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Nitrogen-doped CNTs directly grown on carbon cloth (CNT/CC) hybrid with polybenzimidazole are
utilized as the hybrid electrode for high-temperature proton exchange membrane fuel cells (HT-PEMFC).
Pt nanoparticles (NPs) of typically 2.5 nm in diameter have been deposited uniformly on the electrode
composed of either CNT/CC or carbon black on carbon cloth (CB/CC). Comparative study of a 0.1 mg
cm Pt NPs on PBI-CNT (Pt/PBI-CNT) electrode and a 0.8 mg cm2 Pt NPs on PBI-carbon black (Pt/PBI-
CB) for oxygen reduction in the cathode has been performed. In H,/O, HT-PEMFC single cell tests, the
low Pt-loading (0.1 mg cm™) of PPBI-CNT/CC electrode outperform the high Pt-loading (0.8 mg cm™)
of Pt/PBI-CB/CC electrode with maximum power densities of 643 mW cm? and 468 mW cm?,
respectively, at 160 °C. Notably, the Pt-loading of a Pt/PBI-CNT/CC cell is one eighth of that of Pt/PBI-
CB/CC cell, while the former outperforms the latter by approximately 38%. The enhancement is
attributed to the good interfacial continuity between PBI membrane and the carbon cloth and the uniform
dispersion of the catalyst on the PBI-CNT surface, leading to the formation of three-phase contacts, which

is essential for the activity of the catalyst.

Introduction

High-temperature proton exchange membrane fuel cells (HT-
PEMEFC) that use phosphoric acid-doped polybenzimidazole have
become more attractive recently, owing to the increased tolerance
of Pt-based hydrogen oxidation catalysts for CO impurities in
hydrogen fuel. They can now tolerate up to 2% of such impurities
at 180°C. '* Furthermore, HT-PEMFCs offer various advantages,
including improved electrode kinetics than low temperature
PEMFC, increased efficiency of waste heat utilization, and
simplified thermal and water management systems.

PBI is a basic polymer with good thermal and chemical stability,
which refers to a group name of heterocyclic polymers that
contain benzimidazole units. The PBI is dielectric, but its proton
conductivity can be imparted to PBI by adding acid to the
polymer film, ¢ or by direct film casting from PBI solution in
polyphosphoric acid. " ® PBI with a high degree of doping with
phosphoric acid exhibits excellent proton conductivity at high
temperatures, even under anhydrous conditions. Because of the
Grotthus mechanism, the operation of HT-PEMFC with a
phosphoric acid-doped PBI membrane requires no external
humidification of gases. ’ The use of PBI membranes in PEMFC
was firstly proposed in various works *° ' and many PBI-based
membranes have been developed for use in HT-PEMFCs. > '3
1417 However, the use of a PBI membrane that is highly doped
with phosphoric acid can result in unfavourable characteristics,
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including the leaching out of phosphoric acid, poisoning of the Pt
catalyst by phosphoric acid and reduced mechanical stability.
Accordingly, a high Pt catalyst loading is used in HT-PEMFCs.
Carbon supports, particularly in the form of carbon nanotubes
(CNTs), are the highly focused substrate with high electronic
conductivity, a large surface area, favourable electrochemical
performance and extreme resistance to deterioration under a wide
range pH and temperature conditions. '* ' Their extraordinary
mechanical properties, including a high strength to weight ratio
and unique electrical properties that result in high electrical
conductivity, have caused material scientists to take much interest
in the development of CNTs and their integration into composites
to replace inferior materials that would otherwise be utilized.
CNT-supported Pt catalysts have been developed for use in low-
temperature PEMFCs (< 100 °C), which demonstrate attractive
activity, high dispersion, and nano-scale dimensions. **** The
idea of utilizing CNT-supported Pt catalysts in HT-PEMFCs has
also been demonstrated. 2%’

In this work, CNTs were directly grown on a carbon cloth, and
PBI was loaded onto the CNTs, forming a PBI-CNT hybrid
electrode (PBI-CNT). And then the Pt catalysts deposited on PBI-
CNT to form a Pt/PBI-CNT electrode as presented in Fig. 1. The
interface between Pt catalysts and the PBI-CNT hybrid electrode
is carefully controlled with a good phase contact to enable the
high performance of HT-PEMFC.
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Figure 1. Schematic diagram of the Pt/PBI-CNT on a carbon cloth.

