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CO-tolerant Catalysts 

Siyu Ye 

16.1 Introduction 

Fuel cell systems offer the promise of economically delivering power with 
environmental and other benefits. Recently, polymer electrolyte membrane fuel 
cells (PEMFCs) have passed the demonstration phase and have partly reached the 
commercialization stage due to impressive research efforts. Nevertheless, there are 
still some technological challenges to be solved. Among those challenges, (i) 
choice of fuel (gasoline, methanol, or hydrogen), (ii) efficient fuel processing, with 
reduction of weight, volume, and carbon monoxide (CO) residuals, and (iii) 
development of anode electrocatalysts tolerant to CO at levels of 50 ppm (with a 
noble metal loading of 0.1 mg cm 2 or less) are deemed to be the most significant 
barriers that PEMFCs must overcome to achieve complete commercialization. The 
first and second challenges are closely related to the source and purity of hydrogen 
as the fuel. 

The simplest and highest performing PEMFC systems employ pure hydrogen 
as the fuel. Since H2 storage and supply devices are an issue, feeding the anode 
with the reformate of liquid alcohols, gasoline, or natural gas is the most popular 
choice, as they are readily available. The alcohols, gasoline, or natural gas are 
reformed using steam, partial oxidation, or autothermal reforming to produce the 
reformate – a hydrogen-rich gas stream (H2, 40–70%) containing carbon dioxide 
(CO2, 15–25%), carbon monoxide (CO, 1–2%), and small quantities of inert gases, 
such as nitrogen and water vapor. However, at current PEMFC stack operating 
temperatures of around 80 °C, the membrane electrode assemblies (MEAs) within 
the stack cannot tolerate such high CO levels. Therefore, the reformate must be 
passed from the reformer to a shift reactor and then to a catalytic preferential 
oxidation (PROX) reactor to reduce the CO content to less than 100 ppm, and in 
some cases down to a few ppm. The reformate can then enter the stack and react in 
the anode electrocatalyst layer of the MEA. The additional reformer, shift and 
PROX reactors significantly complicate and add extra cost to the PEMFC system 
[1]. For instance, Cu-based catalysts [2] were ordinarily used as the shift-converter 
catalysts in plants; however, it is difficult to use a Cu-based catalyst in the 
domestic-use PEMFC system. The PEMFC system would be frequently turned on 
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and off, and when it was turned off, the Cu catalyst would be easily oxidized by 
steam and air, and eventually deactivated. Therefore, precious metal catalysts such 
as Pt catalysts supported on CeO2-containing oxides were used in the PEMFC 
system. On the other hand, Pd [3], Au [3], Pt, or Ru [5] is used as the catalyst for 
preferential oxidation of CO at low temperature. Among these, the Ru catalyst 
exhibited high performance for preferential oxidation of CO and long-term stability 
under a low O2/CO molar ratio [5]. In any case, considerable amounts of precious 
metals were used in both a shift converter unit and a CO preferential oxidation 
unit, resulting in high cost. Moreover, this complicated system containing a CO-
removal unit led to low efficiency and reliability. Therefore, developing CO-
tolerant anode catalysts is a key priority. The US DOE 2011 targets for fuel cell 
stack CO tolerance are 500 ppm on steady state (with 2% max air bleed) and 1000 
ppm on transient [6]. 

In a PEMFC, when operating with pure hydrogen at practical current densities, 
the anode potential is typically less than +0.1 V (vs. RHE (reversible hydrogen 
electrode)). Under such operating conditions the cell potential is only slightly 
lower than the cathode potential and the MEA performance essentially reflects the 
cathode operation. However, when using reformate as a fuel, the CO in the 
reformate stream binds very strongly to the Pt electrocatalyst sites in the anode 
catalyst layer, at the typical MEA operating temperature of 80 °C. Even at ppm 
levels of CO, the CO coverage is above 0.98 [7]. The adsorbed CO prevents the 
dissociative electrosorption of hydrogen and dramatically lowers the cell potential 
produced by the MEA, since a much higher anode potential is required to sustain 
the rate of hydrogen electrooxidation [8]. Poisoning of Pt anode electrocatalysts by 
CO is deemed to be one of the most significant barriers to be overcome in the 
development of PEMFC systems. 

In addition, CO was found to be a poisoning adsorbate during the oxidation of 
methanol and other small organic molecules [9]. An important although not unique 
aspect of the catalysis of methanol oxidation in direct methanol fuel cells (DMFC) 
is related to the catalysis of CO oxidation. Therefore, methanol and CO oxidation 
reactions are both discussed in several reviews [10–12]. 

There are a number of ways to overcome the CO poisoning of electrocatalysts 
[13–15], namely: (i) advanced reformer design; (ii) use of CO-tolerant catalysts; 
(iii) oxidant bleeding into the fuel feed stream; (iv) employment of a bilayer 
(composite) anode structure; (v) higher cell operating temperature; (vi) use of 
membranes for CO separation; and (vii) pulsing the cell voltage to low values 
during cell operation, forcing the anode potential to operate for a short time at a 
potential positive enough to electrochemically oxidize CO to CO2.

(i) Advanced reformer design. Most of the reformers, including the auxiliary 
processors that are currently available, are capable of producing a CO content of 50 
ppm or less after a warm-up period of up to 2 h. To acquire the bleeding oxidant 
effect by modifying the reformer, many researchers have considered the possibility 
of designing a new reformer to which auxiliary processors are fitted for clean-up 
steps, e.g., as shift converters and a selective oxidizer [16–18]. These methods 
would, however, increase the complexity and cost of the fuel cell system. Even 
when these additional stages are used, it is difficult to maintain low CO levels 
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during start-up and transient operations without the addition of an air bleed into the 
fuel stream [13, 19–24]. 

