

r ¼ p

lnð2Þd
�
V
I

�
f1f2 (1)

where f1 and f2 are correction factors for thickness and

geometry of the sample, respectively, which can bewritten as:

f1 ¼ lnð2Þ
ln

�
sinhðd=sÞ
sinhðd=2sÞ

� (2)
ited mesoporous platinum catalysts over hierarchical carbon
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Fig. 2 e Schematic representation of the through-plane

contact resistance arrangement.

Fig. 3 e (a) N2 adsorption isotherm of hierarchical carbon,

(b) BJH pore size distribution (desorption branch) of

a typical carbon sample.
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f2 ¼ lnð2Þ

lnð2Þ þ ln

 
ðD=sÞ2þ3

ðD=sÞ2�3

! (3)

with s the separation between each contact point (in our test

s¼ 1 mm) and D the diameter of the sample. The resistivity of

each sample was measured several times, with different

locations of the probes on both faces of the HC material.

2.2.4. GDL/bipolar plate electrical contact resistance
Several authors have studied the electrical contact resistance

in PEM fuel cells between GDL and stainless steel [19e21] or

graphite [22,23] BP. As our fuel cell monostack was built with

graphite BP, we choose to measure the contact resistance of

this material with two different types of GDL (HC and CC) that

havebeenused tomakeMEAs.As shown inFig. 2 apiece ofGDL

was placed between two plates of graphite (AXF-5QCF from

Poco Graphite, Inc.). This assembly was pressurized and the

pressure was measured with a load cell (CZC-1000 from

Reacción). A potential between�1 mV andþ1 mVwas applied

with the Potentiostat and the current circulating through the

assembly was measured. The total resistance was obtained

from the slope of the currentevoltage plot. The measured

resistance, Rm, is then equal to:

Rm ¼ Rs þ 2Rc;GDL=BP þ Rb;GDL (4)

where Rs is the resistance of the periphericals system, which

includes cables and multimeter resistances, Rc,GDL/BP is the

contact resistance between the GDL and the BP, and Rb,GDL is

the through-plane bulk resistance of the GDL, expressed as:

Rb;CM ¼ rGDLeGDL

AGDL
(5)

rGDL, eGDL, and AGDL being the through-plane resistivity, the

thickness and the area of the GDL, respectively. Eq. (4) can be

reorganized,

Rm ¼ Rs þ 1

AGDL

�
2R0

c;GDL=BP þ rGDLeGDL

�
(6)

to obtain the contact resistance R0
c;GDL=BP ¼ AGDL$Rc;GDL=BP

In order to separate the contribution of the contact resis-

tance from the bulk resistance, some authors [24] used

amethodwhere the thickness of the sample is changed. In our

case, we decided to change the contact area. Thus, measuring
Please cite this article in press as: Bruno MM, et al., Electrodepos
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the resistances of two GDL having different areas, it is possible

to determine the contact resistance through Eq. (6),

R0
c;GDL=BP ¼ Rm1 � Rm2

2

�
1

AGDL;1
� 1
AGDL;2

�� rGDLeGDL (7)

The thickness of the sample was determined with an

accuracy of �1 mm using a thickness meter (Köfer).
3. Results and discussion

3.1. Hierarchical carbon characterization

The nitrogen adsorptionedesorption isotherms and pore size

distribution of carbonized material at 1000 �C are shown in

Fig. 3. An increase of the nitrogen adsorbed volume in the low

relative pressure region and the hysteresis loop at high rela-

tive pressure can be seen in the isotherm (Fig. 3a). According

to the IUPAC classification, the isotherm is of type-IV, and it

has a hysteresis loop of type-H1. The analysis using the BET

equation shows that a material with a high specific surface
ited mesoporous platinum catalysts over hierarchical carbon
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Fig. 4 e SEM images of the hierarchical carbon. (a) Side view, (b) top view at 100K3 magnifications.
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area (690 m2 g�1) was obtained. The type-H1 hysteresis loop at

high relative pressure is indicative of mesoporous materials

[17]. The total pore volume ( p/p0¼ 0.996) is 0.96 cm3 g�1 and

themicropore volume (t-plot) is 0.18 cm3 g�1. Fig. 3b shows the

BJH pore size distribution (desorption branch) with

a maximum around 20 nm.

SEM images of the final monolithic material are shown in

Fig. 4. Capillaries of diameter around 15 mm, connecting both

sides of the support, can be observed (Fig. 4a). Fig. 4b shows

the monolithic surface formed by spherical particles smaller

than 100 nm. According to previous work [25,26], the packing

of these particles forms the porous structure (Fig. 4b).

However, the high BET surface area of this material

(690 m2 g�1) could not be accounted only from the surface of

the spherical particles [25], suggesting that the achieved total

surface area is the result of the clustering of smaller carbon

nanoparticles, whose packing leads to micropores (<2 nm).