Experimental Section

CNTs were directly and cobalt-assisted catalytically grown on a
carbon cloth by the microwave plasma-enhanced chemical vapor
deposition method. A 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
CNTs growth, the carbon cloth was pre-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 convert the cobalt catalyst layer into nanoparticles. CNTs were
synthesized in mixed precursors (CH4/H,/N,: 20/80/80) at a
microwave power of 2 kW, a chamber pressure of 40 Torr, and a
substrate temperature of 900 °C for 10 min. %

PBI (1 mg) was dissolved in dimethyl acetamide (DMAc) (20
mg), and the directly grown CNT electrode was immersed in the
solution for 60 min to ensure good PBI coverage on the surface of
the CNT electrode. The PBI loading and its thickness were
controlled by adjusting the concentration of PBI solution. Then,
the PBI-CNT electrode was dried at 180 °C for two hours to
remove excess DMAc. The PBI-CNT electrode was immersed in
10 % phosphoric acid solution for three days at room temperature
to achieve doping and proton conductivity enhancement of the
PBI in the PBI-CNT electrode.

In order to prepare the catalyst layer on PBI-CNT, physical vapor
deposition (PVD) was used to sputter platinum onto the template
to form Pt/PBI-CNT. 24 The platinum target was placed in a
radio-frequency planar magnetron sputtering gun in a PVD
system. The deposition was conducted in an atmosphere of argon
at a working pressure of 5x107 Torr to yield a highly uniform the
CNT-grown carbon paper was 0.1 mg cm? which was
determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) analysis.

High-resolution scanning electron microscopy (HRSEM, JEOL-
6700F) was utilized to elucidate the micro-structured surface
morphologies of the CNTs and the Pt/PBI-CNT. Backscattering
electron images were obtained using an r-filter accessory.
Transmission electron microscopy (TEM, JEOL-2000FX) was

40 employed to obtain images of CNTs and the Pt catalysts that were

loaded on them). The weight per unit area of the metal loading
was determined by ICP-OES (Perkin-Elmer ICP-OES Optima
3000). The crystalline structure of the electrocatalysts was
examined using an X-ray diffraction (XRD Bruker D8 advance

ss diffractometer system with Cu Ka radiation at 1.54056 A). FTIR

results were analyzed by a Thermo Nicolet Nexus 6700 FTIR
spectrograph. Electrochemical measurements were made in a
three-electrode test cell at room temperature using a Solartron
electrochemical test system (SI 1287). The sample was placed in

so a specific holder as a working electrode, which was connected to

the test system with a gold wire. The reference electrode was a
saturated calomel electrode and the counter electrode was
platinum foil. All solutions were degassed using high-purity
nitrogen and cyclic voltammetry (CV) data were recorded until

ss the CV scans became steady.

The membrane-electrode-assemblies (MEAs) were tested on a 5
cm?” single cell, with Pt/PBI-CNT as the cathode. For comparison,
0.8 mg cm™ Pt mixed with 1.2 mg cm™ (Johnson Matthew, 40%
Pt) and 0.8 mg PBI were loaded on the conventional micro-

60 porous layer using carbon black (E-tek) that had been mixed with

30 wt.% PTFE (Pt/CB) as the cathode. The PBI at catalyst
electrode was immersed in 10 % phosphoric acid for three day in
order to increase proton conductivity in the electrode. For each
MEA, a 0.6 mg cm™ Pt/CB was used as the anode. MEA was

os fabricated by hot-pressing commercial meta-PBI (Danish power

system) that was sandwiched between two electrodes at 145 °C
and 130 kg cm™ for 5 min.

In the polarization tests, highly pure and unhumidified hydrogen
and oxygen both at a flow rate of 200 standard cubic centimeters

70 per minute (SCCM) were fed to the anode and the cathode which

were operated at 160 °C. 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 vs. current density in a steady

75 state.

Figure 2. HRSEM images showing (a) carbon fiber of carbon cloth, (b)
CNTs directly grown on carbon fiber, and (c) CNT morphology in high

o magnification; (d) TEM image of bamboo structure CNTs
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Figure 3. (a) — (c) TEM images of Pt/PBI-CNT in various magnifications;
(d) the size histogram of the Pt NPs calculated from Figure 3c.
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s Figure 4. XRD pattern of the Pt/PBI-CNT with representative peaks of Pt
and graphite.

