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Two composite electrode structures for direct methanol fuel cells comprising an outer, middle and an
inner catalyst layers, are proposed to suppress methanol crossover and improve the utilization efficiency
of methanol fuel. These two composite anodes have structures I and II, and are prepared by a combination
of screen-printing, direct-printing and impregnation-reduction (IR) methods. The inner layer of these
two composite anodes, which are prepared by IR method, is a layer of nanometer-sized Pt3;—Rugs /Pt or
Pt37-Rugs/Ptyo—-Rugg catalyst particles deposited in the PEM anode side serving as the reactive methanol
filter layer. The suppression of methanol crossover and the membrane electrode assembly (MEA) perfor-
mance of the proposed structures are compared to those of the normal-MEA structure with PEM without
IR treatment. The mechanisms of the suppression of methanol crossover are investigated. Experimental
results show that the MEA-I and MEA-II improve the suppression of methanol crossover by up to 22%
and 33% compared to the normal-MEA structure, respectively, and yield a 12% and 18% better MEA per-
formance than the normal-MEA structure, respectively. The filtering and electrode effects of a layer of
nanometer-sized Pts;—Rugs /Pt or Pt3;—Rugs /Ptyp—Rugg catalyst particles deposited in the PEM anode side
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contribute to the suppression of methanol crossover and performance enhancement.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cell (DMFC) is a promising energy con-
version device especially attractive for portable application. The
major advantages of a DMFC over PEMFCs—an on-board methanol
reformer, include (1) a simplified system, (2) reduced start-up
time, (3) ease of maintenance, etc. However, two issues must
be addressed to increase the efficiency of DMFCs before this
technology is commercially viable. The first issue concerns the
development of high-activity anode catalyst with a suitable anode
structure for direct methanol oxidation [1-6]. The second issue
concerns the prevention of methanol crossover from anode to
cathode through the proton exchange membrane (PEM). Methanol
crossover markedly reduces both the cathode potential and fuel
utilization due to chemical short-circuit reaction between the
crossed-over methanol and O, at the cathode.

Ren et al. [7] investigated the level of methanol crossover in
Nafion® membranes while optimizing operating conditions and
improving performance. Efforts to develop new PEMs with reduced
crossover effect have also been reported [8-11]. Wainright et al.
[8,9] developed a new acid-doped polybenzimidazole PEM to sup-
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press methanol crossover. The results revealed that the suppression
of methanol crossover by this new PEM exceeded that of the Nafion
membrane by one order of magnitude with the same performance.
This new PEM can conduct protons at 130-150°C, and can thereby
use vapor methanol as the anode fuel. Methanol crossover can
be efficiently reduced by incorporating a suitable amount of Ce**
ions into the PEM [12]. Metal hybrid materials, such as Pd, have
been coated onto the surface of Nafion® membrane as barriers to
methanol [13]. This sandwich structure offers superior suppression
of methanol crossover, but substantially reduces the membrane
electrode assembly (MEA) performance, unfortunately.

In the past, the impregnation-reduction (IR) method was often
employed to fabricate water electrolysis electrodes [14-16]. Fuji-
wara et al. [17] were the first to use the IR method to prepare a MEA
for the DMFC. They found that the advantages of the IR method in
preparing a catalyst layer include easier control of the alloy com-
position, the loadings, the layer thickness and the adhesion of the
Pt-Ru alloy catalyst onto the PEM. The obtained catalyst layer has a
porous microstructure, which facilitates the release of the evolved
CO,. The IR method reduces the risk of electrodes’ peeling from the
PEM because of the swelling of the PEM on the absorbing methanol.
Its use is attractive for applications of various solid polymer elec-
trolyte materials with low heat-resistance and various shapes, and
the resulting catalytic layer is embedded at 3—-4 pm from the mem-
brane surface to produce a porous and hydrophilic layer.
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presents the proposed composite anode and MEAs structures. The
actual oxidation of methanol that generates electrons and protons
occurs primarily at the catalyst layer (Ptso—Rusg/C), formed by the
direct-printing method applied on the surface of the PEM and the
screen-printing method applied on the gas diffusion layer. In this
paper, the effects of a layer of nanometer-sized catalyst particles
dispersed in PEM on the suppression of methanol crossover and
MEA performance are studied. The mechanism of suppression of
methanol crossover and improvement of performance are also ana-

