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A proton exchange membrane fuel cell (PEMFC) uses a solid polymer electrolyte, viz. Nafion�,

sandwiched between the two electrodes. Nafion� not only plays the role as an electronic insulator and

gas barrier but also allows rapid proton transport and supports high current densities. In order to

maintain the high proton conductivity of Nafion�, humidified H2 and O2 are passed through the two

electrodes. However, water gets easily condensed in the electrodes. This process, called water-flooding,

degrades the performance of PEMFC. Hence, a hydrophobic agent, viz. polytetrafluoroethylene

(PTFE), is normally incorporated into the electrodes to prevent this phenomenon. Since it is electrically

insulating, the incorporation of PTFE increases the internal resistance of the fuel cell. In this study, we

successfully demonstrate a PEMFC with catalyst layer comprising of low loading of platinum

nanoparticles (0.05 mg cm�2) supported by a directly grown micro-porous carbon nanotube (CNT)

layer without incorporation of PTFE, (Pt/MPL-CNT). This cell performs well without exhibiting

water-flooding. A commercial electrode, the catalyst layer of which was supported by a conventional

micro-porous layer of carbon black mixed with 30 w.t.% PTFE, was used as a reference (Pt/PTFE-

MPL-CB). In the single cell tests, PEMFCs with 0.05 mg cm�2 Pt/MPL-CNT and 0.25 mg cm�2 Pt/

PTFE-MPL-CB were used at the cathodes. These cells yielded maximum power densities of 902 mW

cm�2 and 824 mW cm�2, respectively, at 70 �C when operated with H2/O2. Notably, the Pt-loading of

Pt/MPL-CNT cell is one-fifth of that of Pt/PTFE-MPL-CB, but the former still outperforms the latter.

It is shown that the directly grown micro-porous CNT layer has low electronic resistance and is

intrinsically hydrophobic, which are the properties responsible for the high performance obtained here.

Introduction

The proton exchange membrane fuel cell (PEMFC) consists of

a sandwiched structure, wherein a Nafion� membrane is sand-

wiched between two catalyst layers. A fuel cell is considered to be

a viable future power source because of its low operating

temperature, high power density and environmentally friendly

technology.1,2 The power-generating unit is a catalyst layer,

which comprises of porous carbon black (such as Vulcan XC-72)

and supporting platinum catalysts, and converts chemical energy

to electrical energy.3,4 To maintain high proton conductivity of

the Nafion� membrane, which depends on a high level of

hydration, humidified gas (H2 and O2) must be fed into the

PEMFC; however, the electrodes may undergo water-flooding,

which slows down the redox reaction.5 Efforts to improve resis-

tance to water-flooding have focused on (1) impregnating the

pores of the gas diffusion layer (GDL) with hydrophobic agents

(such as polytetrafluoroethylene, PTFE) and (2) addition of

a micro-porous layer (MPL) of carbon black mixed with

hydrophobic agents between the catalyst layer and the GDL.6

Various treatments to optimize in-plane electrical resistivity,

hydrophobicity, gas permeability and pore size distribution have

revealed that incorporation of an MPL can reduce water-flood-

ing and increase the catalytic utilization.7–9 However, previous

attempts have focused on incorporation of an electrically insu-

lating hydrophobic agent, viz. PTFE, into theMPL, to isolate the

carbon black and block pores, detrimentally affecting electron

transfer and gas/liquid transfer in the electrode.
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Some studies have demonstrated the use of various carbon

blacks in the MPL to improve the electrical performance and

wetting behavior of PEMFCs.10–12 Kannan et al. used CNTs

rather than carbon black in the MPL, improving the fuel cell

performance.13 The CNT-based components exhibit excellent

GDL surface morphology and uniform distribution of platinum

catalyst over the CNTs support. Wu et al. added CNTs to the

MPL and demonstrated reduction in the water-crossover flux,

that in-turn allowed the direct methanol fuel cell to be operated

at a higher methanol concentration, improving the fuel cell

performance.14 However, in all the above studies, PTFE was

incorporated into the MPLs, which reduced its electrical

conductivity. Additionally, the conventional MPL was sand-

wiched between the catalyst layer and the GDL. In such

a structure, when electrons are transferred from the catalyst via

the MPL to the GDL, they lose energy at each interface.