Results and Discussion

Figure 2a shows the HRSEM image of the carbon fiber in the
carbon cloth. It has a smooth surface and a diameter around 5 pm.
10 Figure 2b presents numerous CNTs that were directly grown on
the carbon fiber surface providing a large supporting area for
subsequent catalyst deposition. The growth of the CNTs was non-
directional and their diameter was approximately 20 nm, as
displayed in Fig. 2c. Figure 2d shows the TEM image of typical
15 nitrogen-doped CNTs, which exhibit typical multi-walls and the
bamboo-like structure, due to the increased the number of surface
defects when nitrogen is incorporated. * It’s been reported that
the nitrogen substitution sites on CNT may function as the initial
sites for Pt nucleation during catalyst deposition. ***? Figure 3a
20 shows a TEM image of Pt NPs (nano-particles) that are uniformly
deposited on a CNT with very few aggregations. Figure 3b
presents the morphology of Pt NPs deposited on CNTs that were
hybridized with a thin layer of PBI polymer. Here, 5.0 wt.% PBI
solution was utilized to form the PBI interlayer between the Pt
»s NPs and the CNT. At the three-phase contact, a Pt catalyst
simultaneously establishes three routes for the electrochemical

reactions, including a proton conducting route through the PBI,
an electron conducting route through CNTs and a gas diffusion
route via the pores. Figure 3c shows that Pt NPs are uniformly
dispersed CNTs. The small diameter of the Pt NPs provides high
catalytic activity attributed to their large surface area. Figure 3d
reveals the size distribution of Pt NPs, which have an average
diameter of 2.0 — 3.0 nm. The CNTs directly grown on the carbon
cloth are inherently beneficial in many aspects. First, its high
35 electrical conductivity provides a highway for the transport of
electrons and minimizes the resistive energy loss. Second, the
direct connection between CNTs and the carbon cloth
substantially reduces the interfacial resistance of the two. Third,
the CNTs provide large surface area for the deposition of the Pt
40 NPs, which also reduce the interfacial impedance of the MEA.
The hybrid structure of the Pt/PBI-CNT also provides an
effective proton-conducting route while allowing gas diffusion to
the catalysts.

w
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s Figure 4 displays the XRD patterns of the Pt/PBI-CNT. It
includes the peaks with 26 values of 40, 47, 67 and 83°, which are
associated with the diffraction of (111), (220), (220) and (311)
planes, respectively. The XRD peak for (220) at 68° is isolated
from the other carbon diffraction peaks. The grain size can be

so estimated from this peak using the Scherrer equation:

094,

L=—"lkal
B, cos 0.

) (1
where B(20) is the full width at half maximum. The calculated
grain size of the Pt NPs on the PBI-CNT electrode is
approximately 3.5 nm, which is consistent with the mean
ss diameter of the Pt NPs that was determine by TEM measurement.
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Figure 5. CV measurements for the Pt/PBI-CNT and the Pt/PBI-CB in
0.5 M H,SOy at the scan rates of 10 and 50 mV s’
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CB, revealing that the former has much lower internal resistance.
Here, Compared with the maximum power density of various PBI

1.0 700
35 based MEAs, the results are summarized in Table 1. It
1600 demonstrates the Pt/PBI-CNT has excellent power density with
i much lower catalyst amount, which compared with other PBI
500 g
3 based MEA.
4400
=
{300 § Conclusions
r {200~ 40 In summary, Pt/PBI-CNT, in which CNTs are directly grown on
3/ 2 carbon cloth before low loadings of Pt catalyst are deposited onto
9‘ —m—Pt/PBI-C (0.8 mg Ptcm™) 4100 ;
f —e—PUPBICNT (0.1 mg Ptom?) the hybrid structure of the PBI-CNT electrode, was demonstrated
0.0 0 500 1000 1500 2000 2500 3000 for HT-PEMFC applications. The interfacial interaction between

Pt NPs and the PBI-CNT electrode reveals a good three-phase
ss contact, a very low electron transfer loss and a contiguous
interface layer, resulting in remarkable performance. A maximum
power density of 643 mW cm™ has been achieved on a Pt/PBI-
CNT MEA cathodes with catalyst loadings of 0.1 mg cm?,
Table 1. Performances and test condition of different PBI based MEA. comparative to the 468 mW cm? on a PPBI-CB MEA cathodes
so with catalyst loadings 8 times as high. The enhanced performance

I (mA cm?)

Figure 6. Polarization curves of H,-O, HT-PEMFC using various
cathodes operated at 160 °C with the back pressure of 1 atm.
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