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ABSTRACT

A combined system with PEMFC and reformer is introduced and optimized for the real use of this kind of system in the

future. The hydrogen source to operate the PEMFC system is methanol, which needs two parts of methanol reforming reac-

tion and preferential oxidation (PROX) for the hydrogen fuel process in the combined operation PEMFC system. With the

optimized methanol steam reforming condition, we tested PROX reactions in various operation temperature from 170 to

270 oC to investigate CO concentration data in the reformed gases. Using these different CO concentration, PEMFC per-

formances are achieved at the combined system. Pt/C and Ru promoted Pt/C were catalysts were used for the anode to com-

pare the stability in CO contained gases. The alloy catalyst of PtRu/C shows higher performance and better resistance to

CO than the Pt/C at even high CO amount of 200 ppm, indicating a promotion not only to the activity but also to the CO

tolerance. Furthermore, in a system point of view, there is a fluctuation in the PEMFC operation due to the unstable fuel

supply. Therefore, we also modified the methanol reforming by a scaled up reactor and pressurization to produce steady

operation of PEMFC. The optimized system with the methanol reformer and PEMFC shows a stable performance for a

long time, which is providing a valuable data for the PEMFC commercialization.
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1. Introduction

Fuel Cell Vehicles are achieving energy efficien-

cies of 40 to 50 percent in current road tests com-

pared to 10 to 16 percent in conventional vehicles.

Fuel cell vehicle can have twice as efficient at least

than advanced vehicle like gasoline/battery hybrids

[1]. Most of studies for on-board hydrogen produc-

tion for fuel cells are based on two types of carbon

compounds. One is oxygen-containing compounds,

methanol, ethanol and etc. The others are hydrocar-

bons such as ethers (dimethylether, etc), natural gas,

propane gas, gasoline, jet fuel and diesel fuel. Auto-

motive Polymer Electrolyte Membrane Fuel Cell

(PEMFC) requires hydrogen gas to operate. The most

convenient way to obtain the gas would be to use an

on-board fuel processor to convert or reform com-

monly available liquid fuels, such as gasoline, metha-

nol, and ethanol, into hydrogen.

One of the major challenges to PEMECs system

for vehicle has been the low tolerance to carbon mon-

oxide on the fuel cell anode. For conventional fuel

cells, the carbon monoxide levels need to be below
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10 ppm, which in turn requires the use of additional

reactors, such as water-gas shift(WGS) and preferen-

tial oxidation(PROX), or membrane purifier [2,3].

Compared to processor using higher hydrocarbon fuels,

methanol processor has an advantage [7]. Their product

stream often contains 1 % or less CO on a dry gas basis.

In that case, the WGS reactors can be eliminated. How-

ever, further clean-up using either a membrane or

PROX reactor is still required, these additional reactors

increase the size and complexity of the reformer system

while often lowering the efficiency [8-10].

The PROX catalyst should ideally exhibit both

activity and selectivity toward CO oxidation in the

presence of H2. Reported catalysts used for the selec-

tive oxidation of CO in presence of H2 are predomi-

nantly based upon either supported noble metals or

mixed metal oxides [12]. The use of noble metals such

as platinum, palladium and ruthenium is favorable

from the viewpoint of their high activity and selectiv-

ity for CO oxidation in the temperature range up to

200 oC [9]. The high activity and selectivity of the cat-

alysts arises from the strong preferential binding of CO

over H2. Additionally, any reduction in the precious

metal requirement via either promotion or substitution

with suitable transition metals would be beneficial

regarding cost [9]. CuO-CeO2 catalysts have been

shown to be very active for CO oxidation in hydrogen

rich gas without using precious metals. The mixed-

oxide catalysts were better than other catalysts like the

conventional copper-based and platinum, palladium

and ruthenium in terms of activity and selectivity [8].

The fuel processing system consists of a steam

reforming catalyst layer which converts methanol

and water to a hydrogen-rich gas as illustrated in

equation (1) and CuO-CeO2 catalyst layer for prefer-

ential CO oxidation to remove the 0.5~0.8 % of car-

bon monoxide present in the reforming gas to below

10 ppm shown in equation (4) [4-6].

