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bstract

A 75-kW methanol reforming fuel cell system, which consists of a fuel cell system and a methanol auto-thermal reforming fuel processor has
een developed at Dalian Institute of Chemical Physics, Chinese Academy of Sciences (CAS). The core of the fuel cell system is a group of CO
olerant PEMFC stacks with a double layer composite structured anode. The fuel cell stacks show good CO tolerance even though 140 ppm CO
as present in the reformate stream during transients. The auto-thermal reforming (ATR) fuel cell processor could adiabatically produce a suitable
eformate without external energy consumption. The output of hydrogen-rich reformate was approximately 120 N m3 h−1 with a H2 content near
3% and the CO concentrations generally were under 30 ppm. The fuel cell system was integrated with the methanol reforming fuel processor and
he peak power output of the fuel cell system exceeded 75 kW in testing. The hydrogen utilization approached 70% in the fuel cell system.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Among the various types of fuel cell, the proton-exchange
embrane fuel cell (PEMFC) possess several highly advanta-

eous features such as a low-operating temperature, sustained
peration at high current density, low weight, compactness,
otential for low cost and volume, long stack life, rapid start-
p, and a suitability for discontinuous operation [1–4]. These
eatures currently make PEMFC technology a promising can-
idate for a wide variety of power applications that range
rom portable/micro-power and transportation uses to large-
cale stationary power for buildings and distributed generation
5–7]. However, hydrogen fuel faces the challenges of storage
nd delivery. Therefore, extensive research has been directed
owards the development of systems for hydrocarbon reform-
ng to generate hydrogen. Methanol is often considered as one
ossible fuel since it can be stored as a liquid without any

nfrastructure change for refueling and can be reformed to hydro-
en with relatively mild conditions [8,9]. Therefore, generat-
ng hydrogen by reforming of methanol has been frequently

∗ Corresponding author. Tel.: +86 411 84379587; fax: +86 411 84379185.
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onsidered in the development of hydrogen energy and fuel
ells.

Generally, the reformate contains hydrogen, carbon dioxide,
arbon monoxide, water, and nitrogen [10–12]. The presence of
O in the reformate causes PEMFC catalyst poisoning, which is
ttributed to the strong adsorption of CO on the catalyst surface
esulting in the reduction of the active catalyst sites for hydrogen
lectro-oxidation [13,14]. Tests of PEMFC stacks indicate that
ore than about 10 ppm of CO in the reformate will decrease cell

erformance [15–21]. Therefore, overcoming the CO poisoning
roblem is of paramount interest in supplying a viable fuel for
EMFCs.

There are several ways to overcome the CO poisoning of
lectro-catalysts, namely: (i) oxidant bleeding into the fuel feed
tream; (ii) advanced reformer design; (iii) use of CO tolerant
atalysts; (iv) membranes for CO separation [22,23]. In addition
o these methods, the employment of a double layer (composite)
tructure anode electrode has also been investigated in recent
ears. The PEMFC with a composite anode electrodes show
ood CO tolerance properties and a smaller drop in performance

han traditional PtRu electrodes [24].

In our work, double layer composite structured anodes were
repared to overcome CO poisoning. PtRu was used to electro-
atalyze the oxidation of CO and Pt was used to catalyze the

mailto:xqyan@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.07.037
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voltage monitor (CVM) and an electronic control unit (ECU)
which could control the temperature and pressure of the stack
and record the current, potential, power, temperature, pressure,
and the CO concentration under the system operating.
266 X. Yan et al. / Journal of Pow

ydrogen oxidation reaction. The CO tolerant PEMFC stacks
ere assembled using MEAs with double layer composite struc-

ured anodes and composite metal bipolar plates. A 75-kW fuel
ell system was assembled using three CO tolerance PEMFC
tacks. The fuel cell system was integrated with the methanol
uto-thermal reforming fuel processor at Dalian Institute of
hemical Physics, CAS.

