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Abstract

Rapid screening of electrocatalytic activity of ternary Pt—~Ru—WC and Pt—Ru—Co thin film gradient material libraries towards hydrogen oxidation
in the presence or absence of CO adsorption was performed by scanning electrochemical microscopy. It was observed that the addition of WC or Co
to Pt or Pt-Ru catalysts can improve their hydrogen oxidation reaction activity and CO tolerance, making them suitable as potential electrocatalysts
for polymer electrolyte membrane fuel cells. The stability of WC and Co in the acidic electrolyte were enhanced by alloying with Pt. SECM offers
the capability for both qualitative and quantitative characterization of electrocatalytic activity of thin films of potential fuel cell electrode material
candidates. However, promising electrode compositions identified by this technique need to be verified by traditional electrode preparation and

characterization techniques.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Although steady progress has been achieved in the devel-
opment of PEM fuel cells, their large-scale production and
commercialization is still challenged by several factors. Mate-
rial costs remain high while performance remains below desired
levels. Performance is mainly limited by the insufficient activity
of the fuel cell electrodes. For the anode, the inevitable pres-
ence of carbon monoxide (CO) in the fuel, which remains in the
reformed gas (trace, ppm level) or as byproducts and/or interme-
diates from direct oxidation of liquid fuels, can poison Pt-based
catalyst materials [1,2]. CO can strongly adsorb on the surface
of Pt and block its catalytically active area, thereby significantly
decreasing its reactivity, causing the so-called “CO poisoning”
problem. Due to this reason, for an excellent anode catalyst in
PEM fuel cells, it has to show not only high catalytic activity
towards hydrogen oxidation, but also enhanced activity in the
presence of CO.
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Pt—Ru alloys are typically considered as the preferred elec-
trocatalysts for MOR (methanol oxidation reaction), but suffer
from high cost [3]. Thus, it is desired to reduce the noble metal
catalyst loading and/or replace the noble metals by less expen-
sive alternatives while still maintaining the performance level.
Ternary Pt-based catalysts have been investigated in which a
third oxophilic component such as Sn, Ir, Rh, Os, Mo, W, WO3,
or Re is added to promote CO oxidation at lower potentials [4—7].

Tungsten carbide has been studied extensively for fuel cell
catalyst applications, because of its unique chemical and physi-
cal properties [8—16]. It has been shown to have promising prop-
erties for catalyzing the hydrogen oxidation reaction (HOR), the
methanol oxidation reaction (MOR), and even for the oxygen
reduction reaction (ORR), and is considered to be a possible sub-
stitute for Pt. For example, surface studies of surface modified
C/W(111), showed that significant catalytic activity towards
methanol decomposition could be achieved [8]. The effect of
carbon monoxide on the electroxidation of hydrogen by WC
was systematically studied by Burstein et al. and it was seen that
the presence of CO in Hj gas stream only caused a small reduc-
tion of 2—-6% in the activity towards HOR [11]. Lee et al. showed
that Pt/W>C microsphere catalysts provided much better utiliza-
tion of Pt than Pt-Ru/C catalysts, and that Ru could be entirely
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replaced [12]. It was also shown that adding W»>C can improve
the catalytic activity of Pt—Ru in a Hj-stream containing CO
[13]. In a recent communication, high electrocatalytic activity
towards HOR and relatively good performance were observed
in a real fuel cell environment for nanoparticle WC anode cat-
alysts prepared by mechanical milling, which was attributed to
the inherent W-C valence and also to the particles’ nanostructure
[15].

Pt—Co alloys have also been found to be good electrochem-
ical catalysts for the oxygen reduction reaction, as well as for
methanol oxidation in acid solution [17-19]. In a recent publi-
cation by Strasser et al., it was shown both by high-throughout
experiments and theoretical calculations that a Pt—-Ru—Co alloy
with the composition of Pt:Ru:Co 1:1:3 was extremely active
towards methanol oxidation (8 times higher than that of Pt—Ru)
[1].

Combinatorial materials synthesis and high-throughput
screening has been applied to systematically and rapidly identify
candidate materials for a wide range of applications, includ-
ing the discovery of high performance catalysts for PEM fuel
cells [20-24]. In previous publications, we described a plasma
sputtering system for the deposition of combinatorial catalyst
libraries for PEM fuel cells, and the quantitative screening of
their electrocatalytic activity (reactivity imaging) by scanning
electrochemical microscopy (SECM) [25-27]. The SECM sys-
tem used consists of a three-dimensional positioning system and
operates under feedback mode, which involves the measurement
of electrochemical currents of an ultramicroelectrode (UME) tip
that is scanned across a substrate at a controlled separation dis-
tance in the vicinity of the substrate [28].