Fig. 1 presents diagrams of the two MEAs that are used herein.
The two MEAs differ from each other in the anode composition of
the PEM. As shown in Fig. 1(A), PEM comprises two sub-layers—one
Pt37-Rugz (nano-particles) and another Pt. These two sub-layers
are prepared by first reducing Pt ion, followed by reducing Pt/Ru
ions through IR in a PEM to yield the required three-dimensional
reaction zone. The PEM and corresponding MEA are denoted as
PEM-I and MEA-I, respectively. Table 1 presents the loadings of
the two sub-layers—0.27 mgcm~2 of Pts;—Rugz (nano-particles),
and 0.25mgcm~2 of Pt in the PEM. The total anode Ptsg-Rusg
catalyst loading on GDL and PEM was 1.62mgcm~2. The two
sub-layers in the PEM in Fig. 1(B) (PEM-II) are similar to those
in PEM-I. The only difference between PEM-I and PEM-II is in
the first sub-layer—it is a Ptyg—Rugg layer rather than a Pt layer.
The corresponding MEA is denoted as MEA-II. The loadings of
the two sub-layers of Pt3;—-Rugz and Ptyp—Rugg nano-particles
dispersed in PEM are 0.27 and 0.25mgcm~2, respectively, same
as that in PEM-I. The total anode Ptsp-Rusg catalyst loading on
GDL and PEM was 1.63 mgcm~2. Finally, Fig. 1(C) shows a ref-
erence MEA that has no metal layer on the anode side in PEM.
The structure and catalyst loadings of both anode and cathode
of the MEA are identical to those in MEA-I and MEA-II. The
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Fig. 1. Diagrams of proposed PEM structures and MEAs: (A) PEM-I and MEA-I; (B)
PEM-II and MEA-II; (C) normal-PEM and normal-MEA. (“NCL” and “GDL” stand for
“Nafion-carbon layer” and “gas diffusion layer”, respectively.)

Chemical reduction is a typical approach for preparing
nanometer-sized metal particles in solution. The IR method has
shown great potential in the preparation of nanometer-sized Pt
particles or a Pt layer in the PEM [18]. Uchida et al. [18] described
using new PEMs with highly dispersed nanometer-sized Pt particles
to suppress methanol crossover in the DMFC. They found that the
effective recombination of the crossed-over methanol and oxygen
at the catalytic platinum sites has reduced the amount of methanol
that reached the cathode.

Alayer of nanometer-sized Pt3;—Rugs /Pt or Pt3;—Rugs [Ptyg—Rugg
catalyst particles deposited on the PEM anode side as a “filter”
of methanol was prepared by the IR method in this study. Fig. 1

Table 1
Characteristics and loadings of MEAs.

MEA is used as a reference MEA to compare the suppression of
methanol crossover and MEA performance with MEA-I and MEA-II.
The corresponding MEA is denoted as normal-MEA. Notably, the
anode Pt5o—-Rusg catalyst loadings and the cathode Pt catalyst load-
ings of all MEAs mentioned above are similar to each other, i.e.,
around 1.63 and 2.26 mg cm~2, respectively. The cathodes of all the
MEAs are prepared by printing the Pt catalyst layer on GDL and
PEM.

A 50% wet proof carbon cloth is used as a gas diffusion layer.
Ptsg-Rusg, supplied by Alfa Aesar, is used as the electrocatalyst
in the anode of all MEAs. 40 wt% Pt on Vulcan XC-72 (40% Pt/C)
is used as the electrocatalyst in the cathode (E-TEK Division of
De Nora, Inc., USA). A 5wt% Nafion solution, in H* form, sup-
plied by DuPont, Inc., USA, is used as the proton conductive agent
in the catalyst layer. The carbon powder used as the backing
layer is Vulcan XC-72. HPLC-grade solvents are used to prepare
the catalyst slurry. The following sections describe the fabrica-
tions of the electrodes and the MEAs, the measurements of the
polarization curves, and the rate of methanol crossover of various
MEAs.

Sample code  Loading of inner layer Loading of middle layer  Loading of outer layer Total anode loading Total cathode loading
(mg Ptsp—Rusg cm—2) (mg Ptsp—Rusg cm—2) (mg Ptsp—Rusg cm—2) (mgPtcm—2)
First sub-layer Second sub-layer
MEA-I 0.25mgPtcm—2 0.27 mg Pt37-Rugz cm—2 0.40 1.23 1.63 2.26
MEA-II 0.25 mg Ptyo—Rugg cm—2 0.27 mg Pt3;-Rugz cm 2 0.40 1.23 1.63 2.26
Normal-MEA - - 0.41 1.24 1.65 2.26
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2.1. Preparation of PEM-I and PEM-II by IR method

A suitable amount of the Pt precursor (tetraammineplat-
inum(Il)chloride, [Pt(NH3)4]Cl,) was initially placed into pre-
heated water (56 ml) at 45 °C. 28 ml of methanol was added to the
solution after the precursor had completely dissolved. The resulting
solution was placed in a reactor (designed in-house) that contained
pre-treated PEM on the arm side. The impregnation of the Pt pre-
cursor into the PEM was conducted at 55°C for 1.5h. The PEM
was washed with distillated-water until no residue precursor was
detected.