In this study, a micro-porous CNT layer was directly grown on

a carbon cloth (MPL-CNT), and Pt catalysts were subsequently

deposited on the MPL-CNT (Pt/MPL-CNT), as shown in detail

in Scheme 1. The MPL-CNT has excellent electron conductivity

and is intrinsically hydrophobic. It is, thus, superior to the

conventional MPL. The MPL-CNT not only supports Pt cata-

lysts and distributes gas/liquid access path but also provides

a direct pathway for electron transfer, such that the deposited Pt

catalysts are almost guaranteed to be in electrical contact with

the external circuit.

Experimental

Fabrication of Pt/MPL-CNT electrode

The micro-porous CNT layer was directly grown on a carbon

cloth by cobalt-assisted catalytic growth using the microwave

plasma-enhanced chemical vapor deposition method. The sol–

gel solution of cobalt(III) nitrate in isopropanol was spread

uniformly on the carbon cloth using a spin coater, and was then

dried by natural convection. Before CNT growth, the carbon

cloth was treated with hydrogen plasma at a microwave power of

1 kW and a chamber pressure of 28 Torr for 10 min, not only to

clean the sample surface but also to transform the cobalt catalyst

layer into nanoparticles. CNTs were synthesized in mixed

precursors (CH4/H2/N2 : 20/80/80), at a microwave power of

2 kW, a chamber pressure of 40 Torr, and a substrate tempera-

ture of 900 �C for 10 min.

For preparation of Pt catalysts supported on the MPL-CNT,

physical vapor deposition (PVD) was used to sputter platinum

onto the template to form Pt/MPL-CNT. For comparison, the

catalysts were also sputtered on a carbon cloth without a micro-

porous CNT layer, to form Pt/CC. The platinum target was

placed in the radio-frequency planar magnetron sputtering gun

in a PVD system. The deposition was carried out in an argon

atmosphere at a working pressure of 5 � 10�2 Torr to yield

a highly uniform coating of nanoscale Pt catalysts on MPL-

CNT. High-resolution scanning electron microscopy (HRSEM,

JEOL-6700F) was used to elucidate the micro-structural surface

morphologies of MPL-CNT and Pt/MPL-CNT. Backscattering

electron images were obtained using an r-filter accessory.

Transmission electron microscopy (TEM, JEOL-2100) was

employed to capture images of CNTs and the Pt catalysts. The

wetting ability of the MPL-CNT was evaluated by measuring the

contact angle of water (Face CA-D, Kyowa Interface Science).

The surface area and porosity were measured using a specific

area and pore size distribution instrument (Tristar, Micrometry).

The magnitude of metal loading (weight per unit area) was

determined by using inductively coupled plasma-optical emission

spectroscopy (ICP-OES, Perkin-Elmer ICP-OES Optima 3000).

Fuel cell performance test

The membrane-electrode-assemblies (MEAs) were tested on

a 2.25 cm2 single cell. As a reference, 0.25 mg cm�2 Pt/C were

loaded on the conventional MPL using carbon black that had

been mixed with 30 wt.% PTFE (Pt/PTFE-MPL-CB) in MEAs.

Scheme 1 Schematic diagram of the Pt/PTFE-MPL-CB and the Pt/MPL-CNT.
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For all MEAs, commercial gas diffusion electrodes (0.25 mg

cm�2 Pt/C, E-TEK) were used as anodes. Each MEA was

prepared by hot-pressing the electrodes on each side of Nafion�

212 (H+, DuPont) membrane—at 135 �C and 130 kg cm�2 for

2 min.

In the polarization test, high-purity hydrogen and oxygen at

flow rates of 200 standard cubic centimetres per minute (SCCM)

and 400 SCCM, respectively, were fed to the anode and the

cathode. Both gases were passed through a humidifier (operated

at 70 �C), before they entered the MEA. A single cell was tested

in a PEMFC test station (Asia Pacific Fuel Cell Technologies

Ltd.) and the back pressure gauges of both electrodes read 1 atm.