In the present study, we report on the preparation of ternary
Pt—-Ru—WC and Pt—-Ru—Co “composition spread” thin film cat-
alyst libraries by sputtering, and screening of their catalytic
activity towards HOR by scanning electrochemical microscopy.
To the best knowledge of the authors, this article represents the
first report in the literature studying tungsten carbide thin films
as fuel cell electrocatalysts by combinatorial techniques.

2. Experimental
2.1. Catalyst sample preparation

Thin film catalyst libraries were prepared by plasma sput-
tering onto a 2” silicon wafer. Prior to deposition, a 1000 A Si
oxide film was thermally grown on the surface. A base layer
of 2000 A-thick TiN was deposited by reactive sputtering onto
the wafer to act as a diffusion barrier and electrode contact.
Binary or ternary continuous composition gradients were then
sputtered by overlapping stripes of varying thickness of desired
components through a simple masking approach, as described
in more detail elsewhere [27]. Pt, Ru and WC or Co targets
of 99.99% purity were used. Stripes were typically deposited
in 20 A layers, alternating between the library components,
with a total of 8 layers of each component (~160A total).
Post-deposition vacuum annealing at 130 °C for 8 h and then at
520°C for 4 h was used to promote interdiffusion between the
layers.

2.2. Scanning electrochemical microscopy characterization

Catalyst libraries were characterized for their electrochemical
reaction activity with a scanning electrochemical microscope
(UniScan SECM 270). A homemade Au microelectrode with a
25 wm diameter and a glass to metal ratio (Rg) greater than 10:1
was used. The feedback mode of the SECM was employed to
measure the electrocatalytic activity of thin film samples toward
the hydrogen oxidation reaction (HOR).

The electrochemical cell is composed of four electrodes
with the tip as one working electrode and the sample substrate
(Si wafer) as the other. The substrate was positioned at the
bottom of the cell horizontally with the deposited surface facing
upwards. A saturated calomel electrode (SCE, 0.242V versus
SHE) and Pt foil were used as the reference electrode and
counter electrodes, respectively. In the description that follows,
all the potentials are referred to SCE if not otherwise stated.
After the annealed wafer is placed in the cell, it is leveled so that
the sample surface is parallel to the x—y plane traversed by the
microelectrode tip. The leveling procedure is critical to avoid
image fading due to changes in tip-substrate separation during
SECM characterization. The solution of 0.01 M H>,S04/0.1 M
NaySOy; electrolyte is then introduced into the cell. Before con-
ducting catalytic characterization experiments, the tip is cleaned
by sweeping cyclic voltammetry (CV) between —1.2 and +1 V
at a scan rate of 50 mV s~! for 10 cycles with the tip located at a
long distance (over 500 pm) from the substrate. After cleaning,
the steady-state tip current (/7, ) is approximately —400 nA at
—1 V. Following the tip cleaning procedure, an approach curve is
measured to determine the tip-substrate separation. Thereafter,
the tip is set 10 wm above the substrate surface and a surface
area of 3mm x 3 mm is scanned at a scan size of 50 pm and
scanning rate of 50 wms~'. During the scanning, the substrate
potential is set at 0 V while the tip is typically held at a constant
potential of —1V (versus SCE), a potential at which the tip
reaction is the diffusion-limited reduction of protons to generate
hydrogen

2HT +2¢~ — H,. (D)

At very small tip-substrate separation, the tip-generated hydro-
gen can diffuse to the surface of the substrate sample, where
it can be oxidized, creating a proton, if the sample surface is
electrochemically active. The protons (H*) can then diffuse
back to the tip surface, where they are reduced by the reverse
reaction of (1), resulting in additional tip current. The rate of
hydrogen electro-oxidation into protons (H*) at the substrate
determines their concentration near the tip, and hence the
probe tip current (I7). Accordingly, the difference in relative tip
current with position reflects the activity difference of the local
sites of the sample toward hydrogen oxidation.

To investigate the effect of CO poisoning, the cell was first
purged with 99.9% CO through a gas dispersion tube with porous
ceramic frit for 30 min., while the substrate potential was set at
—0.24 V. Then the cell was purged with N; for 20 min to remove
dissolved CO in the electrolyte, with the substrate potential set
at —0.10 V. After gas purging, a normal area scan was conducted
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on the same sample area with the experimental conditions the
same as the above-mentioned.