(ii) Use of CO-tolerant catalysts. Because the use of CO-tolerant 
electrocatalysts would be more efficient and cause fewer associated problems, this 
is generally considered the most promising way for solving the CO poisoning 
problem in PEMFCs. A common approach consists of utilizing a second metal in 
the Pt-based anode catalyst, able to form oxygenated species (metal-OH) at 
potentials lower than for pure Pt [18, 25]. Following a bifunctional mechanism, 
these metal-OH species act as a source of oxygen, required for the oxidation of 
adsorbed CO to CO2, liberating active Pt sites on the surface of the catalyst 
material where the adsorption and oxidation of the gaseous hydrogen takes place 
[26]. It has been also proposed that CO tolerance can be achieved by an electronic 
effect [27, 28], which is associated with an energy shift of the Pt 5d electronic 
states caused by the second element and resulting in a weakening of the Pt–CO 
interactions. 

It has been found that the use of a second element with Pt, such as Ru, Sn, Co, 
Cr, Fe, Ni, Pd, Os, Mo, Mn, etc., in the form of an alloy or a co-deposit yields 
significant improvement in the CO-tolerance relative to pure Pt [29–38]. Among 
these various Pt-based binary systems, the most commonly used catalyst is carbon-
supported PtRu alloy (PtRu/C). This material is known to enhance CO tolerance, 
which can be ascribed to the electronic modification of Pt-Ru in PtRu alloys that 
decreases the CO binding energy on Pt and also binds OH strongly on the Ru 
active sites in the PtRu alloys [39]. Within this system, the performance of 
PEMFCs has been improved for fuel streams containing CO [40–42]. 

(iii) Oxidant bleeding into the fuel feed. Even with PtRu in a well-designed 
anode layer with the reformate operation there are losses in cell potential that are 
not recovered. The air bleed technique [8, 43] must be employed to introduce  2% 
air into the fuel stream to catalyze the oxidation of CO to CO2. This recovers the 
cell potential losses at 100 ppm CO and most of the small loss due to 25% CO2.
Low levels of oxygen or oxygen-evolving compounds [8, 43–46] are bled into the 
fuel feed to decrease CO poisoning. With this procedure, the levels of CO 
produced in the reforming reaction can be reduced by reactions such as the water-
gas shift (WGS) reaction and the selective oxidation of CO. (Note: CO can also be 
diminished by the methanation reaction with hydrogen but this is not efficient 
because it consumes the hydrogen.) Many working groups have reported that 
oxidant bleeding can be effective. In addition, hydrogen peroxide (H2O2) in an 
anode humidifier has been successfully used to mitigate the level of CO in H2-rich
feed [45, 46]. In this case, however, fuel utilization will certainly be decreased and 
safety issues must also be considered [47]. During the bleeding of oxidant process, 
roughly one out of every 400 O2 molecules participates in the oxidation of CO 
[48], and the remaining oxygen chemically combusts with hydrogen. This 
combustion reaction not only lowers the fuel efficiency, but might also accelerate 
the sintering of catalyst particles, leading over time to a performance decline. In 
addition, the chemical combustion might also create pinholes in the electrolyte 
membrane, which could result in cell failure. The increased temperature on the 
catalyst surface and accelerated membrane failure are drawbacks to this method if 
moderation is not observed. For this reason, a bilayer anode structure using a 
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platinum group metal-based gas-phase catalytic oxidation layer between the gas 
diffusion substrate and the PtRu electrocatalyst layer was adopted to extend the 
anode lifetime [43]. This moves the heat generation away from the PtRu 
electrocatalyst layer and the membrane. 

(iv) Employment of a bilayer (composite) anode structure. In accordance with 
the fuel selection, a more effective tolerance of CO in a PEMFC can be achieved 
by modifying the structure of the catalyst, i.e., with a composite or a double-layer. 
For example, the structure is designed to make the CO react with the CO-active 
electrocatalyst in advance at a separate layer and have the main hydrogen react at 
another layer with the traditional Pt electrocatalyst. There is still scope to optimize 
this type of structure and thus make the method even more effective for the 
suppression of CO poisoning. Although many attempts have been made in the last 
few decades to develop Pt-based binary or ternary electrocatalysts for replacing or 
reducing the platinum in the catalysts of PEMFCs, there has been less effort 
towards developing CO-tolerant electrodes by modifying their structure. The 
electrode structure relates to the diffusion process and reaction dynamics. In other 
words, because the diffusion coefficients of H2 and CO are different, it is possible 
to design a special composite electrode structure according to the fuel components. 
In doing so, the anodes can be made with different electrocatalyst components, 
contents, and pore distributions. Therefore, this is considered to be a promising 
alternative approach to decreasing the poisoning of PEMFC anodes [43, 49–51]. 

Ralph et al. [43] discussed improvements in the reformate (CO and CO2)
tolerance at the anode and in extending the MEA durability. Improvements have 
been achieved by advances in platinum/ruthenium electrode design, in the 
application of bilayer anodes for durable air bleed operation. Johnson Matthey and 
Ballard Power Systems have significantly extended anode lifetimes by introducing 
a bilayer anode structure, in which a carbon-supported Pt-based catalyst layer is 
inserted between the PtRu electrocatalyst layer and the anode substrate [52]. It has 
been shown that the bilayer anode structure achieved a comparable MEA 
performance to the standard anode when operating both on reformate and on pure 
hydrogen. More importantly, the bilayer anode did not require an increase in the 
level of the air bleed beyond 3% to sustain the MEA performance, even after 2000 
hours of continuous operation. This minimizes the degree of electrocatalyst 
sintering and significantly reduces the possibility of membrane pin-holing. Using 
the bilayer anode has resulted in stable MEA performances over many thousands 
of hours of continuous operation. For example, for an MEA with a bilayer anode 
containing 0.35 mg Pt cm–2 the reformate performance with a 2% air bleed was 
stable after in excess of 8000 hours of continuous operation. This bilayer approach 
may produce the required MEA lifetimes for PEMFC applications that need an air 
bleed to sustain reformate operation. 