Methanol steam reforming

CH3OH + H2O ↔ CO2 + 3H2,

 = 49.4 kJmol-1 (1)

CH3OH ↔ CO + 2H2,

 = 90.5 kJmol-1 (2)

CO + H2O ↔ CO2 + H2 

 = -41.1 kJmol-1 (3)

Preferential oxidation

CO + H2 + O2↔ CO2 + H2O (desired),

= -524.3 kJmol-1 (4)

H2 + O2 → H2O (undesired) (5)

In this study, we demonstrate a PEMFC system

with methanol fuel process that is mainly composed

by two parts of methanol reforming reaction and

preferential oxidation (PROX). The optimized opera-

tion conditions such as temperature were investigated

for these two parts at the methanol fuel process sys-

tem. Furthermore, the combined system with

PEMFC was evaluated by various operation condi-

tions and catalysts to study the enhancing efficiency

and stability of the system, which could be a valuable

data for the fuel cell commercialization. 

2. Experimental Section

2.1 Reforming system

Two parts of the reforming system were designed

to produce hydrogen and reduce CO, as shown in

Fig. 1. First, methanol and water for a steam reform-

ing was fed into the reformer reactor under the com-

mercial catalyst of ICI 33-5 as a MeOH reforming

catalyst. Table 1 shows chemical composition and

physical properties of ICI 33-5. For the beginning

system, 1 g of ICI 33-5 catalyst with a particle size of

40-50 mesh was packed into a 1/4 inch stainless steel

reactor. Before the MeOH reforming reaction, the

catalyst was reduced under H2 for 2hr. A pump (FMI

LAB PUMP, Model QG 150) supplied the mixture of

methanol and water (molar ratio 1:2) to the vaporizer

with a liquid MeOH flow rate of 0.1 mL/min [7]. In

the modified system, 4 g of ICI 33-5 catalyst of same

size was packed into a bigger 1/2 inch stainless reac-

tor. The catalyst was also reduced under H2 for 2 h. A

pump (Syringe Pump, Model KDS200) supplied the

mixture of methanol and water (molar ratio 1:2) to

the vaporizer with a liquid MeOH flow rate of 0.08

ml/min. The vapor was reacted inside of reformer

and the reactor generated a hydrogen rich stream.

For the preferential oxidation, 20 % CuO-CeO2

catalysts were prepared by co-precipitation, the pre-

cursor salts of Cu(NO3)2•3H2O and Ce(NO3)3•6H2O,

were dissolved in deionized water, mixed together

and heated to 70 oC. NaOH solution was added drop-
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wise to precipitate the metals as hydroxides under

vigor us stirring and the precipitate was aged with

stirring at 70 oC for 5 h. The pH of the mixed solution

was kept at 10. The precipitate was filtered and

washed with deionized water to remove the residual

sodium, and then dried for 12 h at 90oC. The dried

precipitate was calcined at 500 oC for 5 h in air. The

calcined catalyst was crushed and sieved to 0.15-

0.18 mm. The BET surface area of the catalyst was

91 m2/g. The Cu content in the catalyst was desig-

nated as Cu/(Cu+Ce) atom ratio100 (at%) [8]. The

reaction experiments were carried out in a 1/4 inch

stainless steel tube reactor at normal pressure. 3 g of

20 %CuO-CeO2 catalyst of 80-100 mesh size was

used. A K-type thermocouple was placed at the cen-

ter of the bed to monitor the reaction temperature.

2.2 PEMFC system

The PEMFC system was operated by the reactant

from the fuel processor composed of methanol

reformer and preferential oxidation reactor, as shown

in Fig. 1. The PEMFC performance was tested with a

single cell (25 cm2) module. The MEA (Membrane

Electrolyte Assembly) was prepared by a procedure of

spraying and hot-pressing. Two different catalyst system

were tested to find the best option. One is 20 % Pt/C (E-

Tek, commercial catalyst) for both the anode and cathode

catalysts, and the other is the catalysts of 20 % PtRu/C

for anode and 20 % PtCoCr/C for cathode, which have

been prepared by previous methods [9-12]. All of the

catalysts were directly sprayed on the Nafion© 117

membrane (DuPont) with a loading of 0.2 mg/cm2 Pt.

The MEA (Membrane Electrolyte Assembly) was pre-

pared by hot-pressing at 248 oF for 90 sec. The operating

temperature and pressure of the fuel cell were 80 oC and

1 atm, respectively. The reformed gases were fed into the

anode and pure O2 was used in the cathode to provide a

same reaction condition.