3. Results and discussion

The masking technique used permits simultaneous deposition
of several binary or ternary composition spread library “crosses”
on the substrate. A map of the as-deposited samples on a Si wafer
is illustrated in Fig. 1. Crosses on the Si wafer form continuous
binary or ternary composition gradient libraries between two
or three materials. To ensure that reproducible measurements
are achieved, copies of the same library are deposited on the
same wafer. The square pads on the periphery are used for X-ray
diffraction characterization when desired. The composition gra-
dient occurs where the stripes overlap, across an area of 2 mm?.
The area of interest can be expanded or contracted by varying
the shadow mask size and offset distance. A schematic repre-
sentation of a 2-layer composition spread binary library can be
seen in Fig. 2 before (A) and after (B) diffusion. Fig. 2A shows
how the stripe thickness varies through the cross section. Also
shown in Fig. 2B are the approximate compositions at differ-
ent locations in the joint area. Extensive characterization of the
variation of line thickness and composition was performed by
a combination of profilometry, energy dispersive spectroscopy,
and Auger electron spectroscopy to establish the actual compo-
sition distribution.

Fig. 3 shows a schematic diagram of a single layer ternary
cross. Three overlapping stripes will continuously cover all
possible compositions across a ternary phase field. A represen-
tation of the compositions achieved after annealing of the center
ternary region inside the box of Fig. 3A is shown in Fig. 3B.
The region in the center of the six pronged cross where all three
stripes overlap contains the ternary compositions. Fig. 3C is a
representation of the compositions in Fig. 3B mapped onto a
ternary phase diagram.

Fig. 4 shows the SECM area scan images of a Pt—Ru binary
cross before (Fig. 4A) and after CO adsorption (Fig. 4B). The
direction of the Pt and Ru stripes are denoted by the black

Fig. 1. Profile of the ternary gradient phase combinatorial library. Yellow stripes:
Pt, Red stripes: Ru, Blue stripes: WC or Co or their substitutions.

(B)

Fig. 2. (A) 3D representation of a binary cross A-B (e.g., A=Pt and B=Ru)
continuous composition library before diffusion. (B) Diagram showing compo-
sition variation across the area of interest after diffusion.

arrows, with the outer lines defining the approximate line edges.
Although Ru itself shows only minimal activity towards HOR
(Fig. 4A), alloying Ru with Pt is seen to increase the HOR activ-
ity of Pt, as indicated by the higher currents in the binary overlap
region. Comparing Fig. 4A and B shows that unalloyed Pt areas
exhibit activity before CO and a loss of activity after CO adsorp-
tion, while Ru additions significantly enhance the CO tolerance
of Pt (Fig. 4B), as expected. The highest current for the sam-
ple with CO adsorption is found in the overlap region of the
Pt—Ru cross. For the test conditions used here, we can only con-
clude that the optimum Pt content for CO poisoning resistance
is between 20 and 70 at.%.

The SECM area scan image of a ternary Pt-Ru—-WC cross
before CO adsorption is presented in Fig. 5A. Pt—Ru binary
regions (triangles marked as 1) both show elevated activity rel-
ative to pure Pt. In addition, Pt—-WC binary regions (triangles
marked as 2) also show enhanced activity. The WC—-Ru binary
regions are relatively inactive. Within the Pt-Ru-WC ternary
region, there are two regions showing HOR current lower than
that of pure Pt itself. These regions lie within approximately
10% of PtgoRupo(WC)yp.

The SECM area scan image of a ternary Pt—-Ru—WC cross
after CO adsorption is presented in Fig. 5B. Most Pt—-Ru-WC
regions exhibit superior CO tolerance compared to Pt, as indi-



G. Lu et al. / Journal of Power Sources 161 (2006) 106—114 109

caCNCRCN N N N N N
fopoNoRoN N N N N N N

Xp o1

(B) (©)

4 2
o000 0
Sy o
0000080
Qo i e
0000000
&
+Lo00000000
o 2
Sooeo000eee
g
o
z
02 03 04 05 06 07 08 09 1
—lp

Fig. 3. (A) 3D representation of a ternary cross, now the overlapping stripes are at 60° instead of being perpendicular in the case of Fig. 2. (B) Composition profile
for a ternary cross, where composition X, Y and Z are represented by different colors. The relationship between different colors and the corresponding compositions

are illustrated in (C).