The PEM was treated with 1M H,;SO4 at 45°C for 2-3h to
ion-exchange the metal precursor on the surface of the PEM. It
was then washed in deionized-water to eliminate any residual
H,SO4. The PEM that contained the Pt precursor was reduced by
adding a 0.1137 g of NaBH4 at 55°C for 45 min to yield metal Pt
in the PEM. The resulted PEM was treated with 1M HCl at 80°C
for 2h. This process replaced the remaining un-reacted Pt pre-
cursor with protons and yielded the H* form of PEM. The first
sub-layer (Pt) in PEM was obtained after the HCl had been fully
washed out of the PEM. The obtained loading was approximately
0.25mgcm2,

The second sub-layer (Pt3;-Rugs) in PEM was prepared by
similar procedure that used to prepare the first layer of Pt in PEM,
as described above, but with different impregnation process and
sulfuric acid treatment. For the impregnation process, the mole
ratio of Pt to Ru precursors in the solution was 2:3 instead of pure
Pt precursors. The Ru precursor used was chloropentaammine-
ruthenium(IIl)-chloride, [RuCl(NH3)5]Cl,, and yielded an atomic
ratio of 37:63 for Pt to Ru in the alloy according to the results
of EPMA and EDS. The sulfuric acid treatment with 1M H;SOy4
following impregnation was neglected because of the need for
dispersed surface Pt and Ru precursors in PEM. Note that, the time
to reduce this second sub-layer was less than 30 min to yield a
loading of 0.27 mg Pt37;-Rugz cm~2. This is because the diffusion
resistance and the distance of the ions to the second sub-layer on
the surface in PEM are smaller than those of the first sub-layer
in PEM. PEM-I was obtained after the second sub-layer was
deposited.

PEM-II was produced using a similar procedure to that of
PEM-I. However, the composition of the solution in the impreg-
nation process of the first sub-layer of PEM-II is different from
that for PEM-I: a solution with a mole ratio of 1:4 for Pt to
Ru precursor was used instead of pure Pt precursor. To yield a
loading of 0.25mgPtyo-Ruggcm~2, which equals to that of the
first sub-layer in PEM-I, a suitable period of time, dependent on
the concentration of the precursors and the amount of reduc-
tant agent NaBH4, was needed to reduce the precursors of Pt and
Ru.

The loadings of the metal Pt and Pt3;-Rugs or Ptyg—Rugg and
Pt37—Rugz in PEM were measured using the TGA method. The
PEM without a metal catalyst was initially heated from 30 to
850°C at a rate of 10°Cmin~! under nitrogen purging. Then the
residual weight of the PEM was determined. The PEM with the
first sub-layer of Pt metal was treated under the same condition.
The weight of the Pt metal in PEM was calculated by subtract-
ing the percentage of the residual weight of the metal-containing
PEM from the percentage of the residual weight of the PEM
without metal. The resulting weight was then divided by the pre-
measured surface area of the metal-containing PEM used in the
TGA measurement to determine the loading of metal in PEM. The
loading of the second sub-layer in PEM was obtained similarly.
Table 1 presents a summary of the loadings of catalyst layer on
PEM-I and PEM-II as well as the loadings of anode and cath-
ode.

2.2. Preparation of anode

Both sides of the carbon cloth (GDL) were printed using Nafion-
carbon ink through screen-printing method and dried in an oven
at 140°C for 4 h. The thickness of the printed Nafion-carbon ink
layer or the backing layer was approximately 4 wm, as measured
using calipers. The printed Pt5o—Rusq catalyst layer on the GDL and
the PEM were prepared using conventional screen-printing method
and direct-printing method developed by Hsu and Wan [19] using
a Ptsp-Rusg as electrocatalyst, respectively. The hot pressing of the
GDL electrode and the PEM-contained Ptsp-Rusg layer form the
anode electrode and the MEAs. The resulting anode catalyst load-
ing was 1.63 mgcm~2, of which the loading of the directly printed
Ptso—Rusg layer on the PEM was only 0.40 mg cm~2.

2.3. Preparation of cathode

The preparation of cathode catalyst ink was similar to that of
Nafion-carbon ink. The only difference between the two inks was
that a 40% Pt/C electrocatalyst was used in the former as opposed to
Vulcan XC-72 carbon powder in the latter. The preparation of active
cathode catalyst layers was similar to that of anode electrodes. The
cathode catalyst layers of all the MEAs in this study include both
catalyst layers on PEM and GDL. The obtained cathode catalyst load-
ing is 2.26 mg cm~2, of which the loading of the directly printed Pt
layer on the PEM is 0.20 mgcm—2.