3. Results and Discussion

3.1 Methanol reforming reaction and Preferential

oxidation of CO

For the first part of the reforming system, Fig. 2

shows the MeOH conversion with respect to the reac-

tion temperature. The mixture of methanol and water

was fixed with the molar ratio of 1:2 to compare the

effect of the reaction temperature. From different

groups, the effect of the water content in the feed on

Table 1. Properties of ICI 33-5 reforming catalyst

Cu (wt%) 60.6

Al2O3 (wt%) 33.8

ZnO (wt%) 5.6

Catalyst density ρ (g/cm3) 2.77

BET area (m2/g) 56

Paricle size (mm) 3.38

Pore volume (mL/g) 0.23

Fig. 1. The schematic diagram of PEMFC with fuel process.
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the methanol conversion was studied by Kim [7] and

Jiang et al. [13,14]. When the water to MeOH ratio

was changed from 1 to 2, there was no great differ-

ence in MeOH conversion as observed by Jiang

[13,14]. Therefore, it was concluded that the reform-

ing rate is not affected by water partial pressure as

long as the partial pressure exceeds the methanol par-

tial pressure. Using this optimized water and metha-

nol molar ratio, the MeOH conversion drastically

increased with increasing temperature from 170 oC

and attained 100 % conversion from above 250 oC.

At this condition, it generated 55 % of hydrogen,

18 % of carbon dioxide, 0.2 % of carbon monoxide

and 26.8 % of water with a conversion of 100 % at

the reaction temperature of 250 oC.

Fig. 3 shows CO conversion with increasing tem-

perature for the second part of preferential oxidation

of CO for the reformer. The air-to-CO ratio was fixed

to the value of 1.5 that is known as the most effective

region [8-9]. By focusing only on the effect of the

temperature, it was found that the CO concentration

is decreased especially from the reaction temperature

of 170 to 200 with the value range of 200 ppm to 10

ppm. As a result, when the reaction temperatures of

the preferential oxidation of CO were 170, 180, 190

and 200 oC, the CO concentrations were 200 ppm,

70 ppm, 30 ppm and 10 ppm, respectively. The 20 %

CuO-CeO2 catalyst reduced the amount of CO to less

than 10ppm at the very high reaction temperature of

190-200 oC. It shows the preferential oxidation of CO

needs more amount of O2 than the theoretical stoichi-

ometry. In addition, hydrogen oxidation was also sup-

pressed in parallel with CO oxidation which required

high temperature operation of PROX reaction.

3.2 PEMFC operation with reformer

After the optimization of the operation condition of

the reformer, the effect of CO concentration on the

PEMFC operation was investigated by the different

concentration of CO in the reformer gas of the fuel pro-

cessor, which was made by changing the operating con-

Fig. 2. MeOH conversion with respect to reforming

temperature using ICI 33-5 catalyst.

Fig. 3. Conversion of CO in reformate gas with PROX

reaction temperature using 20% CuO-CeO2 catalyst.

Fig. 4. The (a) performance and (b) impedance study of the

PEMFC with Pt/C at anode/cathode as a function of CO

concentration.
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dition of the PROX reactor. Two different catalysts

systems were evaluated by the PEMFC single cell tests.

Fig. 4(a) shows the single cell performance of

commercial Pt/C catalyst at both electrodes with

changing CO concentration in the reformed gas. As

we can expect, the PEMFC performance decreases

when the concentration of CO increases. Almost

90 % of the performance decrease was shown while

the CO concentration was increased to 200 ppm due

to the CO poisoning to the Pt catalyst. The imped-

ance measurement was carried out at 80 oC by feed-

ing oxygen in the cathode side and the reformer gas

into anode side. Fig. 4(b) illustrates the impedance

spectra of Pt/C with various CO concentration and H2

gas. Membrane resistance and interfacial resistance

were increased by CO in reformate gas, as listed in

Table 2. Interfacial resistance was increased drasti-

cally from 30 ppm of CO This is due to preferential

adsorption CO on Pt catalyst compared to hydrogen,

which acts as a poison on the catalyst. On the other

hand, as shown in Fig. 5(a), although the different

catalyst system of PtRu/C for anode and PtCoCr/C

for cathode demonstrations similar PEMFC perfor-

mance, a better resistance to the CO was shown for

these alloy catalysts from the smaller decrease of the

performance with the value around 75 % at the CO

concentration of 200 ppm. Impedance spectra of

PtRu/C with CO is also shown in Fig. 5(b). MEA

interfacial resistance using PtRu/C catalyst was

slightly reduced at all range of CO concentration with

CO which is also summarized in Table 2. It is the rea-

son that the PtRu/C catalyst has not only a better

activity but also more tolerance on the CO gas, which

provides a promising properties in our system. As we

can concluded, the catalytic activity of pure Pt/C was

higher than that of PtRu/C for pure hydrogen. How-

ever, in a view of practiced application, PtRu/C as an

anode catalyst seems to be more beneficial because

of CO generated in reformatted gases to ensure the

stability of integrated operation of PEMFC with fuel

processor.