cated by the bright yellow central area and the two pink areas.
The two yellow circular areas in Fig. SA are now showing no
HOR activity after CO poisoning, indicating almost no CO tol-
erance for these compositions. In the two pink areas (mostly in
the Pt—Ru—WC joint area, some in the Pt—Co joint area), where
the approximate composition is Pty5 + 10Rus5 1+ 5(WC)70+ 5, the
HOR activity is much higher than pure Pt, indicating high
CO tolerance for these compositions. This result agrees par-
tially with our multichannel microelectrode data for methanol
oxidation on Pt-Ru-WC ternary systems, where the opti-
mum composition at room temperature is ~PtpsRug(WC)75
[29].

Fig. 6 shows SECM area scan images of a Pt—WC binary cross
before and after CO adsorption. As can be seen from Fig. 6A,
when WC content is in the range of 30-85 at.%, the HOR activity
of Ptisincreased with the addition of WC. The same composition
region also shows increased HOR current after CO adsorption
compared to Pt, as indicated by the pink and orange current
zones in Fig. 6B, signifying enhanced CO tolerance. The opti-
mum composition lies where the WC content is between 65 and
80 at.%. This result again agrees with our multichannel micro-
electrode data for methanol oxidation on Pt—-Ru—WC ternary
systems [29].

The experimental data indicates that the addition of WC
within a certain content range to Pt or Pt—Ru alloy catalysts
can enhance both their HOR catalytic activity and CO tolerance.

There are several possible mechanisms for the increased CO tol-
erance. It can be ascribed to a synergistic effect between Pt and
WC, leading to high activity of tungsten carbide in the presence
of Pt towards the dissociation of water and methanol [12]. It can
also be attributed to the weaker bonding between tungsten car-
bide and CO, and therefore permitting relatively easy desorption
of CO from WC [11,12]. Actually, on tungsten carbide, it was
reported that the CO desorption temperature is at least 100 °C
lower than on Pt [12]. The desorption temperature of CO from
Pt/C/W(110) and Pt/C/W(1 1 1) is also significantly lower than
from bulk Pt [3,9,30].

It is also noted that the maximum current values in
Fig. 5B and 6B (after CO adsorption, 0.58 and 0.71 WA, respec-
tively) are larger than the corresponding maximum values in
Fig. 5A and 6A (before CO adsorption, 0.55and 0.62 A, respec-
tively). This interesting phenomenon can be explained by the
fact that tungsten carbide can oxidize CO at the current sub-
strate potential (0V versus SCE), which can contribute extra
hydrogen ions generated on the substrate and subsequently the
extra hydrogen ions can diffuse to the tip and increase the tip
current relative to that from the system without CO adsortion.
This further verifies the high intrinsic activity of tungsten car-
bide towards CO oxidation and its strong CO tolerance. The CO
oxidation can be written as the following:

Pt-CO,4s + M-OHpgs — Pt + M + CO, + HY ¢~ )
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Fig. 4. SECM area scan images for a Pt-Ru thin film cross before (A) and
after CO poisoning (B), (the tip was moved —300 wm in y direction after CO
adsorption). i7, « is around 400 nA. Efp =—1 VscE, Esub =0 VscE, separation
between tip and substrate is 10 pm.

where M represents Pt, Ru or WC. Before this reaction, there is
a preceding step of water dissociation reaction:

M + HO — M-OHps +Ht +¢~. 3)

The equilibrium potential of reaction (3) is about 0.45-0.55V
and 0.25V (versus SHE, 0.2-0.3 and 0 V versus SCE) on Pt and
Pt-Ru catalysts, respectively [31]. The exact potential of this
reaction on WC is not known, but it should be much lower than
that of Pt and we can assume it to be close to that of Pt—Ru.
The equilibrium potential of reaction (2) is about 0.55V (ver-
sus SCE) on Pt (onset potential 0.45 V), 0.25 V on Pt-Ru (onset
potential 0.15 V), as determined by stripping CO cyclic voltam-
metry in 0.5 M H>SO4 [32,33]. By the same method, Fenton and
co-workers found that tungsten carbide catalyst oxidizes CO at
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Fig. 5. SECM area scan images for a Pt—Ru—W(C thin film cross before (A) and
after CO poisoning (B, the tip was moved —500 wm in y direction after CO
adsorption). i1, oo is around 400 nA. Eyjp =—1 VscE, Esub =0 VscE, separation
between tip and substrate is 10 pm.