Wan and Zhuang [51] proposed a novel layer-wise anode structure to improve 
the CO-tolerance ability and utilization efficiency of the catalyst. The layer-wise 
structure consists of an outer and an inner catalyst layer. The outer catalyst layer, 
acting as a CO barrier, is composed of two nano-Ru layers (0.06 mg cm 2) by the 
magnetron sputtering deposition method and a Pt50Ru50 layer (0.10 mg cm 2) by 
the screen-printing method on the GDL. The inner catalyst layer providing the 
hydrogen oxidation reaction is a pure Pt layer (0.07 mg cm 2) prepared by the 
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direct-printing method on the PEM. The roles of the outer and inner catalyst layers 
in the improvement of CO-tolerance ability and utilization efficiency of catalyst for 
the proposed catalyst layer structure were investigated. SEM, X-ray, EDS, and 
EPMA analysis were used to characterize microstructures, phases, chemical 
composition, and distributions for the obtained electrocatalyst layers. The 
hydrogen fuel containing 50 ppm CO + 2% O2 is continuously fed to the anode 
side to investigate the dependence of CO-tolerance ability over time for the MEAs, 
respectively. A combination of two deposited nano-Ru layers with a printed 
Pt50Ru50 layer to form the outer catalyst layer for the anode electrode provides 
superior CO-tolerance capability to that of conventional and Haug’s structures [53] 
in the presence of 2% O2 and oxygen-free hydrogen containing 50 ppm CO fuels. 
In the oxygen-free hydrogen fuel containing 50 ppm CO, the deposited nano-Ru 
layer functions as a separator and/or for the physical/chemical adsorption of CO 
from hydrogen. The excess CO completely transforms to CO2 by the third Pt50Ru50
layer at the outer catalyst layer. While in the presence of 2% O2 hydrogen fuel 
containing 50 ppm CO, the deposited nano-Ru layer functions as a filter of CO 
from hydrogen, which reacts with the produced hydroxyl group from oxygen to 
form CO2. The excess CO reacts with the hydroxyl group formed from oxygen and 
water on the surface of the third Pt50Ru50 layer of the outer catalyst layer, 
producing CO2. The fuel entering the inner catalyst layer is thus free of CO. The 
inner direct-printed Pt catalyst layer can thus maintain high activity in the 
hydrogen oxidation reaction. In other words, it is possible by combining two 
structures to achieve a low noble metal loading MEA with high CO-tolerance 
capability in both oxygen-free and oxygen-present hydrogen fuels containing 50 
ppm CO. 

(v) Higher cell operating temperature. There is a considerable drive to raise the 
operating temperatures of the PEMFC to above 100 °C. This would raise the 
system efficiency and dramatically improve the CO tolerance of Pt-based 
electrocatalysts. For example, the CO coverage on Pt drops from in excess of 0.98 
at 80 °C to ~0.5 at 160 °C [54]. At this temperature a Pt-based anode can function 
in the presence of 1 to 2% CO rather than with ppm levels of CO, eliminating the 
need for the PROX reactor. If the temperature can be raised to 160 °C, studies in 
the phosphoric acid fuel cell (PAFC) with 1 to 2% CO indicate that PtRh and PtNi 
may offer superior CO tolerance [55, 56]. Indeed, at 200 °C pure Pt is the favored 
electrocatalyst in the PAFC. At higher temperatures PtRu may not be the 
electrocatalyst of choice in the PEMFC. There is currently much research [57] 
aimed at developing membranes capable of proton conduction at 120 to 200 °C. 

(vi) Use of membranes for CO separation. There is also considerable interest at 
the present time in the development of membranes designed for purification and 
separation. One approach has been the development of high-temperature (140 °C) 
membranes [58]. The CO tolerance of PEMFCs increases with increasing 
temperature [59]. Therefore, to decrease CO poisoning, it is desirable to develop 
high-temperature membranes. On the other hand, increasing temperature decreases 
the life of the membrane and renders maintenance of membrane hydration more 
difficult. Work on phosphoric acid-doped polybenzimidazole revealed long-term 
chemical and mechanical stability at high temperature [60]. Nevertheless, there 
were still problems with membrane cycle-life and hydration. Other membrane 
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approaches can be used for separating hydrogen from gas mixtures. For example, 
the palladium membrane has been studied extensively but is still very expensive 
for use in fuel cells [61]. 

(vii) Pulsing cell voltage or current. It is possible to pulse periodically the load 
current [62], which reduces the potential on the cell to a value low enough to 
promote electrooxidation of CO on the surface. In fact, if the cell is kept at 
constant current in certain conditions it will start oscillations by itself [63]. The 
problem arises in accommodating both of those techniques into a fuel cell stack. It 
is most likely that some blend of using a catalyst with high resistance to poisoning 
and a dynamic cleaning technique could be used in future cells. 

The poisonous influence of carbon monoxide on platinum catalyst layers is well 
researched (e.g., [64–67]). Some reported work and critical reviews on CO 
tolerance and CO-tolerant catalysts have been published recently by Ralph et al. 
[43, 68, 69], Urian et al. [70], Ruth et al. [71], and Wee and Lee [15]. Other 
reviews of PEMFC CO poisoning can be found in the literature [11–13, 72–75]. 

This review discusses the mechanism of CO tolerance and the development of 
CO-tolerant catalysts. The development of Pt-based binary/ternary metallic 
electrocatalysts and Pt-free electrocatalysts is discussed. Useful information is also 
provided on characterization methods for the understanding of the mechanism of 
CO tolerance and the evaluation of anode electrocatalysts. 