The polarization curves were plotted as cell voltage against

steady state current. The AC impedance of MEAs was analyzed

using a Solartron electrochemical test system (SI 1280Z).

Results and discussion

Fig. 1a and 1b present HRSEM images of the original carbon

cloth and as-grown MPL-CNT, respectively. It can be readily

seen that many CNTs were directly grown on the carbon cloth,

forming a continuous CNT layer. Fig. 1c reveals that the CNT

layer completely covers the carbon fibers of the carbon cloth and

fills the vacancies between the carbon fibers, indicating that the

CNT layer consists of numerous microscopic pores that make it

accessible to gas and liquid. As-grown CNT, the TEM image of

which is presented in Fig. 1d, has a multiwall, bamboo-like

structure, which has been observed previously.15,16 The HRTEM

image in Fig. 1e demonstrates that Pt nanoparticles are

uniformly deposited on the CNT surface, with an average

diameter of around 5 nm.

Since the PEMFC requires water to maintain its proton

conductivity, hydrogen and oxygen (or air) are normally fed at

100% relative humidity to the MEA. However, water readily

condenses and fills the pores in the catalyst layer, thereby causing

water flooding. The MPL reported here, however, consists of

proper pore structure and hydrophobicity that enables improved

gas transport and removal of water from the catalyst layer. The

hydrophobicity of MPL was determined by measuring the

water contact angle. Fig. 2 shows that the contact angles on

Fig. 1 Electron microscope images showing (a) the original carbon cloth; (b) the CNTs directly-grown on carbon cloth (MPL-CNT); (c) the magnified

image of the MPL-CNT; (d) TEM image of as-grown CNT structure, and (e) Pt nanoparticles deposited on the CNT.
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the MPL-CNT and original carbon cloth are 120.81� and 82.47�,

respectively, indicating that the MPL-CNT has a strong intrinsic

hydrophobic property, which prevents flooding of the gas/liquid

flow channels with water.

Capillary-driven liquid flow through diffusion media may

dominate fuel cell operation, especially in an oversaturated

system. According to the Young–Laplace equation, the radius of

a pore is related to the capillary pressure and wetting ability of

a pore by,

Pc ¼
2gcosq

r
(Eq. 1)

where g is the surface energy of water; q represents the contact

angle between water and surface of the pore; Pc is the capillary

pressure, and r is the radius of the pores. In hydrophobic GDL,

the capillary pressure is negative; therefore, the liquid pressure

exceeds the gas-phase pressure. Pasaogullari et al. suggested that

capillary transport is the dominant transport process by which

water is removed from flooded GDLs.17 Moreover, the liquid

pressure increases with the proportion of the void spaces that are

occupied by liquid water; therefore, a liquid pressure gradient is

established from regions of greater liquid saturation to those of

lower liquid saturation. This pressure gradient drives liquid

water flow. A higher contact angle is associated with higher

capillary pressure, and therefore a higher water removal rate.

The MPL-CNT system establishes a pressure gradient that

enables removal of water from the catalyst layer. BET

measurements demonstrate that the MPL-CNT has a total

surface area of 122.9 m2 g�1, including a micro-pore surface area

of 28.13 m2 g�1. This large surface area favors subsequent catalyst

loading. Tian et al.manipulated the relation of PTFE and carbon

powder by the microwave-assisted method, indicating the

decrease of BET surface area with the incorporation of PTFE.18

A PTFE-free MPL-CNT, with high BET surface area not only

possesses a suitable porosity for providing effective liquid

transport pathways but also supports catalysts more effectively.

Fig. 3a and 3b present cross-sectional HESEM backscattering

electron images (BEI) of Pt/MPL-CNT and Pt/PTFE-MPL-CB

MEAs, respectively. The intensity of backscattered electrons is

particularly sensitive to atomic number, the larger the atomic

number, the brighter it appears in the BEI, thus enhancing the

atomic contrast. Since Pt has much greater atomic number than

C, the bright regions in the BEI are mostly attributed to Pt. Due

to the large atomic number difference between Pt and C, the

contrast between catalyst layer and micro-porous layer can be

differentiated clearly in the BEI. The catalyst layer in Pt/MPL-

CNT is very thin—only 2 to 5 mm thick—and is deposited on the

MPL-CNT. It also forms a continuous interface with the MPL-

CNT, which promotes not only the catalyst distribution but also

the catalytic utilization. On the other hand, the catalyst layer in

the Pt/PTFE-MPL-CB system is 50 mm thick, and forms

a discontinuous interface, resulting in the inefficient catalytic

utilization. Additionally, it leads to serious agglomeration of Pt

catalysts, which reduces the catalytic utilization.