potentials as low as —0.06V in 0.5M H,SO4 and the onset
CO oxidation potential is about —0.15V [34]. Besides the CO
oxidation peak at 0.5V, another oxidation peak was identified
at —0.06 V and attributed to CO oxidation on the WC surface.
Considering the concentration of the sulfuric acid we used here
is only 0.01 M, the above potential values should be about 0.1 V
lower for the present study according to the Nernst’s equation.
It is apparent that both reaction (2) and (3) can occur on the
surface of WC at the substrate potential (0 V) and both reactions
can generate and supply the tip with some extra protons from the
adsorbed CO. On the surface of Pt, neither reaction can occur.
On the surface of Ru, only reaction (3) can happen and contribute
part of the observed tip current increase. The current increase
contributed from reactions (2) and (3) more than compensates
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Fig. 6. SECM area scan images for a Pt-WC thin film cross before (A) and
after CO poisoning (B, the tip was moved —300 wm in x-direction after CO
adsorption). i1, oo is around 400 nA. Eyjp =—1 VscE, Esub =0 VscE, separation
between tip and substrate is 10 pm.

for the current loss due to CO adsorption, so a larger current can
be observed for some Pt—-Ru—WC compositions even after CO
adsorption.

Although WC incorporation into Pt or Pt—Ru can increase
the HOR activity and CO tolerance, its stability is a concern.
In the electrolyte solution of 0.01 M HSOy4 +0.1 M NaySOy,
WC stripes disappeared (i.e., were dissolved) immediately after
the immersion. Different conclusions can be found from the
literature for the corrosion resistance of tungsten carbide. Some
claim that pure WC has low corrosion resistance under acidic
and oxidative conditions (e.g. HoSO4 with various pH values)
[15,35]. Other reports, for example J.G. Chen et al., showed
by electrochemical CV and XPS measurements that WC film
is stable in 0.5 M H,SO4 at anodic potential below 0.6 Vsyg
[36]. The reason for the discrepancy between our findings and

their results is uncertain. One possible factor could be galvanic
corrosion between WC and Pt or Ru since they are electrically
connected by a conducting base material of TiN. However, this
explanation can not be confirmed by the current experimental
system and need to be verified with experiments on isolated
WC samples. Another possibility is that there may be some sub-
stoichiometric WC (e.g. WCj _ x), which may be less corrosion
resistant than WC.

Although the pure WC stripe was not corrosion resistant in
the current solution, HOR current increase and CO tolerance
enhancement to Pt can still be observed, which is especially
clear in the center area of Pt—WC binary library (Fig. 6). That
means there is still some WC remaining in the center cross area
and suggests that by alloying with Pt it is possible to increase
its corrosion resistance and retain the excellent catalytic activity
and CO tolerance of Pt—~WC or Pt-Ru-WC alloys.
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Fig. 7. SECM area scan images for a Pt-Ru-(WC)3Pt thin film cross before
(A) and after CO poisoning (B). i, is around 360nA. Eyp=—1VscE,
Equb =0 VscE, separation between tip and substrate is 10 pm.
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This idea was tested by substituting Pt for two of the 8 WC
layers in the deposited stripe, giving an overall Pt(WC)3 stoi-
chiometry. By incorporating Pt, the corrosion resistance of WC
is substantially improved. No apparent degradation occurred for
the WC stripe even after immersion in the solution for several
days.

The activity of Pt(WC)3 towards HOR is also higher than that
of WC or Pt alone, as shown in Fig. 7. The addition of Pt to the
stripe of WC also improved the CO poisoning tolerance of Pt,
as indicated by the fact that Pt(WC); stripes retain most of their
activity after CO poisoning.

As noted earlier, Pt-Co alloys have also been reported to show
enhanced HOR activity. The SECM area scan image of a ternary
Pt—Ru—Co cross before CO adsorption is presented in Fig. 8A.
Again, as expected, Pt-Ru binary areas (including ternary areas
with the incorporation of Co) exhibit enhanced HOR activity.
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Fig. 8. SECM area scan images for a Pt—Ru—Co thin film cross before (A) and
after CO poisoning (B). ir, « is around 350 nA. Eyp = —1 VscE, Esub =0 VscE,
separation between tip and substrate is 10 pm.