2.4. Preparation of normal-MEA

The production process of the directly printed Ptsg—Rusg or Pt
layer on the PEM and the printed Pt5g—Rusg or Pt layer on the GDL is
similar to that of the anode and the cathode, as described in Sections
2.2 and 2.3. The hot pressing of the resulting anode and cathode
formed the normal-MEA. The anode and cathode loadings of this
MEA were similar to that of the MEA-I and MEA-II (see Table 1).

2.5. Preparation of membrane electrode assembly (MEA)

Nafion 117 (DuPont, Inc., USA) is used as a polymer electrolyte
membrane in each case. Before it was applied, each membrane
was first boiled in 3% hydrogen peroxide to remove any organic
impurities, and then washed with water, followed by boilingin 1M
sulfuric acid to remove any metallic impurities and to fully con-
vert the membrane to the H* form. Finally, the PEM was washed
in deionized-water. The pre-treated PEM was then used in the pro-
duction of a layer of nanometer-sized metal particles dispersed in
PEM using the IR method. The PEM had a Ptsp—-Rusg layer that was
directly printed on the anode side and a Pt layer on the cathode
side. The PEM was then placed between the two GDL electrodes.
Finally, the MEA was produced by applying a pressure of 9-10 MPa
at 135°C for 2 min.

2.6. Evaluation of electrode/MEA

The MEA was placed between two silicone gaskets, each
0.24 mm thick, and inserted between two graphite plates with ser-
pentine grooves. It was then placed in a single cell test fixture
(5cm?) supplied by Electrochem Inc., USA. A uniform torque of
80 kgr cm was applied to the eight bolts that were used to assemble
the DMFC. The fuel cell was connected to the test station (Fuel Cell
Technologies, Inc., USA), which was equipped with a gas humidifier,
a mass flow controller and a temperature controller with display.
2M methanol and dry oxygen gas were fed into the cell at flow
rates of 3 and 100 ml min~!, respectively. The current-voltage (I-V)
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characteristics and the rate of methanol crossover of the cell were
measured at 80 °C in 2 M concentration of methanol.

2.7. Characterization of PEM-I and PEM-II

The X-ray diffraction (XRD) patterns for the deposited layers in
PEM were measured via a PANalytical X-ray diffractometer X'Pert
Pro using Cu Ko radiation source operating at 40kV and 30 mA.
The prepared composites were first examined with a field emis-
sion scanning electron microscope, FESEM (JEOL, JSM-6700F), then
the distribution of the metal layers was analyzed by an energy-
dispersive spectrometer, EDS (OXFORD INSTRUMENTS, INCAx-sight
7557). Compositions, thickness and distributions of the metal and
alloy layers were later determined through an electron probe
micro-analysis, EPMA (JEOL, JXA-8500F).

2.8. Evaluation of methanol crossover
The amount of crossed-over methanol at the cathode side was

monitored by measuring the steady-state concentration of CO, in
the cathode exhaust (after trapping water in an ice trap) using CO,

NCHU

sensor. The crossover rate of methanol was calculated from the pro-
duction of CO,. All CO, concentrations remain steady after 10 min
into the test. The output current and voltage were measured when
the concentration of CO, remains steady after 1 h.

3. Results and discussion
3.1. Microstructure and morphology of PEM-I and PEM-II

Fig. 2(A) shows a SEM image of the first deposited sub-layer of
PEM-I. Apparently, the layer has a porous, coral-like, rather than a
sphere-like surface microstructure. Grazing incident X-ray diffrac-
tion (GID) was used to obtain the XRD pattern at an X-ray incidence
angle of 1° to verify the phases of the cluster particle layer. Fig. 3(A)
presents XRD pattern of the first deposited sub-layer in PEM-I. It
includes characteristic peaks of the Pt element at 39.5°, 46.1° and
67.8°. These are the peaks associated with the Pt (111), Pt (200)
and Pt (2 2 0) faces, indicating the first deposited sub-layer in PEM-I
is a layer of pure Pt.