16.2 Mechanisms of CO Tolerance 

PEMFC performance degrades when CO is present in the fuel gas; this is referred 
to as CO “poisoning”, a term that may have to be revised, as discussed later in this 
chapter. Several studies have investigated the deleterious effect of carbon 
monoxide on platinum catalyst layers (e.g., [64–67]). This results from the 
attachment of a CO molecule onto the catalyst surface, thereby reducing the 
surface available for hydrogen reactions. Linear or bridge-bonded CO species are 
formed on the catalyst surface [64, 67, 76]. Such strong binding has been explained 
by electron donation from the 5  carbon monoxide orbital to metal, and 
subsequent transfer of two electrons from the d metal atomic orbital to the 
antibinding 2 * CO orbital, as shown in Figure 16.1. This electron transfer is 
known as back-donation. 

Despite its importance for low-temperature fuel cells, the exact mechanism of 
CO oxidation on Pt and the role of co-catalysts are still far from being understood. 
On Pt(1 1 1), the saturation coverage of CO corresponds to a (2×2)–3CO adlayer 
with a coverage of  = 0.75 at low potentials according to STM and FTIR results 
[77]. Here, the coverage  is the ratio of CO molecules to Pt-surface atoms. At a 
potential around 0.4 V, a part of the adsorbate is oxidized, and the adlayer 
transforms into a lower coverage adlayer with  = 0.68; Villegas et al. have 
suggested a ( 19× 19)R 23.4° structure based on STM results [77]. It is generally 
accepted that the oxidation of the adlayer proceeds according to a Langmuir-
Hinshelwood mechanism. The exact identity of the oxygen species, however, is not 
really clear. Also, the literature describes contradictory results concerning the 
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surface diffusion of CO. Whereas fast diffusion should lead to the classical rate 
equation for a Langmuir–Hinshelwood mechanism as usually treated in textbooks 
(the rate is proportional to (1 ), where  is the ratio between coverage and 
maximum coverage), slow diffusion leads to an oxidation behavior determined by 
a nucleation and growth mechanism [78–82]. 

Figure 16.1. The energy level of carbon monoxide molecules, and the formation of metal-
carbon monoxide bonding [449]. (Reprinted from Grgur BN, Markovi  NM, Lucas CA, 
Ross PN. Electrochemical oxidation of carbon monoxide: from platinum single crystals to 
low temperature fuel cells catalysis. Part I: carbon monoxide oxidation onto low index 
platinum single crystals. J Serb Chem Soc 2001;66:785–97. With permission from the 
Serbian Chemical Society.) 

The transition between the high coverage phase and low coverage phase leads 
to the so-called pre-peak in cyclic voltammetry, which was also observed on 
polycrystalline Pt and other surfaces (like vicinally stepped Pt(1 1 1) [24, 83–85]), 
and which is often referred to as a weakly adsorbed state. By recording potential 
transients during oxidation of the adsorbed CO under galvanostatic conditions, it 
has been shown that the oxidation of that amount of CO that desorbs during the 
transition between the two adsorbate states does not follow any of the Langmuir-
Hinshelwood-type rate equations [86]. The transients rather suggest an Eley Rideal 
mechanism. Probably, CO is oxidized at defect sites on the surface, the number of 
which is constant and to which CO diffuses quickly at high coverage. In contrast, 
the galvanostatic potential transients during further complete oxidation showed the 
potential maximum typical for both types of Langmuir-Hinshelwood mechanisms 
(i.e., fast or slow diffusion) only after oxidation of approximately one tenth of the 
adsorbate at nearly constant potential. 

The promotional effect of ruthenium in improving the CO tolerance of Pt anode 
catalysts for proton exchange membrane fuel cells (PEMFCs) has long been 
recognized [87] and carbon-supported PtRu catalysts are currently seen as the best 
anode catalysts when reformate is the anode feed in such fuel cells [43, 88]. 
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However, there is also an ongoing debate concerning the action of co-catalysts. 
The mechanism by which the promotion occurs was described by Watanabe and 
Motoo [89] as bifunctional, with Ru supplying oxygen species at lower potentials 
that facilitate the removal of adsorbed CO from the active Pt sites (by the 
activation of water to form OH) as well as decreasing the strength of the Pt–CO 
bond via a perturbation of electronic properties of the Pt atoms (a ligand effect). It 
has also been shown that neither of these two effects alone is able to explain the 
co-catalytic effect of Ru in fuel cell anodes [90]. Considerable effort has gone into 
further understanding the details of this mechanism and several excellent reviews 
are available that summarize the findings [12, 91, 92]. 

In the case of less noble co-catalysts, it is also often assumed that they act 
according to the bifunctional mechanism. In the case of Mo, this effect seems to be 
limited to the oxidation of the weakly adsorbed CO [93]. The Pt3Sn(hkl) alloys 
have shown a high activity for bulk CO oxidation that is correlated to a weakly 
adsorbed state of CO, with an onset potential that is lower by approximately 300 
mV [34]. Moreover, it was also demonstrated with Sn modifications of Pt single 
crystal surfaces that a major promoting effect is the shift in the onset potential of 
the oxidation of the weakly adsorbed state of CO to much lower values and, in 
addition, that the population of the weakly adsorbed state is drastically increased 
[24, 83, 94]. A prerequisite for the high CO oxidation activity of Sn/Pt surfaces is a 
uniform distribution of co-adsorbed Sn, e.g., by step decoration of the Pt(3 3 2) 
electrode. The oxidation potential of the “strongly adsorbed state”, on the other 
hand, is hardly shifted. It is therefore assumed that contrary to what is generally 
believed, Sn mainly has an electronic influence on neighboring Pt atoms, changing 
the binding energy of CO to Pt. On a Pt(1 1 1) electrode, Sn is much less active, 
and this is due to the formation of 2D islands, which, however, are very mobile in 
the absence of co-adsorbed CO, as shown in a recent STM study [39]. For the 
maximum coverage (ratio of Sn atoms to surface Pt atoms) of Sn on Pt(1 1 1), a 
value of 0.33 was postulated. This was only based on a correlation of the oxidation 
peak charge (presumably OH adsorption on or within the Sn adlayer on Pt(1 1 1)) 
to the suppression of hydrogen adsorption. 

