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Abstract

A novel proton exchange membrane fuel cell (PEMFC) anode which can facilitate the CO oxidation by air bleeding and reduce the direct
combustion of hydrogen with oxygen within the electrode is described. This novel anode consists of placing Pt or Au particles in the diffusion layer
which is called Pt- or Au-refined diffusion layer. Thus, the chemical oxidation of CO occurs at Pt or Au particles before it reaches the electrochemical
catalyst layer when trace amount of oxygen is injected into the anode. All membrane electrode assemblies (MEAs) composed of Pt- or Au-refined
diffusion layer do perform better than the traditionary MEA when 100 ppm CO/H, and 2% air are fed and have the performance as excellent as
the traditionary MEA with neat hydrogen. Furthermore, CO tolerance of the MEAs composed of Au-refined diffusion layer was also assessed
without oxygen injection. When 100 ppm CO/H, is fed, MEAs composed of Au-refined diffusion layer have the slightly better performance than
traditionary MEA do because Au particles in the diffusion layer have activity in the water gas shift (WGS) reaction at low temperature.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Among the various types of fuel cell, proton exchange mem-
brane fuel cell (PEMFC) possesses several highly advantageous
features such as a low-operating temperature, sustained opera-
tion at high current density, low weight, compactness, potential
for low cost and volume, long stack life, fast start-up and suitabil-
ity for discontinuous operation. Practical PEMFC most likely
will use reformate fuel as the primary source for the anode
feed. Besides H, N> and CO3, the reformate may contain trace
amounts of CO which can strongly adsorb on the Pt catalyst
surface and cause considerable cell performance losses [1].

In order to overcome the CO poisoning problem, many solu-
tions have been developed. One solution consists of replacing
anode Pt catalysts by Pt—M alloys which can improve CO toler-
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ance, such as Pt—Ru [2], Pt—Sn [3], and Pt—-Mo [4]. The improve-
ment is due to either a lowered CO oxidation potential or a
weakened adsorption of CO on these alloy catalysts. However, at
the PEMFC operating temperature, this method is unable to com-
pletely resolve the CO poisoning issue and the alloy catalysts are
not as active as Pt when pure hydrogen is fed. Furthermore, these
catalysts are still pending concerning their long-term chemical
stability because the non-noble alloying metal has to endure the
harsh environment of the catalyst layer [1].

The second potential solution for improving CO tolerance
would be to operate the fuel cell at temperature higher than
100 °C. At these temperatures, the CO sticking coefficient on Pt
is considerably lower. However, increasing the PEMFC oper-
ating temperature might have some adverse impacts. Higher
operation temperature greatly increases the resistance of the pro-
ton exchange membrane and enhances the aggregation rate of
Pt particles as well as the Pt dissolution. Furthermore, when
the temperature is above 100 °C, the membrane degrades more
quickly [5].
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The third solution is to apply composite anode for enhancing
CO tolerance. Yu et al. [6] proposed a composite electrode struc-
ture which was designed to make the poisonous CO to react at
a separate layer with CO active PtRu electrocatalyst in advance
and make the hydrogen to react at another layer with Pt electro-
catalyst. Wan et al. [ 7] proposed an anode catalyst layer structure
to improve the CO tolerance, and this layered structure was com-
posed of an outer and inner catalyst layer. The outer layer acted
as a CO barrier and consisted of a nano PtRu layer and the inner
layer was a pure Pt layer. According to their work, this anode
catalyst layer structure exhibited a superior performance and CO
tolerance which was attributed to the filtering effect of the outer
catalyst layer. In this method, the most important point is that
the outer catalyst layer should be extraordinarily active for the
low temperature electrochemical oxidation of CO.

The fourth solution is to utilize pulsing techniques for elec-
trochemical oxidation of CO. Lakshmanan et al. [8] used a
PEMEFC as a flow reactor for continuous preferential oxida-
tion of CO over Hy from 1% CO in H, under pulse-potential
control. By varying the pulse profile, the CO and H, oxidation
currents were varied independently. Zhang et al. [9] proposed
an electrochemical preferential oxidation process (ECPROX)
for selectively removing CO from Hj-rich gas by utilizing the
anode potential oscillations in a device with a structure similar to
that of a PEMFC. Furthermore, this ECPROX unit can simulta-
neously produce some supplementary power by electrochemical
oxidation of CO and Hj.