The EPMA result from the cross-sectional view of the first
deposited sub-layer is shown in Fig. 4. The sulfur elemental dis-

High magnification

y &

Fig. 2. SEM images (100kx and 200kx ) of (A) first Pt sub-layer in PEM-I; (B) second Pt3;-Rugs; sub-layer in PEM-I; (C) first Pt,o—Rugo sub-layer in PEM-IL.
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Fig. 3. X-ray diffraction patterns from (A) first deposited Pt sub-layer in PEM-I;
(B) second deposited Pt3;—Rugs sub-layer in PEM-I; (C) first deposited Ptyo—Rugo
sub-layer in PEM-II; (D) deposited pure Ru in PEM surface using IR method.

tribution profile represents the distribution of Nafion conducting
proton as well as the existence of PEM. Evidently, only the Pt ele-
ment exists in the PEM surface. The onset peak position in the sulfur
elemental distribution profile precedes that of Pt elemental distri-
bution profile by 0.5 pm while the thickness of Pt layer is 2.0 wm, as
determined by measuring the position of the peaks of Pt and S ele-
ments (the width of the half peak height is defined as the thickness).
This result suggests that the first deposited sub-layer of Pt locates
at a distance of 0.5 wm from the PEM surface with a thickness of
2.0 pm.

Fig. 2(B) depicts the surface microstructure of the second
deposited sub-layer of PEM-I. The observed microstructure is

MTHU SEI  15.RkY 18,008

1pm WD Imm

clearly different from the first sub-layer and is in the form of clusters
with sizes of approximately 10 nm. The XRD pattern of the second
sub-layer is shown in Fig. 3(B). Fig. 3(D) shows the XRD pattern of
the pure Ru that was deposited via the IR method. Clearly, the sec-
ond deposited layer has the characteristic peaks of Pt and Ru. The
characteristic peak of the Pt element is strong and sharp at 39.6°,
and is associated with the Pt (111) face (as shown in Fig. 3(A)).
In contrast, no peak is observed at the corresponding peak posi-
tion for pure Ru. Accordingly, the Pt (11 1) face peak is selected as
the reference peak to confirm the presence of the alloy phase by
comparing the lattice constants of pure Pt and the obtained Pt-Ru.
Bragg’s equation yields a lattice constant of 3.920A for pure Pt
and 3.804 A for Pt-Ru, respectively. The lattice constant of Pt-Ru
is clearly smaller than that of pure Pt, suggesting that the second
deposited sub-layer of PEM-I is a Pt-Ru alloy [17]. The intensity of
the peak at 40.9° from the deposited Pt-Ru is lower than that of
pure Pt, indicating that the elemental Pt content in the alloy is low.
The substrate effect of the GID method prevents the determina-
tion of the composition of the thin film from the lattice parameter
derived from XRD. EPMA, on the other hand, can accurately mea-
sure the atomic ratio of the thin film, and is applied to determine
the composition of the thin film. The EPMA result (an average over
25 sampling points) demonstrates that the atomic ratio of Pt:Ru is
37:63.

Fig. 5 presents the EPMA results from the cross-sectional view
of the PEM-I with two deposited sub-layers. The onset peak posi-
tions in the Pt and Ru elemental distribution profiles are the same
as that of the sulfur elemental distribution profile, indicating the
second layer is deposited on the PEM surface. Both the Pt and Ru
elemental distribution profiles show only one peak, indicating that
no layer boundary exist between the first and the second sub-layer.
Most of the Ru element is distributed near the PEM surface with
a thickness of 1.5 wm, while the Pt element is concentrated at the
PEM surface with the thickness of 2.5 wm. Therefore, the second
alloy sub-layer is deposited on the PEM surface with the thickness
of 1.5 um and the first deposited Pt layer is distributed at a dis-
tance of 1.5 wm from the PEM surface with the thickness of 1.0 um.

Faamo3l aux
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[1me3] qu1
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Fig. 4. Cross-sectional view EPMA image (10kx ) of PEM-I with first Pt sub-layer (white line represents sampling line): (A) elemental S distribution profile; (B) elemental Pt

distribution profile; (C) elemental Ru distribution profile.
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Fig. 5. Cross-sectional view EPMA image (10kx ) of PEM-I with two sub-layers (white line represents sampling line): (A) elemental S distribution profile; (B) elemental Pt

distribution profile; (C) elemental Ru distribution profile.

Consequently, the total thickness is approximately 2.5 wm. Notice,
this result is not consistent with the EPMA result of PEM-I with only
first deposited Pt sub-layer because the second alloy sub-layer is not
solely deposited in the region that spans 0.5 pwm from the PEM sur-
face. This result can be attributed to the impregnation process in the
IR method, in which the precursors of Pt and Ru may impregnated
through the metal Pt layer during the second treatment of impreg-
nation in the presence of methanol. The PEM expands (swelling)
in the presence of methanol. As a result, the reductant NaBH4 can
pass through the metal Pt layer and deposits a second sub-layer
further into the PEM with a layer thickness of 1.5 wm. Due to the
nature of concentration distribution of precursors in the PEM sur-
face, when ion-exchange (proton) occurs through diffusion mass
transfer, no layer boundary exists between the first and second
deposited sub-layer.