Therefore, the material obtained has hierarchical pore struc-

ture (micro, meso and macro). As mentioned before, the

surface density of capillaries can be easily controlled by

adjusting the amount of the polypropylene template used in
Fig. 5 e SEM images of carbon cloth.
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the fabrication method which gives an extra tuning on the

macroporosity andweight of the final GDL [16]. Themicropore

structure provides anchoring sites to the catalyst while the

mesopores and capillaries would improve the mass transport

to/from the catalytic region.

An SEM image of the commercial carbon cloth used as GDL

in the present work is shown in Fig. 5, to compare with the HC

image of Fig. 1. The morphology of the material exhibits only

macroporosity given by the carbon fiber array.
3.2. Electrical resistivity and contact resistance results

The measured in-plane resistivity of hierarchical carbon was

73 mU cm. The same value could be attributed for the

through-plane resistivity, as this type of materials is isotropic

[27]. For comparison, the CC used in this work has reported

values of 9 and 132 mU cm for the in-plane and through-plane

resistivities, respectively [28]. Those values indicate that HC

has good electrical properties for its use as GDL in PEM fuel

cells. However, it is well known that themajor contribution to
Fig 6 e Contact resistance curves for two GDL: HC and CC

with graphite bipolar plates under pressures from 5 to

30 bar.

ited mesoporous platinum catalysts over hierarchical carbon
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Fig. 7 e Pt 4f XPS spectra of the mesoporus Pt deposit over

gold.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 2 ) 1e96
total electrical resistance is due to contact between compo-

nents of the cell [24]. Fig. 6 shows the pressure dependence of

the contact resistance between the graphite plate and two

GDLs, HC and CC, where two different behaviors can be

observed. For HC, the contact resistance ismuch higher at low

pressures but decreases sharply and becomes lower than that

of CC when the pressure is increased above 13 bar. Moreover,

for CC the contact resistance is almost constant on the entire

pressure range applied. These results are important because

the fuel cell is usually assembled with clamping pressure

ranging between 10 and 20 bar, to improve the cell
Fig. 8 e Image of platinum (white area) electrodeposited over (a
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performance [29]. The different behavior under pressure for

bothmaterials could be explained by a better contact of theHC

due to a roughness decrease [14,15].
3.3. Mesoporous catalyst characterization

Survey XPS scans show the presence of Pt and the expected C

and O contamination with no other elements being observed

on the fresh catalyst. Thus XPS confirms the absence of

metallic impurities. Fig. 7 shows the XP spectrum corre-

sponding to the Pt 4f region, which consists of the expected

doublet with binding energies of 71.2 eV (Pt 4f7/2) and 74.5 eV

(Pt 4f5/2). The binding energy position reflects the oxidation

state of platinum and it corresponds to metallic Pt. The pres-

ence of Pt oxides with Pt 4f7/2 peaks expected at binding

energies greater than 72 eV are clearly negligible. and there-

fore it can be ruled out. Thus, XPS measurements show that

the mesoporous films consist of pure metallic platinum.

The X-ray diffractogram of mesoporous platinum catalyst

shows a Pt phase cell parameter of 3.92� 0.01 Å, in good

agreement with data reported in the literature [30,31]. An

average crystal size of 90� 10 Å was calculated using Scher-

rer’s equation [32e34], which is consistent with previous

works measurements [35]. The hexagonal structure of the

mesoporous catalyst was proposed in a previous work based

on the results of STM, FESEM and GISAXS analysis [35]. By

comparing the FESEM images (Fig. 8) with those already

reported [32] we concluded that the mesoporous hexagonal

structure of the catalyst remain unchanged regardless of the

type of support employed.

On the basis of the current time characteristic of the

deposition, assuming a faradaic efficiency of 45% [35], the

estimated upper limit thickness of the platinumfilm is around
, b) hierarchical carbon (black area) and (c, d) carbon cloth.

ited mesoporous platinum catalysts over hierarchical carbon
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20 nm, but it should be lower than that due to the high real

area of the electrode, and the partial surface coverage. Thus,

the thickness of three-phase region in the HCMC MEA would

be between 2 and 3 orders of magnitude smaller than the

CGDE MEA.

3.4. HCMC and CCMC characterization

Fig. 8 shows FESEM images of CCMC and HCMC. High-

resolution electron micrographs confirm that a mesoporous

Pt structure, open and sponge-like, is formed on both

substrates. It was previously reported that this catalyst layer is

formed by porous spheres with a pore diameter of w10 nm

[35]. The spheres packing formsmesopores with amosaic-like

texture and defects located at the boundaries between

domains, allowing a good accessibility of the hydrogen to the

catalyst. This structure is very similar to the one observed in

catalysts supported on gold plates [35] and, for this reason, we

could infer that the support does not alter the structural

properties of the catalyst.