Another possible solution to the issue of catalyst poison-
ing by CO is to inject a small amount of oxygen along with
the fuel stream which was established in the late 1980s at Los
Alamos [10]. Gottesfeld et al. [10] found that the deleterious
effect of 100 ppm CO could be completely eliminated by inject-
ing a small amount of O (2%). However, roughly one out of
every 400 O, molecules oxidizes an adsorbed CO molecule [11]
and the remaining oxygen chemically combusts with hydrogen.
The combustion reaction not only lowers the fuel efficiency,
but might also accelerate the sintering of catalyst particles to
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lead to a performance decline with time [7]. In order to enhance
the efficiency of the oxygen, some reconfigured anodes have
been proposed. Uribe et al. [1] placed a composite film contain-
ing inexpensive materials onto the gas diffusion layer and these
materials were able to catalyze the oxidation of CO with O3 to
CO,. Haug et al. [12,13] placed a layer of Ru atop a Pt anode,
and this anode structure can increase the CO tolerance when
oxygen is added to the fuel stream.

In this paper we report a novel PEMFC anode which can
facilitate the CO oxidation by air bleeding and reduce the direct
combustion of hydrogen with oxygen within the electrode. Fig. 1
depicts the schematics and functionality of this method. It has
been reported that Pt and Au particles are active for catalytic
CO oxidation [14], so we placed Pt or Au particles in dif-
fusion layer (called Pt- or Au-refined diffusion layer in this
work) by impregnation. Thus, the chemical oxidation of CO
occurs at Pt or Au particles before it reaches the electrochem-
ical catalyst layer when trace amount of oxygen is injected.
At the same time, this structure can avoid the disadvantageous
heating effects to electrocatalyst and membrane caused by the
oxygen injection because the CO oxidation and hydrogen oxi-
dation with remaining oxygen occur in the diffusion layer.
Furthermore, it was reported that Au catalysts have high activ-
ity in the water—gas shift (WGS) reaction at low temperature
[15,16], and CO tolerance of the MEAs composed of Au-refined
diffusion layer was assessed without oxygen injection in this
work.

2. Experimental

For obtaining the Pt-refined diffusion layer by impregnation,
Toray carbon paper was dipped in the HoPtClg-6H,O ethanol
solution for several minutes and then the ethanol was evapo-
rated at 80 °C. Then dry impregnated carbon paper was placed
in a quartz tube and reduced under a pure hydrogen flow for
2h at 400, 600 and 800 °C, respectively. Similarly, the Au-
refined diffusion layer was obtained by dipping carbon paper in

Nafion® membrane

| / Carbon Paper

Catalyst Layer

Fig. 1. Schematics and functionality of the novel anode composed Pt- or Au-refined diffusion layer for enhancing CO tolerance.
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the HAuCls-4H,O ethanol solution. Because the melting point
of Au (1063 °C) is much lower than that of Pt (1796 °C), the
HAuCly in the carbon paper was reduced at 400 °C for 2 h under
a pure hydrogen flow in order to control the size of Au parti-
cles. For the Toray carbon paper with fixed surface area, the
capacity to the adsorption of catalyst precursor (H,PtClg-6H,O
or HAuCl4-4H;O0 ethanol solution) can be considered constant.
So Pt or Au loading in the carbon paper can be controlled the-
oretically by adjusting the concentrations of HyPtClg-6H,O or
HAuCly-4H,O ethanol solution. For example, when the concen-
tration of HAuCls-4H,0 is fixed at 0.075 mol L™!, the carbon
paper with 0.3 mg cm™2 Au loading can be obtained. The accu-
rate Au loading can be confirmed by gravimetric method and the
loading error of Auis less than 5%. Then, in order to improve the
hydrophobic properties of the diffusion layer, the Pt- and Au-
refined carbon paper were immersed in polytetrafluoroethylene
(PTFE) emulsion and were sintered at 330 °C for 40 min subse-
quently to give a homogeneous dispersion of PTFE. During the
hydrophobic treatment process, partial Pt or Au particles will
be covered by PTFE inevitable. As a result, the available metal
loading is lower than theoretical loading. Because the available
loading is difficult to measure, theoretical loading is used in this
paper.