The structure of PEM-II is similar to that of PEM-I. The only dif-
ference between them is in the first deposited sub-layer in PEM,
which is a layer of Ptyg—Rugg in PEM-II as opposed to a layer of pure
Pt in PEM-I. Fig. 2(C) shows a SEM image of the first deposited sub-
layer of PEM-IL It clearly shows a sphere-like microstructure that is
different from that presented in Fig. 2(B). The particles form clus-
ters with sizes ranging from 10 to 13 nm. Fig. 3(C) presents the XRD
pattern obtained at an X-ray incidence angle of 1° from the first
deposited layer of PEM-II. As in PEM-I, the Pt (11 1) face peak is
selected as the reference peak to confirm the presence of the alloy
phase. Bragg’s equation yields a lattice constant of 3.735 A for this
layer. The lattice constant is clearly smaller than that of the pure
Pt, indicating the presence of an alloy phase in the first sub-layer of
PEM-IIL The intensity of the Pt (11 1) face peak is relatively lower
than that of the peak exhibited in Fig. 3(B), suggesting that the ele-
mental Pt content in the Pt-Ru alloy is lower than 37%. The XRD
and EPMA results (an average over 25 sampling points) verify that
the nano-clusters are of Pt-Ru alloy with an atomic ratio of 20:80.
The EPMA result from the cross-sectional view of the PEM-II with
only first deposited sub-layer was adopted to verify the existence
of a deeper layer. Fig. 6 shows that the onset peak position in the
sulfur elemental distribution profile precedes that of the Pt and Ru
elemental distribution profiles by about 1.0 wm. The thickness of Pt
and Ru elemental distribution is approximately 2.0 um, indicating

the deeper layer is located at a distance of 1.0 wm from the PEM
surface with a thickness of 2.0 wm.

The second deposited sub-layer of PEM-II is the same as that of
PEM-], i.e., Pt37—Rugs layer. It has a similar surface microstructure
and XRD pattern to that of the second deposited layer of PEM-I,
as shown in Figs. 2(B) and 3(B), respectively. Fig. 7 plots an EPMA
cross-sectional view of PEM-II with two deposited sub-layers. The
onset peak position in Pt and Ru elemental distribution profiles are
the same as that of the sulfur elemental distribution profile, indi-
cating that the second deposited layer is located at the PEM surface.
There is only one peak exhibited in the Pt and Ru elemental distri-
bution profiles, indicating the second deposited layer of Pt3;-Rugs
and the first deposited layer of Ptyp—Rugg are completely mixed.
The total thickness is approximately 3.0 wm, which is similar to
that of PEM-I. Consequently, PEM-II has a layer of nanometer-sized
Pt37-Rugs/Ptyg-Rugg catalyst particles dispersed in PEM surface
with a layer thickness of 3.0 wm. Most of the Pt3;—Rugs catalyst
is distributed close to the direct-printed catalyst layer, while the
Pty0-Rugg catalyst is rich in the deeper layer.

3.2. Polarization curves and rate of methanol crossover

Fig. 8 shows the variation of crossover rate as a function
of the current density drawn from the DMFCs at cell tempera-
ture of 80°C with dry oxygen fed to the cathode under ambient
pressure. The j(CH30H) represents the equivalent current density
for the oxidation of crossed-over methanol. The variation in cell
potential, simultaneously measured, is also shown in Fig. 9. The
value of j(CH30H) decreases with increasing output current den-
sity (see Fig. 8). This is because the methanol concentration at
the anode/membrane interface decreases with increasing faradaic
consumption of methanol. Figs. 8 and 9 clearly show that the
Jj(CH30H) is reduced and the voltage is enhanced in all polariza-
tion regions for the MEA comprising of dispersed Pt3;-Rugs /Pt or
Pt37-Rugs/Ptyg-Rugg particles in PEM. For example, at T =80°C
and at 50mAcm~2 with 2M concentration of methanol, the
j(CH30H) for MEA-I and MEA-II are about 78% and 67% of that
in normal-MEA, respectively, and the potential gains are approx-
imately 33 and 53 mV, respectively. MEA consisting of a layer of
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Fig. 6. Cross-sectional view EPMA image (10kx) of PEM-II with first Pt;o—Rugo sub-layer (white line represents sampling line): (A) elemental S distribution profile; (B)

elemental Pt distribution profile; (C) elemental Ru distribution profile.

Pt37-Rugs/Ptyg-Rugg particles deposited in PEM surface possesses
the best cell performance and suppression of methanol crossover
among the MEAs mentioned in this paper.