Fig. 4 presents the polarization curves for MEAs with Pt/

MPL-CNT, Pt/PTFE-MPL-CB and Pt/CC. The highest power

densities achieved with these MEAs are 902, 824 and 412 mW

cm�2, respectively. Water-flooding is known to occur in the

cathode, but the PTFE-free Pt/MPL-CNT MEA exhibited no

obvious water-flooding in the fuel cell test. Since the oxygen

reduction reaction is slower than the hydrogen oxidation reac-

tion, the cathode requires a higher Pt loading to maintain a high

reaction rate. In this study, Pt/MPL-CNT had only one fifth of

the Pt loading of Pt/PTFE-MPL-CB but outperformed them in

terms of power generation. Besides, the electrochemical surface

areas of Pt/MPL-CNT MEA and Pt/PTFE-MPL-CB MEA

demostrate 141.5 cm2 and 125.9 cm2, respectively, indicating that

the former has more efficient catalytic utilization than the latter.

(See the experimental setup and Fig. S3 in the ESI†). The internal

resistance of MEA is one of the important factors that signifi-

cantly affects fuel cell performance. The slope of the polarization

curve between 0.7 and 0.4 V is related to ohmic loss, which is

primarily determined by the internal resistance that is comprised

of electronic, ionic and contact resistances. The absolute slope of

the curve for Pt/MPL-CNT is much lower than those for Pt/

PTFE-MPL-CB as well as Pt/CC, indicating that the former has

lower internal resistance. To determine the magnitude of internal

resistance, AC impedance of the MEAs consisting of Pt/MPL-

CNT and Pt/PTFE-MPL-CB were measured at 20 000 Hz, which

Fig. 2 Wetting angle images of (a) the MPL-CNT (b) the original

carbon cloth.

Fig. 3 Cross-sectional MEAs viewed by HRSEM backscattering elec-

tron images showing (a) 0.05 mg cm�2 Pt/MPL-CNT and (b) 0.25 mg

cm�2 Pt/PTFE-MPL-CB. The bright regions represent the catalyst layers.
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yielded the values of 0.26 U cm2 and 0.79 U cm2, respectively.

Clearly, the MEA with Pt/MPL-CNT has a lower resistance,

presumably owing to the higher conductivity of CNT without

additional PTFE incorporation, a contiguous catalyst layer, and

its low electron-transfer barrier between interfaces.

Clearly, the MEA based on Pt/MPL-CNT outperforms those

using either Pt/PTFE-MPL-CB or Pt/CC, for the following

reasons. First, nanoscopic Pt nanoparticles are uniformly

dispersed on the CNT surface, providing a large surface area for

the chemical reactions to occur. Second, theMPL-CNT, in which

CNTs are directly grown on a carbon cloth, provides a direct

electron-transfer pathway, reducing energy-losses between

interfaces. Third, the MEA with Pt/MPL-CNT has a much

thinner catalyst layer than a conventional electrode, providing

shorter pathways for mass-transfer as well as electron-transfer.

Fourth, Pt/MPL-CNT possesses a contiguous catalyst layer,

which is favorable to the catalytic utilization. Fifth, owing to the

intrinsic hydrophobic property and porosity of MPL-CNT, the

MEA based on Pt/MPL-CNT not only supports the catalyst but

also acts as a water-managing agent without the incorporation of

PTFE.

Conclusions

A high-performance composite electrode structure, Pt/MPL-

CNT, with low Pt catalyst loading was successfully developed in

this study. This Pt/MPL-CNT structure consists of a thin catalyst

layer, which is intrinsically hydrophobic, and has high electrical

conductivity, a low electron-transfer barrier and a contiguous

interface layer, resulting in excellent performance.
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