The 50 wt.% Pt on Vulcan XC-72 (from Johnson—Matthey)
catalyst, Pt- or Au-refined carbon paper, Nafion solution and
PTFE suspension were used to fabricate the anode. Similarly, a
50 wt.% Pt on Vulcan XC-72 (from Johnson—Matthey) catalyst,
traditional Toray carbon paper, Nafion solution and PTFE sus-
pension were used to fabricate the cathode. The Pt loading of
the catalyst layer were both 0.5 mgcm™2 on the anode and the
cathode. More details about preparation of the electrodes were
reported by our research group [17]. Nafion® 212 membrane,
anode and cathode were hot pressed at 140 °C for 1 min to obtain
a membrane electrode assembly (MEA), the active area of each
MEA was 5cm?. The MEAs prepared and tested in this work
are shown in Table 1.

The polarization curves were performed with fuel and air
flows of 50 and 600 sccm (standard cubic centimeter per minute),
respectively, and operating pressures P and Py were all
0.1 MPa. The operating temperature of the single cell was kept
at 60 °C. Humidification temperature of the cathode was 60 °C.
Scanning electron microscopy (SEM) was applied to investigate

Table 1

MEAs prepared and tested

Sample Catalyst loading in Reduce Pt loading of the
the anode diffusion ~ temperature catalyst layer on anode
layer (mg cm™2) [§©)] and cathode (mg cm™2)

MEA-ref - - 0.5

MEA-1 Pt: 0.3 400 0.5

MEA-2 Pt: 0.3 600 0.5

MEA-3 Pt: 0.3 800 0.5

MEA-4 Pt: 0.1 600 0.5

MEA-5 Pt: 0.2 600 0.5

MEA-6 Au: 0.1 400 0.5

MEA-7 Au: 0.2 400 0.5

MEA-8 Au: 0.3 400 0.5

Fig. 2. SEM image of Pt-refined diffusion layer (before the hydrophobic treat-
ment, Pt loading in the diffusion layer: 0.3 mgcm™2); reduce temperature:
600°C.

the Pt or Au particles in carbon paper and SEM characterization
was performed on a JEOL (JSM-5600LV).

3. Results and discussion
3.1. Performance of Pt-refined diffusion layer

SEM image of Pt-refined diffusion layer is shown in Fig. 2. Pt
particles are prepared on the carbon fiber which can catalyze the
reaction of CO oxidation. Pt particles are distributed in a wide
range because it is difficult to obtain uniform particles with a
good dispersion by impregnation.

Fig. 3 shows the single cell performance comparison of
MEAs composed of Pt-refined diffusion layer obtained at dif-
ferent reduce temperature (MEA-1: 400 °C; MEA-2: 600 °C;
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Fig. 3. Single cell performance comparison of MEAs composed of Pt-
refined diffusion layer obtained at different reduce temperature with neat Ha;
Teen =60 °C; operating pressure: 0.1 MPa; humidification temperatures of the
anode and cathode: 25 and 60 °C.
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Fig. 4. Single cell performance comparison of MEAs composed of Pt-refined
diffusion layer obtained at different reduce temperature with 100 ppm CO/H,
and 2% air; Teepp = 60 °C; operating pressure: 0.1 MPa; humidification tempera-
tures of the anode and cathode: 25 and 60 °C.