Compositions of Pt—Ru—Co in the two pink areas (mostly in the
Pt—Ru—Co joint area, some in the Pt—Co joint area), where the
approximate composition is Ptys5129Rujs 1 15Cog0 4+ 15, show
better HOR activity than binary Pt-Ru or Pt alone.

The SECM area scan image of the same ternary Pt—Ru—Co
cross after CO adsorption is presented in Fig. 8B. All the com-
positions suffer CO poisoning and lose HOR activity to different
extents, with the Pt stripe losing almost all of the activity. How-
ever, compositions of Pt—~Ru—Co with the same compositions as
the most active areas in Fig. 8A (pink area) show only limited
activity loss (about 15%), indicating compositions in this area
also have strong CO tolerance.

The above experimental data indicates that addition of Co to
Pt or Pt—Ru alloy catalysts can enhance both their HOR catalytic
activity and CO tolerance. There are several possible mecha-
nisms that have been suggested for the improved CO tolerance
[1]. Like Ru, Co is also an oxophilic metal and can facilitate
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Fig.9. SECM area scan images for a Pt—Ru—Co3 Pt thin film cross before (A) and
after CO poisoning (B). ir, « is around 340 nA. E¢jp = —1 VscE, Esub =0 Vsce,
separation between tip and substrate is 10 pm.
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the oxidation and removal of CO from the surface of Pt through
the well-known bi-functional mechanism. It is also speculated
that the incorporation of Co with Pt—-Ru will decrease the CO
coverage by changing the CO-Pt adsorption energy through the
mechanism of a ligand effect in a ternary alloy because of the
co-presence of Ru and Co when they are in certain Ru:Co ratio
[1].

Like WC, the stability of Co is a concern. In the electrolyte
solution of 0.01 M H>SO4+ 0.1 M NaySQy4, Co stripes disap-
peared (were dissolved) immediately after the immersion in the
solution. Like in the case of WC, 2 of the 8 Co layers were
replaced by Pt layers to improve the corrosion resistance of the
Co stripe but still retain the excellent catalytic activity and CO
tolerance seen with incorporation of Co in Pt or Pt—Ru. By par-
tially substituting Pt for Co (PtCosz), the corrosion resistance
of Co is substantially improved. No apparent surface change
occurred for the Co stripe even after immersion in the solution
for a week.

The activity of Co3Pt towards HOR is higher than that of Pt
alone, as shown in Fig. 9A. The addition of Pt to the stripe of
Co also improved CO poisoning tolerance of Pt, as indicated by
Fig. 9B, where Co3Pt stripes retains most of their activity after
CO poisoning.

4. Conclusions

Scanning electrochemical microscopy was used to rapidly
screen thin film composition gradient materials libraries for
their electrocatalytic activity towards hydrogen oxidation and
CO tolerance. Ternary Pt—-Ru—WC and Pt—-Ru—Co alloys were
investigated as anodic materials for PEM fuel cells.

It was observed that, for most ternary Pt—-Ru-WC com-
positions, the addition of WC to Pt or Pt—Ru catalysts can
improve their HOR activity and CO tolerance. SECM screening
suggests Pt—-Ru—WC and Pt—~WC can be potential electrocat-
alysts for PEM fuel cells. The approximate optimum compo-
sition is Ptys 4+ 10Rus5 1 5(WC)70 1 5 for the ternary library, and
65-80 at.% WC for the binary Pt—WC library. In a certain com-
position regions (compositions of Ptys420Ru;s 4+ 15C060 4 15),
the addition of Co to Pt or Pt—Ru catalysts can improve their
HOR activity and CO tolerance of Pt. The stability of WC and
Co in the acid electrolyte can be enhanced by alloying them with
Ppt.

Although SECM is a versatile and rapid screening tool for
the characterization and combinatorial development of catalyst
materials for PEM and direct methanol fuel cell systems, the
results from this instrumentation as used in the present work
are approximate and only semi-quantitative. The exact optimum
composition could not be determined from the SECM data. But
rather these data can guide and direct further, more composi-
tionally specific investigations. Processing of “compositionally
zoomed” libraries which expand the active regions can be used
to better define optimal compositions. Alternatively, synthesis
of discrete composition catalyst libraries based on the SECM
results can be characterized by multichannel microelectrode
systems [29] and real catalyst nanoparticles of the optimum com-
positions thereafter obtained can be prepared with some other

routes and tested in a real fuel cell environment, as the final step
for the catalyst development.
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