Comparing the values between the decreased crossed-over cur-
rent density and the increased output current density for MEA-I
and MEA-II, it shows that the increase of the output current
density is greater than the decrease of the crossed-over cur-
rent density. For example, at an output voltage of 0.30V, the

M ii
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increase of output current densities for MEA-I and MEA-II are
approximately 14.3 and 22.9mAcm~2 more than that of the
normal-MEA, while the decrease of the crossed-over current den-
sities are 11.3 and 16.5mAcm™2, respectively. Furthermore, the
amount of CO, at the anode side is higher for both MEA-I and
MEA-II as compared to normal-MEA. The most probable mech-
anism through which explains the above results is a layer of
Pt37-Rug3 /Pt or Pt3;—Rugs/Ptyg—Rugg particles dispersed in PEM
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Fig. 7. Cross-sectional view EPMA image (10kx ) of PEM-II with two sub-layers (white line represents sampling line): (A) elemental S distribution profile; (B) elemental Pt

distribution profile; (C) elemental Ru distribution profile.
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Fig. 8. Plots of the equivalent current density for the oxidation of crossed-over
methanol, j(CH;OH), in normal-MEA, MEA-I and MEA-II as a function of the output
current density in DMFCs operated at T = 80°C under ambient pressure. The feed
rates of 2 M methanol and dry oxygen gas were 3 and 100 ml min~', respectively.

reduces the deleterious effects of crossover by catalytic reaction
of the crossed-over methanol with dispersed catalyst particles
in PEM. The electrons generated from the oxidation of crossed-
over methanol are conducted to the external circuit through the
direct-printed catalyst layer on PEM, while the protons are trans-
ferred to cathode through the PEM. The resulted CO, diffuses
to the anode and thus increases the CO, concentration at the
anode. In addition, a layer of nanometer-sized Pt3;-Rugs/Pt or
Pt37—-Rugs/Ptyg—Rugg particles dispersed in PEM anode side also
serves as an electrode to oxidize the anode methanol fuel at the
interface between the middle layer and the second sub-layer in
the inner layer. The combination of these two effects improves cell
performance and utilization efficiency of methanol fuel as well as
suppresses methanol crossover. Therefore, a layer of nanometer-
sized Pt3;—Rugs/Pt or Pt3;—Rugs/Ptyg-Rugg particles dispersed in
PEM surface acts as the reactive methanol “filter”. The proposed
mechanism for the suppression of methanol crossover and the
enhancement of cell performance are presented in Fig. 10.

The performance and suppression of methanol crossover of
MEA-II outperforms that of MEA-I at 80°C in 2 M concentrations
of methanol. As mentioned above, the only difference between
MEA-I and MEA-II is in the PEM structure, i.e., a layer of pure Pt
in the first sub-layer of PEM-I as opposed to a layer of Ptyg—Rugg
alloy in the first sub-layer of PEM-II. Consequently, the presence
of Ru elements in the first sub-layer substantially improves the
cell performance and the suppression of methanol crossover due

0.80
—a— MEA-I|
0.70+ Anode fuel: 2M methanol
Cathode fuel: pure O, ~S=MEAl
0604 Cell temperature: 80°C —+— normal-MEA

Pressure: Ambient pressure
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o
.
o
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0 20 40 60 80 100
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Fig.9. Polarization curves for various MEAs fed with 2 M methanol fuel at 80 °C (cell
temperature) under ambient pressure.
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particles layer

—p Crossed-over methanol

Fig. 10. Diagram of the proposed mechanism for suppression of methanol crossover.

to the better CO tolerance of Pt-Ru alloy than that of the pure Pt.
This result further confirms the proposed mechanism for the sup-
pression of methanol crossover and improvement of performance
using a layer of nanometer-sized catalyst particle deposited in PEM
surface.