MEA-3: 800 °C) with neat H,. From Fig. 3, when neat hydro-
gen is fed, MEA-1, MEA-2, MEA-3 and the traditionary MEA
(MEA-ref) have the similar performance. But when the hydro-
gen contains 100 ppm CO, the performance of traditionary MEA
degrades dramatically because the strong adsorption of CO at the
Ptelectrode can directly block the surface active sites used for H
electro-oxidation, as shown in Fig. 4. The cell voltage decreased
to 0.33 V at 600 mA cm~2. Though oxygen injection has some
perceived weaknesses, such as low oxygen utilization ratio and
disadvantageous heating effects, this method remains to be a use-
ful tool for enhancing PEMFC CO tolerance. When 2% air was
injected, the performance of the traditionary MEA recovered
obviously and the voltage recovered to 0.553 V at 600 mA cm 2.
Comparing the traditionary MEA, the MEAs composed of Pt-
refined diffusion layer have much higher performance with
100 ppm CO/H; and 2% air because this anode structure can
enhance the efficiency of oxygen bled into the anode. Further-
more, MEA-2 (reduce temperature: 600 °C) shows the greatest
CO tolerance which may be relative to size distribution of Pt
particles in the diffusion layer because the mean particle size of
Pt increases slightly with increasing pyrolysis temperature [18].
Pt particles obtained at 400 °C are comparatively smaller and
can be easily covered by PTFE during the hydrophobic treat-
ment process which results in lower available Pt loading. On the
contrary, Pt Particles obtained at 800 °C are relatively bigger and
distributed in a wider range which may result in low catalytic
activity.

Fig. 5 shows performance comparison of MEAs composed
of Pt-refined diffusion layer with different Pt loading, and the Pt
loading of MEA-4, MEA-5 and MEA-2 in the diffusion layer is
0.1, 0.2, and 0.3 mg cm™2, respectively. When 100 ppm CO/H;
and 2% air are fed, all MEAs composed of Pt-refined diffusion
layer do perform better than the traditionary MEA. Theoretically
speaking, CO tolerance of a MEA can be enhanced by increasing
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Fig. 5. Single cell performance comparison of MEAs composed of Pt-refined
diffusion layer with different Pt loading with 100 ppm CO/H, and 2% air;
Teen =60 °C; operating pressure: 0.1 MPa; humidification temperatures of the
anode and cathode: 25 and 60 °C.

Pt loading in the diffusion layer, thus this refined MEA can
provide more Pt particles for catalyzing the chemical reaction
of CO before CO reaches the electrochemical catalyst layer.
However, excessive Pt loading in the diffusion layer will not
only increase cost but also affect the hydrophobic nature of the
diffusion layer because of hydrophilic Pt particles. From Fig. 5,
MEA-5 has almost the same performance as that of MEA-2 and
is better than MEA-4.

3.2. Performance of Au-refined diffusion layer

The catalysis of gold had received little attention until Haruta
et al. reported in 1987 that some gold catalysts were extraordi-
narily active for the low temperature oxidation of CO. Because
Au catalysts are more active for CO oxidation than for Hy oxi-
dation, in applications to the selective removal of CO from the
reformate gas, Au catalysts are more advantageous than the Pt
catalysts which are more active for H, oxidation. Furthermore,
Au catalysts are usually enhanced by moisture in catalytic activ-
ity for CO oxidation [14]. So, Au particles were prepared in
the diffusion layer to enhance the cell tolerance to CO in this
work.

Fig. 6 shows single cell performance comparison of MEAs
composed of Au-refined diffusion layer with neat Hy and the
Au loading of MEA-6, MEA-7 and MEA-8 in the diffusion
layer is 0.1, 0.2, and 0.3 mgcm™2, respectively. From Fig. 6,
when neat hydrogen is fed, MEA-6, MEA-7, MEA-8 and the
traditionary MEA (MEA-ref) have almost the same perfor-
mance. However, when 100 ppm CO/H; and 2% air are fed,
all MEAs composed of Au-refined diffusion layer do perform
better than the traditionary MEA and the MEA-6 shows a
slightly better performance than that of MEA-7 and MEA-8
in the high current density region, as shown in Fig. 7. Though
Au catalysts have some advantageous characteristic features,
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Fig. 6. Single cell performance comparison of MEAs composed of Au-refined
diffusion layer with different Au loading with neat Hy; Tcen = 60 °C; operating
pressure: 0.1 MPa; humidification temperatures of the anode and cathode: 25
and 60 °C.

the catalytic properties of Au markedly depend on the size
of Au particles and the interaction with supports [14,19]. In
this work, Au particles in the diffusion layer were prepared
by impregnation and it is difficult to get Au particles with
good dispersion. Au particles are distributed in a much wider
range than Pt particles as shown in Fig. 8, because the melt-
ing point of Au (1063°C) is much lower than that of Pt
(1796 °C).