Fig. 9a-d show the SEM images and Energy Dispersive X-

Ray (EDX) mapping of platinum atoms over the CCMC and

HCMC systems in order to analyze the distribution of the

catalyst in the different carbon supports. The EDXmapping of

CCMC in Fig. 9b shows a homogeneous distribution of the

catalyst over the surface of the carbon cloth fibers. A similar

distribution of catalyst was observed in HCMC. The white

regions indicate the presence of the catalyst, while the dark

ones correspond to areas where the catalyst is absent.

Furthermore, the SEM image shown in Fig. 9d confirms that

the capillaries remain open; although we cannot assure that
Fig. 9 e (a) SEM image and (b) EDX mapping of carbon cloth with

mapping of hierarchical carbon with the mesopores platinum d
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the catalyst has not been deposited inside the walls of the

capillaries.

The procedure of electrodeposition using a Pluronic F127�

as template promotes the catalyst deposition on the outer

region of the carbon support. At the same time, the meso-

porous structure of the catalyst with good adherence was

obtained independently of the carbonous substrate used,

contrasting with the poor adherence of catalysts films and

nanoparticles on carbon surfaces reported in the literature

[36,37]. A high surface area for carbonmaterials represents an

increment in the number of oxygenated superficial groups,

playing an important role in enhancing the stability of the

HCMC system [38]. However, is still not clear the mechanism

of these groups for anchoring the catalysts nanoparticles [39].

For instance, the roughness, caused by the mesoporosity of

the surface, also could provide good physical anchoring sites

for the electrodeposited catalyst layer [40]. As discussed

above, the nanoporous structure of the monolithic carbon

makes the major contribution to its high surface area.

The employed electrodeposition procedure leaves most of

the catalyst on the surface of the HC, as shown in Fig. 9d (EDX).

In theMEA this surface is in direct contact with themembrane

and therefore the interphase is optimized. On the other hand,

in the CC the catalyst is distributed not only over the external

fibers but alsowithin themdue to the inherentmacroporosity,

as shown in the Fig. 9b (EDX map). Therefore, not all the

catalyst is available for electrochemical reaction. The

decrease of the contact resistance with pressure between the

HC/BP indicates that the rough surface became smoother

increasing the area of contact as was observed previously

Mench et al. [14,15].
the mesopores platinum deposit. (c) SEM image and (d) EDX

eposit.
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Fig. 10 e Mass normalized I vs V and power density curves

of the single fuel cells with different MEAs at 60 �C. H2 and

O2 flow rate 50 sccm.
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3.5. Fuel cell characterization

In Fig. 10 the anode Pt mass normalized polarization and

power curves for the three MEAs assembled are presented.

The MEAs having the CCMC and the commercial electrode as

anode show the same open circuit voltage (0.95 V) while the

HCMC anode presents a slightly higher OCV (1.00 V), and its

cell voltage keeps above the other two MEAs over the entire

current sweep. Such results clearly indicate a lower activation

polarization for the mesoporous catalyst deposited over the

mesoporous carbon. On the other hand, CGDE and CCMC

MEAs exhibit the same performance up to a voltage of 0.6 V,

where the current density was 15 mAmgPt�1 cm�2. At the

same voltage HCMC presented a current density of

27 mAmgPt�1 cm�2. As the current density is increased the

potential decreases sharply for the CCMC MEA. Below 0.4 V,

the mass transport effect was observed for CGDE. A peak

power densities of 12.4 mWmgPt�1 cm�2 was reached for

CCMC and 17 mWmgPt�1 cm�2 for CGDE. For the operation

conditions used in the test, HCMC reached the best cell

performance, with a peak power densities of

25 mWmgPt�1 cm�2, that is, a power density 50% higher as

compared to the commercial materials. Furthermore, mass

transport effect for HCMC was observed at comparatively

higher current than for CGDE.
4. Conclusions

Mesoporous Pt catalysts layers were prepared on hierarchical

porous carbon and carbon cloth using a block copolymer

(Pluronic F127�) as template. The structure of the hierarchical

carbon support provides anchoring sites to the mesostruc-

tured Pt catalyst, increasing the surface density of nucleation

centres.

The integration of structured materials shows the best

performance in a fuel cell experiments, reaching a maximum
Please cite this article in press as: Bruno MM, et al., Electrodepos
monolithic support as anode in small PEM fuel cells, Inter
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power of 25 mWmgPt�1 cm�2 at 60 �C. The obtained result

might be due to a synergetic effect on the anodic global

process through a suitable management of mass transport

from/to the catalyst region. An additional improvement in the

cell performance could be attributed to the reduction of the

contact resistance decrease between the components. The

contact resistance with the BP is lower for HC than CC under

the clamping pressure (15 bar) used in the monostack FC.

In summary, all these results clearly indicate that the

HCMC is a promising gas diffusion layer/catalyst support

integrated device which could contribute to the miniaturiza-

tion of small fuel cell for portable applications.
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