. Experimental

.1. Preparation of the CO tolerant MEA

To improve the CO tolerant performance of PEMFC, a kind of
ouble layer composite structured anode was developed as seen
n Fig. 1. The catalyst layer of composite structured anode was

ade up of two layers. One was a Pt/C catalyst layer to enhance
he cell performance in the inner catalyst layer, and the other
ayer was formed by PtRu/C catalysts to provide CO tolerance in
he outer catalyst layer. Hexachloroplatinic acid and ruthenium
hloride are used as sources of noble metal, and XC-72 carbon
as used. PtRu/C can be prepared similarly to the preparation of
t/C. The noble metal contents of the catalysts were 20 wt% Pt
nd 10 wt% Ru. The gas diffusion layers were made of carbon
aper (SGL TECHNIK, PE704). The double layer composite
tructured anodes were prepared by the method in [25]. The Pt
oading of the inner catalyst layer was 0.02 mg cm−2 Pt. The
tRu loading of inner catalyst layer was 0.28 mg cm−2 Pt. A
afion 112 membrane, the prepared anode and the cathode (Pt/C

s catalysts from, Pt loading: 0.5 mg cm−2) were hot pressed at
30 ◦C and 200 kg cm−2 for 90 s to obtain a membrane electrode
ssembly (MEA).

.2. High power PEMFC stacks

The CO tolerant PEMFC stacks were assembled using com-
osite bipolar plates and MEAs with double layer composite
tructured anode electrodes. The composite metal bipolar plates
sed 316L grade stainless plate with a surface treatment as the
upporting plate and a flexible graphite plate as the flow field

late. This plate was produced by composite molding. Stacks
ith 180 single cells were assembled with the bipolar plates and
EAs prepared as previously specified. The electrochemical

erformance of the stacks was tested using pure hydrogen and

ig. 1. Schematic structure of a composite anode: (1) gas diffusion layer; (2)
uter catalyst layer; (3) inner catalyst layer; (4) Nafion membrane. F
rces 162 (2006) 1265–1269

simulated reformate. During the stack experiment, saturated
umid air was supplied by a water sealed air compressor and the
tacks were cooled with water. The operating temperature and
ressure were maintained at 60 ◦C and 1.5 bar, respectively.

.3. The methanol auto-thermal reforming fuel processor

The methanol auto-thermal reforming fuel processor con-
isted of three major parts: an evaporation unit, an auto-thermal
eforming (ATR) unit, and a CO purification unit as seen in
ig. 2. Fuel, water, and air were fed into the ATR reactor. Using

he energy balance for the endothermic reaction of steam reform-
ng (SR) and exothermic reaction of partial oxidation (POX)
t a given temperature range, the ATR process can adiabati-
ally produce a suitable H2/CO ratio without external energy
onsumption. Then the H2/CO blend gas was purified by the
ollowed process: CO water gas shift (WGS) and CO pref-
rential oxidation (PROX) to remove CO to avoid fuel cell
oisoning by trace amount of CO in reformate. After the elec-
rochemical reaction in the fuel cell, the anode vent gas could
e utilized to evaporate and heat the water/alcohol feed, thus
chieving an optimal energy balance in the integrated system.
he output of hydrogen-rich reformate from the fuel processor
as kept near 120 N m3 h−1, for which the content of hydro-
en was about 53% and CO impurity was kept generally under
0 ppm.

.4. The 75-kw fuel cell system

The fuel cell system in Fig. 3 was composed of four major
arts: PEMFC stacks, air supply subsystem, cooling subsystem,
nd fuel cell control subsystem. The saturated humid air was
rovided by a water sealed air compressor. The cooling sys-
em with water recycling consisted of a recycle pump and heat
xchange equipment. The fuel cell control system involved a cell
ig. 2. Photograph of 75-kW methanol auto-thermal reforming fuel processor.
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Fig. 3. Photograph of 75-kW fuel cell system.
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ig. 4. The performance of fuel cell stack running with pure hydrogen and sim-
lating reformate, operating temperature = 60 ◦C; operating pressure = 1.5 bar.