16.2.1 Electrochemistry of Carbon Monoxide and Hydrogen 

In order to understand the behavior of a PEMFC in the presence of CO, the 
electrochemistry of CO and hydrogen on the surface of platinum must be 
understood. This is because platinum or its alloys are invariably used and needed in 
low-temperature acid electrolyte fuel cells to facilitate the electrochemical reaction 
for the production of electric power. The electrochemistry of CO in an acidic 
environment has been studied extensively [95] and reviewed by Baschuk and Li 
[96]. CO oxidation and adsorption occurs on the (1 0 0) and (1 1 0) sites of 
platinum in an acid electrolyte. The adsorption of CO involves CO linearly bonded 
to platinum, and the adsorption isotherm is that of a Tempkin isotherm, which can 
be written as [97]: 
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The interaction parameter and the free energy of adsorption were found to be 
functions of temperature, and in addition, the interaction parameter was found to be 
highly dependent on catalyst structure. Also, this relation was only valid for 
relatively high temperatures of greater than 130 °C; for low temperatures, such as 
those encountered in a PEMFC, the coverage appeared to be a function of the 
anode potential as well as the concentration, in addition to the temperature and 
catalyst structure. 

The oxidation of CO occurs from a voltage range of 0.6–0.9 V, depending on 
the voltage sweep rate used in the voltammetry experiment [95]. The rate of 
oxidation of CO at low coverage is rapid while the rate is poisoned by a high 
coverage of CO. This dependence on coverage could be explained if the 
electrochemical oxidation of CO involved adjacent surface sites [98]. 

  (16.2) 

  (16.3) 

  (16.4) 

where M is a metal adsorption site. Equation 16.2 is a very rapid adsorption step; 
in most experimental situations, the rate of CO adsorption is controlled by the 
diffusion of CO to the metal catalyst surface. This step determines the initial 
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surface concentration of the reactant pairs. Equation 16.3 is the electron-transfer 
step, which is rate determining for any fixed concentration of reactant pairs. 
Equation 16.4 is the final electron transfer reaction and is assumed to be rapid 
compared to Equation 16.3. This mechanism of CO oxidation can be thought of as 
CO lowering the energy of activation for the dissociation of water, and is similar to 
the catalyzed gas-phase oxidation of CO by oxygen.

The oxidation of hydrogen and the effect of CO in an acid environment have 
also been extensively studied. The mechanism for electrochemical hydrogen 
oxidation over smooth platinum in an acid electrolyte is the slow dissociation of 
adsorbed hydrogen molecules to hydrogen atoms, known as the Tafel reaction, 
followed by the fast electrochemical oxidation of the adsorbed hydrogen atoms, 
known as the Volmer reaction [99]. This is illustrated below:

 H2 + 2M  2MH Tafel (16.5) 

2MH  2M + 2H+ + 2e- Volmer (16.6) 

It was also discovered that the dissociative chemisorption of hydrogen on platinum 
was independent of both surface geometry and crystallite size, leading to the result 
that the exchange current density for the hydrogen reaction was independent of 
catalyst structure [100]. 

The mechanism of CO poisoning of the hydrogen oxidation reaction was found 
to be as follows [100]. CO chemisorbs on the platinum sites to the exclusion of 
hydrogen. This is possible because CO is more strongly bonded to platinum than is 
hydrogen, as indicated by a greater potential required for the oxidation of CO than 
of hydrogen, and a sticking probability of CO on platinum 15 times higher than 
that of hydrogen on platinum. Also, if the Gibbs free energy of adsorption of 
hydrogen and CO are compared and it is assumed that the Gibbs free energy of 
adsorption for CO continues to become more negative as temperature decreases, 
CO will preferentially adsorb to platinum due to the more negative Gibbs free 
energy of adsorption. The result is that even a relatively small concentration of CO 
can result in the complete coverage of the platinum surface, to the exclusion of the 
hydrogen. In spite of CO preferentially adsorbing on the platinum surface, the rate 
of hydrogen oxidation on even the few remaining platinum sites is so rapid that it 
controls the surface potential or free energy of the catalyst. Unfortunately, because 
this potential is less than the potential needed to oxidize CO, the coverage of CO 
remains at that dictated by the CO adsorption isotherm. Thus, the mechanism of 
CO poisoning of hydrogen oxidation is that linearly-bonded CO blocks sites for the 
dissociative chemisorption of hydrogen, and the current density, or reaction rate, of 
hydrogen in the presence of CO is reduced and can be written as: 

 i COH /2
= i

2H (1 – CO)2 (16.7)

Thus, the coverage of CO on the platinum electrode surface becomes a significant 
parameter in the performance of an electrode. In the experimental studies cited 
earlier, it was concluded that the coverage of CO was a function of potential as 
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well as CO partial pressure. Also of interest, CO and hydrogen do not interact 
during their co-adsorption at temperatures of less than 200 °C. However, it has 
been noted that the apparent activation energy for hydrogen oxidation increases 
with increasing CO concentration, indicating an increased difficulty for the 
hydrogen to oxidize in the presence of CO [97]. This was speculated to be because 
either CO preferentially adsorbed to the “best” sites for hydrogen oxidation or 
hydrogen was involved in the CO oxidation process. 

Another aspect of CO poisoning that has been studied is termed carbon dioxide 
(CO2) poisoning. At CO2 concentrations in excess of 25%, the voltage losses in the 
anode are greater than what can be accounted for through the reactant dilution, or 
the so-called Nernst losses [101]. It was theorized that this was due to CO2
converting to CO through either the reverse water gas shift reaction:

 CO2 + H2  CO + H2O (16.8) 

or by the electroreduction of CO2:

 CO2 + 2H+ + 2e-  CO + H2O (16.9) 

Wilson et al. [101] discovered that the severity of CO2 poisoning decreased if all of 
the anode catalyst was tied up within an electroactive structure. Since Equation 
16.8 requires only a catalyst site in contact with the gas phase, this indicates that 
Equation 16.8 is more prevalent than Equation 16.9, which requires a site with 
good gas, ionic, and electronic access.