For this combined system, we found a problem of

the unstable performance during the reproducibility

tests. Fig. 6 (a) shows the PEMFC performance at

every 4 min operated by MeOH reforming system

which generates hydrogen containing 10ppm CO.

Unstable performance of the PEMFC was revealed at

atmosphere operation for different operation times.

Since the PEMFC system has reformer to supply

reformed gas, the reactant fuel gases should have no

back pressure to overcome that of gases head built

into the reformer. With the back pressure in the

reforming system, the flow rate in the inlet of

PEMFC can be very unstable, since the reactant

flows into the reactor by pulses. When the flow rate

of fuel gas was unstable, the performance of PEMFC

was simultaneously fluctuated as shown in the opera-

tion at atmospheric in Fig. 6(b).

Fig. 5. The (a) performance and (b) impedance study of the

PEMFC with PtRu/C (anode) and PtCoCr/C (cathode) as a

function of CO concentration. 

Table 2. Interfacial resistance of MEA about various CO concentration

CO(ppm) 0 10 30 70 200

Interfacial resistance(Ω), (20 %Pt/C) 0.196 0.235 0.543 0.629 0.762

Interfacial resistance(Ω), (20 %PtRu/C) 0.142 0.143 0.181 0.489 0.599
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3.3 System optimization and long-term tests

In order to overcome the fluctuation, the system

modification of the fuel gas PEMFC operation has

been attempted. The system was scaled up and the

pressure maintained by the high pressure pump with

pressure regulator. With this modified system, we can

obtain a stable PEMFC performance of 630 mA/cm2

in Pt/C, and 717 mA/cm2 in PtRu/C at 0.6 V, which is

similar to the previous performance, as shown in Fig.

7 about the performance of catalysts on PEMFC

operation with the new fuel processor.

Fig. 8(a) shows PEMFC long term stability tests

with the different MeOH reforming reactors to display

the enhancement of the system. For the previous sys-

tem, we can see the fluctuation with a low perfor-

mance of fuel cell between 1200 and 2400 minutes,

due to the fluctuating flow rate from methanol steam

reformer which may be for the recharging of the liq-

uid feed and changing other process parameters. This

was avoided by using large a storage tank for metha-

nol fuel for the modified system. After changing the

system, the performance lased with a stable long time

operation (Fig. 8(b)), indicating the optimization of

the PEMFC and fuel processor combined system.

This results can provide a valuable data for the com-

mercialization of this kind of system from this

advanced study.

4. Conclusion

We exhibit a systemically designed combination of

PEMFC and methanol fuel process to reveal an

enhanced system for the PEMFC commercialization.

The fuel processing system is operated to generate

hydrogen in situ from a methanol-water mixture for

the PEMFC operation. The MeOH conversion

attained 100 % at 250 oC and it converts to mixture

gas consist of hydrogen(rich), water vapor, carbon

monoxide, carbon dioxide. The PROX system with

Fig. 7. Performance of PEMFC with Pt/C and PtRu/C for

each anode catalysts at the modified PEMFC and reformer

combined system.

Fig. 8. Long term stability performance of PEMFC with

MeOH reforming process for (a) the original system and

(b) modified system.

Fig. 6. The flow fluctuation on the fuel cell performance at

(a) every 4 min and (b) during 24 min.
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the 20 % CuO-CeO2 catalyst completely oxidized the

CO concentration to less than 10 ppm at 180-200 oC.

By operating the PEMFC, the membrane and interfa-

cial resistance increased as increasing CO concentra-

tion and it drastically decreased the performance. We

found that the PtRu/C catalyst was beneficial to con-

tinue the highly active and stable operation of

PEMFC with fuel processor under the certain amount

of CO in the reformed gas. To overcome violently

unstable flow rate in the inlet of PEMFC due to the

pressure drop in reactor, modified reformer system

was also introduced to make a stable PEMFC perfor-

mance. Finally, we could demonstrate our developed

system (PtRu/C: anode, PtCrCo/C: cathode) for the

methanol reformer and PEMFC, which showed high

performance and stability.
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