It can be concluded from the above discussion that the CO tol-
erance of MEAs composed of Pt- or Au-refined diffusion layer
is good but strongly depends on the oxygen injection. According
to the work of Andreeva et al. [15,16], Au catalysts have high
activity in the WGS reaction at low temperature. If so, CO can
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Fig. 7. Single cell performance comparison of MEAs composed of Au-refined
diffusion layer with different Au loading with 100 ppm CO/H, and 2% air;
Teenn =60 °C; operating pressure: 0.1 MPa; humidification temperatures of the
anode and cathode: 25 and 60 °C.

carbon
fiber
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Fig. 8. SEM image of Au-refined diffusion layer (before the hydrophobic treat-
ment, Au loading in the diffusion layer: 0.3 mgcm~2); reduce temperature:
400°C.

be oxidized by H>O on the Au particles in the Au-refined dif-
fusion layer without oxygen injection. Therefore, CO tolerance
of the MEAs composed of Au-refined diffusion layer was also
assessed without oxygen injection. In order to promote CO oxi-
dation by the WGS reaction, the humidification temperature of
anode was increased to 60 °C. Fig. 9 shows performance com-
parison of MEAs composed of Au-refined diffusion layer with
100 ppm CO/Hy, but without oxygen injection. When 100 ppm
CO/Hj; is fed, all MEAs composed of Au-refined diffusion layer
(MEA-6, MEA-7 and MEA-8) have the slightly better perfor-
mance than traditionary MEA. However, their tolerance to CO is
much weaker than the traditionary MEA with 2% air injection,
as shown in Fig. 9. These observations suggest that Au parti-
cles in the diffusion layer may not work effectively and do not
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Fig. 9. Single cell performance comparison of MEAs composed of Au-refined
diffusion layer with different Au loading with 100 ppm CO/Hy; Tcen =60°C;
operating pressure: 0.1 MPa; humidification temperatures of both anode and
cathode: 60 °C.
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possess excellent activity in the WGS reaction. And the cause
is most probably to be the bad dispersion and wide distribu-
tion of Au particles in the refined diffusion layer. Under such
conditions, it is reasonable that MEA-8 shows a little better per-
formance than MEA-6 and MEA-7 because of higher Au catalyst
loading.

As mentioned above, the catalytic properties of Au markedly
depend on the size of Au particles and the interaction with
supports, and only gold in a finely divided state exhibits high
catalytic activity [14—16,19]. In the future work, preparation of
uniform Au particles with good dispersion in the diffusion layer
is rather important. If some catalysts which have high activity
in the electrochemical oxidation reaction of CO (WGS reaction)
at low temperature (about 80 °C) can be prepared uniformly in
the anode diffusion layer, the CO tolerance of the PEMFC will
be improved dramatically without air injection.

4. Conclusions

A novel PEMFC anode which can considerably enhance the
efficiency of oxygen bled into the anode is described. We placed
Pt or Au particles in diffusion layer by impregnation (called
Pt- or Au-refined diffusion layer). Thus, the chemical oxida-
tion of CO occurs at Pt or Au particles before it reaches the
electrochemical catalyst layer when trace amount of oxygen is
injected. At the same time, this structure can avoid the disadvan-
tageous heating effects to electrocatalyst and membrane caused
by the oxygen injection. MEAs composed of Pt- or Au-refined
diffusion layer perform better than the traditionary MEA when
100 ppm CO/H; and 2% air are fed and have the performance as
excellent as the traditionary MEA with neat hydrogen. Though
Au catalysts are extraordinarily active for WGS reaction, the
catalytic properties of Au markedly depend on the size and dis-
tribution of Au particles, and the interaction with supports. In this
work, performance of MEAs composed of Au-refined diffusion
layer is only a little better than that of traditionary MEA with
100 ppm CO/H; because of bad dispersion and wide distribu-
tion. So, in the future work, preparation of uniform Au particles
with good dispersion in the diffusion layer is crucial.
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