Table 16.1. The equilibrium concentration, in ppm, of CO with varying temperature, 
relative humidity and total pressure. CO concentration for a total pressure of 3 atm is given 
in parentheses while the values not in parentheses are the result of a total pressure of 1 atm. 
The initial concentration of dry gas is 25% CO2 and 75% H2 [96]. (From Baschuk J, Li X, 
Carbon monoxide poisoning of proton exchange membrane fuel cells, International Journal 
of Energy Research, ©2001 John Wiley & Sons Limited. Reproduced with permission.) 

Initial relative humidity of H2O

Temperature 

(°C) 0 50 80 100 

25 1310 (1310) 106 (308) 65.2 (198) 51.5 (159) 

50 2590 (2590) 98.0 (315) 56.6 (194) 42.9 (153) 

80 4920 (4920) 62.2 (269) 26.0 (152) 15.0 (113) 

95 6500 (6500) 35.7 (233) 7.25 (119) 1.44 (82.0) 

An increase in temperature will increase the equilibrium concentration of CO, 
if the initial relative humidity is zero. However, with the initial presence of water 
vapor in the fuel stream, an increase in temperature will decrease the equilibrium 
concentration of CO. This is because the partial pressure of water increases at 
higher temperatures, which drives Equation 16.8 to the left and results in a 



770 S. Ye 

decreased CO concentration. An increase in total pressure results in an increased 
equilibrium concentration of CO due to the larger partial pressures of CO2 and H2,
which drives Equation 16.8 to the right. The majority of equilibrium concentrations 
of CO calculated in Table 16.1 are well in excess of the 2–10 ppm CO that a 
PEMFC can tolerate and thus operation with 25% CO2 should be impossible. 
However, the fact that cell operation is possible under these conditions may be 
explained by the fact that the water gas shift reaction does not proceed rapidly at 
temperatures experienced by a PEMFC. As a result, the actual concentration of CO 
may be much less in an operating PEMFC than the equilibrium value shown in 
Table 16.1. This may also explain why the effect of this CO2 poisoning is minimal 
if CO is already present, as the effect of CO is much greater than that of the CO2
poisoning [74]. Thus, the production of CO from CO2 was found to be kinetically 
limited and the effect was negligible unless no CO was initially present in the fuel 
gas and the concentration of CO2 was high (say, 25% or higher). 

16.2.2 Characteristics of PEMFC CO Poisoning 

The polarization of a PEMFC in the presence of CO yields interesting results. 
Oetjen et al. [102] examined the effect of CO on a PEMFC performance. The cell 
operating temperature was 80 °C and CO concentrations of 25, 50, 100, and 250 
ppm were used in the fuel gas. It was found that for hydrogen and 25 ppm CO, the 
cell polarization curve looked similar to the curve without CO, only with a more 
negative slope. However, for CO concentrations greater than 100 ppm, the 
polarization curve had two distinct slopes. The lower slope was explained by the 
adsorption and oxidation kinetics of hydrogen and CO at the anode. At increasing 
current densities, the potential of the anode increased to values at which adsorbed 
CO could be oxidized to CO2, thus leading to higher reaction rates for hydrogen 
adsorption and oxidation. The poisoning of a PEMFC is illustrated in Figure 16.2. 
It was also found that the poisoning effect takes a significant amount of time to 
reach steady state, as illustrated in Figure 16.3. The CO poisoning could be 
reversed by operation at open circuit voltage with pure hydrogen for 2–3 h. 
Therefore, the CO poisoning effect must be taken as a transient phenomenon in the 
operation of PEMFCs used in transportation applications. Similar PEMFC 
performance data with CO in the fuel gas can be found in the literature [101, 103, 
104]. 

Zawodzinski et al. [105] compared their PEMFC poisoning data with others’ 
and found discrepancies in the amount of CO that could be tolerated. It was 
surmised that these discrepancies may have been due to different flow rates. Lower 
flow rates allow better CO tolerance via the oxidation of CO by oxygen crossover 
from the cathode to the anode, thus freeing up sites for the hydrogen oxidation 
reaction. This conjecture may be confirmed by an estimate of the amount of 
oxygen crossover from the cathode. 
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Figure 16.2. Illustration of the effect of CO on a PEMFC [102]. (Reproduced by permission 
of ECS—The Electrochemical Society, from Oetjen H-F, Schmidt VM, Stimming U, Trila 
F. Performance data of a proton exchange membrane fuel cell using H2/CO as fuel gas.) 

Figure 16.3. Illustration of the transient nature of the CO poisoning of a PEMFC. CO 
concentration is 100 ppm [102]. (Reproduced by permission of ECS—The Electrochemical 
Society, from Oetjen H-F, Schmidt VM, Stimming U, Trila F. Performance data of a proton 
exchange membrane fuel cell using H2/CO as fuel gas.) 

16.2.3 Bifunctional Mechanism of CO Tolerance 

Despite the wealth of research in this area, the reasons for the effectiveness of Pt-
Ru over other alloys are still hotly debated. Two widely accepted mechanisms for 
the oxidation of CO from the Pt-Ru surface exist [31, 106–109]: (1) the 
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“bifunctional” mechanism and (2) the direct mechanism, enabled by the ligand or 
electronic effect. 

To remove COads from the surface it is necessary to generate some oxygenated 
species that can react with COads to produce CO2 and release some free sites on Pt 
surfaces for the hydrogen oxidation reaction. The mechanism for the oxidative 
removal of the COads from platinum anodes has been a topic of intense 
investigation for the past 40 years. The overall reaction for removing COads is 

 COads + H2O = CO2 +2H+ + 2e Eo 25 °C = –0.10 V (vs. NHE) (16.10) 

The mechanism of hydrogen oxidation in the H2/CO mixtures on platinum has 
been given by Equations 16.2–16.6. 