Note that there are significant differences between the struc-
tures of PEM in this study and the structure of PEM developed
by Uchida et al. [18]. As mentioned above, the PEMs reported
in this paper have a layer of nanometer-sized Pt3;—-Rugs/Pt or
Pt37-Rugs/Ptyg—Rugg particles deposited at the surface of PEM
anode side. In contrast, the Uchida’s PEM has nanometer-sized
Pt particles highly dispersed into the PEM without forming a
layer and concentrating at the surface of the PEM. Further-
more, the nanometer-sized catalyst in our PEM is Pt3;—Rugs/Pt
or Pt37-Rugs /Ptyg—Rugg particles as opposed to a highly dispersed
nanometer-sized Pt in Uchida’s PEM. Finally, the mechanism that
suppresses the methanol crossover is vastly different between the
two PEMs. For our PEM, the crossed-over methanol is oxidized to
produce electrons, protons and CO, as it crosses through a layer
of nanometer-sized Pt3;—Rugs /Pt or Pt3;-Rugs/Ptyg—Rugg particles
deposited at the surface of PEM anode side. The nanometer-sized
Pt37-Rugs /Pt or Pt3;—Rugs/Ptyg—Rugg particles form a conducting
layer through which the resulted electrons can flow to the exter-
nal circuit and transfer to the cathode side. As aresult, it suppresses
the methanol crossover and improves the performance. In contrast,
the crossed-over methanol in Uchida’s PEM is reacted with oxygen
diffused from cathode to yield CO, and water as methanol crosses
through a nanometer-sized Pt particle dispersed into the PEM. This
mechanism significantly improves the performance of both elec-
trodes, particularly the cathode. This is due to the reduced amount
of methanol arriving at the cathode, as compared to that occurring
in the PEM without nanometer-sized Pt particles.

Table 2 compares the suppression of methanol crossover and
performance of DMFC between our PEM and Uchida’s PEM.
Our PEM with nanometer-sized catalyst loading of 0.52 mgcm2
suppresses methanol crossover up to 33% and improves the
voltage output up to 18%. Meanwhile, Uchida’s PEM with load-
ing of 0.10mgcm~2 suppresses methanol crossover up to 30%
and improves the voltage output up to only 7%. The compari-
son clearly shows that the proposed structure of PEM in this
study outperforms the structure of PEM developed by Uchida et
al. in terms of electrochemical performance and suppression of
methanol crossover. Note that the anode catalyst is pure Pt (not
Ptso—Rusg) for the MEA developed by Uchida et al. The loading
of nanometer-sized catalyst deposited in PEM, anode loading and
cathode loading for our PEM are different from that of the Uchida’s
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Table 2

Comparison of the electrochemical performance and suppression of methanol crossover between the MEAs in this paper and the MEAs proposed by Uchida et al. [18].

Sample code Loading of inner layer

Total anode loading

Total cathode loading ~ Degree of suppression of ~ Potential gain (%)

(mg Ptsp—Ruso cm—2) (mgPtcm—2) methanol crossover? (%)
First sub-layer Second sub-layer

MEA-I 0.25 mg Ptcm—2 0.27 mgPt3;—Rugscm=2  1.63 2.26 22 12
MEA-II 0.25 mg Ptyo—Rugg cm—2 0.27 mgPt3;—Rugscm™2  1.63 2.26 33 18
MEA-Pt? 0.10 mg Pt cm—2 2.00mgPtcm—2 2.00 30°¢ 7
MEA-Pt-RuP 0.10 mg Pt cm—2 2.60 2.40 - -

2 The results were obtained at Te; =80°C and at 50 mA cm~2 with 2 M methanol.

b MEAs in Ref. [18].

¢ This result was obtained at T, =80°C and at 100 mA cm~2 with 1M methanol.
PEM. Methanol concentration used is also different between the Acknowledgement

two.
4. Conclusions

Alayer of nanometer-sized Pt3;—Rugs /Pt or Pt3;—Rugs /Ptyg—Rugg
catalyst particles deposited on the PEM anode side with a total
thickness of 2.5um or 3.0 um are successfully prepared using
the IR method according to the designed conditions and pro-
cedures. There is no layer boundary exists between first and
second deposited sub-layers. The MEA-I and MEA-II, comprising
a layer of nanometer-sized Pt3;—Rugs /Pt and Pt37—Rugs/Ptyg—Rugg
catalyst particles dispersed in PEM, respectively, can markedly sup-
press methanol crossover and increase cell performance. This is
especially true for MEA-II since it can better suppress methanol
crossover, i.e., approximately 33%, with 18% improvement in
performance. This is because the crossed-over methanol is simulta-
neously oxidized by a layer of Pt37;—Rug3 /Pt or Pt37;-Rugs/Ptyg—Rugg
nano-particles dispersed in PEM anode side surface to form CO,,
electrons and protons. The resulted electrons and protons transfer
through the direct-printed catalyst layer via external circuit and
PEM to cathode, respectively. In addition, a layer of nanometer-
sized Pt3;-Rugs/Pt or Pt3;—Rugs/Ptyo—Rugg particles deposited on
PEM surface serves as the anode electrode to oxidize the methanol
fuel. As a result, it “filters” out the crossed-over methanol and
improves the cell performance as well as the utilization efficiency
of methanol fuel. Due to the better CO tolerance of Pt-Ru alloy,
incorporating Pt-Ru alloy in both sub-layers in the PEM surface
can increase the suppression of methanol crossover and the perfor-
mance.
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