.5. Integrated testing of the fuel processor and fuel cell
ystems
The methanol reforming fuel cell system consists of a fuel cell
ystem and a methanol auto-thermal reforming fuel processor.
his has been developed at Dalian Institute of Chemical Physics,
hinese Academy of Sciences (CAS). The fuel processor sup-
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Fig. 6. The uniformity of every sing
ig. 5. The power–current–voltage of the fuel cell system during integrated test.

lied 120 N m3 h−1 of reformate for the fuel cell system. The
aturated humid air was supplied by a water sealed air compres-
or. The operating temperature and pressure were maintained
t 60 ◦C and 1.5 bar, respectively. The current, potential, power,
emperature, pressure, and the variation of the CO concentration
nder the system operating conditions were recorded by the fuel
ell control system. After the electrochemical reaction in the
uel cell, the anode vent gas could be used to evaporate and heat
he water/alcohol feed to the fuel processor, thus improving the
nergy efficiency of the integrated system.

. Results and discussion

.1. Performance of the fuel cell stack

The performance of one fuel cell stack is shown in Fig. 4.
t can be seen that the power outputs of the stack can reach
7 kW for pure hydrogen and 39 kW for the simulated refor-
ate. Comparing the two cases, the power output of the stack

ith reformate as fuel, decreased by only 20% as compared to
ure hydrogen. This mainly comes from the successful anode
tructure reformation. In the outer catalyst layer, PtRu/C serves
s a CO barrier, and the electro-catalyst Pt/C maintains a high

le cell in the stacks at 63 kW.
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Fig. 7. The output power of the fuel cell system during integrated test.

ctivity for hydrogen oxidation reaction in the inner catalyst
ayer.

.2. Integrated reformer/fuel cell system testing

The fuel processor provided 120 N m3 h−1 reformate. The
oncentration of hydrogen in the reformate was approximately
3%. The CO concentration was generally kept to less than
0 ppm. There were two stacks running during the integrated
ystem tests. The reformate was provided by a fuel processor
nd the saturated humid air was provided by an air compressor.
he output power of the fuel cell system reached 63 kW as seen

n Fig. 5. The hydrogen utilization showed only 60%. But the
otentials of several single cells decreased when the output of

he fuel cell system was 63 kW—shown in Fig. 6. This indicates
hat the gas distribution in the stack was not uniform.

To improve the power output and utilization rate of H2 in the
uel cell system, three stacks were used in the system. Parallel

u
p
c
c

Fig. 8. The uniformity of every sing
Fig. 9. The variety of CO concentration when quick load.

nd series reactor configurations were used to supply gas to the
tacks. The reformate was first fed to two PEMFC stacks, then
he vent gas from the two stacks was fed into the third one. The
eak power output of the fuel cell system exceeded 75 kW, as
een in Fig. 7. The hydrogen utilization was maintained about
0% at 75 kW in the fuel cell system. The performance uni-
ormity of every single cell in the stacks was improved due to
arallel and series reactor configurations used as seen in Fig. 8.

.3. The effect of CO concentration in the integrated
eformer/fuel cell system testing

During the integrated tests, the CO concentration in the refor-
ate generally was maintained under 30 ppm but did change
nder rapid load changes as seen in Fig. 9. This was due to
ressure changes during rapid load changes, resulting in a CO
oncentration change. One should decrease the rate of load
hange to avoid CO concentration increases.

le cell in the stacks at 75 kW.
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ig. 10. The effect of CO concentration in the reformate during integrated test.

The integrated tests showed the fuel cell stacks exhibited CO
olerance. The stack performance was not affected when the CO
oncentration was changed under 80 ppm as seen in Fig. 10.
herefore, the double layer anode has a good CO tolerance and
an overcome CO poisoning in an integrated reformer/fuel cell
ystem.

. Conclusion

High power PEMFC stacks with CO tolerance were success-
ully assembled and electrochemical tests were performed using
ure hydrogen and a simulated reformate. A single stack can
enerate 39 kW using a simulated reformate. The fuel cell sys-
em was assembled and integrated with a methanol auto-thermal
eforming fuel processor. The peak power output of the fuel cell
ystem exceeded 75 kW in the integrated tests. The hydrogen
tilization in the fuel cell system was greatly improved by adopt-
ng a parallel and series mode to supply feed gas to the stacks.
he double layer anode had good CO tolerance properties and
vercame CO poisoning for successful integration in a fuel cell
ystem.
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