Hydrogen oxidation reaction occurs on the free sites liberated during the time 
between COads oxidative removal, Equation 16.4, and CO re-adsorption from 
solution, Equation 16.2. At the low potential (E < ~0.6 V) the rate constant of COb

re-adsorption is much higher than the rate constant for COads oxidation, and in 
practical terms only an infinitely small number of platinum sites could be liberated 
for H2 oxidation. 

The hydrogen oxidation reaction reaches maximum at the same potential where 
COads is oxidized by Pt-OH (coverage with COads in that potential region tends to 
zero). According to this, it is necessary to provide a supply of OH species to 
adjunct platinum atoms covered by COads using some other metal that does not 
adsorb CO. This is known as a bifunctional catalyst. Schematic representation of 
such a catalyst is given in Figure 16.4. 

Figure 16.4. Bifunctional catalyst (schematic representation) 

Based on early work by Watanabe and Motoo [89] (originally on the enhanced 
oxidation of CO and methanol at Pt electrodes with various oxygen-adsorbing 
adatoms [34, 39, 81–83, 90, 93, 94]), a bifunctional mechanism involving water 
activation by Ru (Equation 16.11) and subsequent CO electrooxidation on a 
neighboring Pt atom (Equation 16.12) has been postulated by a number of groups 
[20, 102, 103, 110–112]. 

 Ru + H2O = Ru–OH + H+ + e– (16.11)

O

C
H

Pt-COads+M- OH =Pt + CO2+ H+ + M + e

H2CO2+H+

PtM

O
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 Pt–CO + Ru–OH = CO2 + H+ + e– + Pt + Ru (16.12) 

It should be noted that Ru-OH means simply oxygen-containing surface species at 
the Ru surface; the exact nature of this species is still unknown. 

To investigate the mechanism of CO tolerance by PtRu, half-cell studies in 
H2SO4 at 80 °C with PEMFC anode structures containing Nafion were performed 
using pure CO as the reactant. The half-cell outlet gas was analyzed using in-line 
mass spectrometry for evidence of CO2 – to examine PtRu for CO electrooxidation 
activity (Equation 16.12). The results indicated that CO electrooxidation was 
occurring on PtRu at above +0.25 V (vs. RHE). This is some 0.2 V less anodic than 
required for pure Pt electrocatalysts and reflects the greater ability of the Ru to 
adsorb water (Equation 16.11), as compared with Pt. In the cyclic voltammograms 
measured in H2SO4 at 25 °C, the promotional effect from PtRu is also reflected in a 
lower peak potential for CO electrooxidation at the electrodes: PtRu (+0.5 V (vs. 
RHE)) compared with Pt (+0.8 V (vs. RHE)). Both the half-cell and the cyclic 
voltammetry studies confirmed that at anode potentials above +0.25 V (vs. RHE) 
the improved CO tolerance of PtRu is due to the enhanced electrocatalysis of CO 
electrooxidation to CO2 (Equations 16.11 and 16.12). 

This mechanism has been adopted as the explanation of CO-tolerant H2
oxidation on other Pt-M alloy catalysts. Although practically all transition metals 
are oxidized in acid solutions, the fact is that only a few metals alloyed with 
platinum show certain activity for oxidation of H2/CO mixtures, as such metals 
have to be able to provide OH at low potential (e.g., near the hydrogen reversible 
potential). Research has been conducted on both Pt–M bimetallic nanocrystals such 
as Pt-Ru, Pt-Sn, and Pt-Mo [20, 21, 35, 113] and M-decorated Pt single crystals 
involving Ru [16–20, 26, 44–47, 70, 81, 106–108, 114–122, 123–128], Mo [24, 70, 
126–128, 129–131], Sn [26 , 29–31, 125] and other transition metals [42, 114, 129, 
130]. The bifunctional mechanism is generally acknowledged as the dominant 
effect for single-crystal Pt decorated by other metals, particularly for Ru on Pt(111) 
[46, 106–108, 124]. 

16.2.4 Direct Mechanism of CO Tolerance (Ligand or Electronic Effect) 

The bifunctional mechanism does not take into account a possible change in the 
CO binding energy on Pt induced by Ru (often referred to as an electronic effect), 
nor does it directly describe the effect of CO and OH competitive adsorption on the 
Ru. The origin of such an effect has not yet been completely understood. On the 
one hand, according to the d-band shift model of Hammer and Norskov [131], it 
was proposed that the addition of a second element, by donating electron density, 
provides modification of the electronic interactions between Pt and the CO 
adsorbate. Such a “ligand effect” [118, 132–136] results in a decrease of the Pt–CO 
bond strength and yields facile COads electrooxidation, either directly by OH 
deposited on the Pt surface, or by enhancing Pt–H2O activation and thereby 
allowing the reaction of OH and CO directly on the Pt. The ligand model proposes 
that ruthenium modifies the electronic properties of platinum, weakening the Pt–
CO bond and thereby lowering the CO electrooxidation potential. 
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The electronic effect has been suggested to provide increased tolerance to CO 
in reformate systems, presumably by weakening the Pt–CO bond and decreasing 
the CO coverage, thereby increasing the anode efficiency by leaving more surface 
sites free for H adsorption at low potential [31]. Additionally, the ligand effect has 
been shown to have a large effect on Pt atoms near Ru islands for Ru/Pt(111), but 
Pt atoms far from these islands are minimally affected [116]. The externally 
exposed Ru islands are known to be in some stage of oxidation in an aqueous 
electrode (i.e., RuOnHm) at nearly all potentials [127]. Recent experiments using 
well-defined PtSn and PtMo electrodes [119, 120, 127, 128] have shown that both 
surfaces are better CO oxidation catalysts than PtRu, even though both may not be 
particularly useful as practical CO-tolerant hydrogen or methanol oxidation 
catalysts. This enhanced performance compared with PtRu was ascribed to a lack 
of adsorption of CO on either Sn or Mo, leaving more adsorption sites for oxygen-
containing species. 

The consequences of the ligand effect and the bifunctional mechanism for CO 
oxidation on Pt/Ru have been debated extensively in the literature. The emerging 
consensus seems to be that the ligand effect is less important than the bifunctional 
mechanism [106, 107, 138–142]. Some authors have attempted to quantitatively 
determine the relevance of the ligand effect as compared to the bifunctional 
mechanism, with Masel, Wieckowski, and coworkers concluding that about 20% 
of the enhancement in CO oxidation afforded by Ru deposition can be attributed to 
the ligand effect, while the remaining 80% of the enhancement is due to the 
bifunctional mechanism [106, 107]. 

16.2.5 Surface Science Study and Modeling of CO-tolerance Mechanism 

CO adsorption and oxidation have been studied for many years, but a greater 
understanding was achieved by the development of ex situ and in situ spectroscopic 
and microscopic methods for application in electrochemistry [9, 143–146], 
together with the use of well-defined nanocrystalline electrode surfaces [147]. The 
opportunity to study in situ electrooxidation of carbon monoxide [148–157] under 
fuel cell reaction conditions has brought significant progress in understanding 
interfacial electrochemistry on metallic surfaces. In combination with conventional 
electrochemical methods these techniques have been used to find connections 
between the microscopic surface structures and the macroscopic kinetic rates of the 
reactions. 

Pt-Ru alloy [158–160] or Ru modified Pt surfaces [161] are known to be 
prominently effective catalysts for methanol oxidation. Watanabe and Motoo [87] 
introduced a “bifunctional mechanism” into electrochemical interfaces in that Ru 
in Pt-Ru alloy surfaces supplies OH moieties to promote CO oxidation on 
neighboring Pt surfaces. In this context, it is crucial to elucidate water or hydroxide 
that are anticipated to adsorb on Ru in the alloy or modified Pt electrode surfaces. 
Nevertheless, there have been substantial uncertainties on this point because of 
experimental constraints in vibrational spectroscopy relevant for this purpose, e.g., 
poor sensitivity or uncompensated interruption by bulk solution species in IRAS 
(infrared reflection absorption spectroscopy). Watanabe and co-workers recently 
reported that water molecules were detected on the Pt-Ru alloy surfaces, a finding 
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dissimilar to those for Pt surfaces, using ATR-IR spectroscopy [108]. It seems, 
however, that the surface morphology of their Pt [160] and Pt-Ru alloy films [108] 
prepared with a sputtering method was not optimized to obtain fairly large 
enhancement for the IR absorption from adsorbates. Possibly, the enhancement 
factor of such Pt films was not sufficiently large to detect rather weak water bands, 
as absorbance of the O–H stretch is about 1/18 compared to on-top CO. In contrast, 
Pt films prepared by electroless plating give much larger IR absorption for 
adsorbates by a factor of > 10 [161–163]. Concerning the bifunctional mechanism, 
Friedrich et al. reported on the Ru-modified Pt(1 1 1) surface that (1) an Ru island 
with 2–5 nm size and monoatomic height is formed by electrochemical deposition, 
of which coverage is feasibly controlled by the deposition potentials, and (2) the 
CO oxidation peak is shifted to more negative potentials by ~120–130 mV due to a 
cooperative mechanism between Pt and Ru involving CO surface mobility [112, 
164, 165]. At this stage, it appeared necessary to characterize water and CO 
adsorbed on various alloy or modified Pt surfaces, using ATR-SEIRA 
spectroscopy to provide information on the role of Ru in their catalytic activity. 
Consequently, it was found using ATR-SEIRA spectroscopy that (1) preferentially 
adsorbed CO on the Ru surface was oxidized up to ~+0.3 V, (2) it induced marked 
adsorption of water on the empty Ru surface, which could accelerate the following 
CO oxidation on the adjacent Pt surface, compatible with the bifunctional 
mechanism, and (3) diffusion of surface species from Ru to Pt was indicated in a 
dilute CH3OH solution. Highly sensitive ATR-SEIRA spectroscopy was used by 
Futamata and Luo [166] to elucidate water, CO, and electrolyte anions adsorbed on 
the Ru-modified Pt film electrode. CO on Ru domains was oxidized below 
~+0.3 V, followed by pronounced water adsorption. Since the oxidation potential 
of CO on the Pt domain was significantly reduced compared to that on bare Pt, 
these water molecules on Ru obviously prompted CO oxidation on the adjacent Pt 
surface, consistent with the bifunctional mechanism. Diffusion of adsorbate from 
Ru to Pt surfaces was indicated in dilute CH3OH solution by spectral changes with 
potential. 

In order to understand the mechanism of CO and methanol electrooxidation on 
binary platinum alloys catalysts, much work is needed on the surface structure 
(including its electronic aspects) and its relationship with the reactivity. Adsorbed 
carbon monoxide exhibits a surface-sensitive behavior, which influences the 
vibrational frequencies of the C–O band. Consequently, in situ Fourier transform 
infrared (FTIR) spectroscopy appears to be a useful technique for studying CO 
interaction with the surface. CO tolerance of carbon-supported Pt80Ru20, Pt80Os20,
and Pt85Co15 electrocatalysts has been studied by García et al. [167] in 0.1 M 
perchloric acid solution, applying cyclic voltammetry and in situ FTIR 
spectroscopy. It was shown that FTIR spectra can be acquired during CO oxidation 
at these technical materials in an electrochemical cell, yielding valuable 
information on the reactivity and allowing predictions on their behavior in a 
polymer electrolyte membrane fuel cell (PEMFC). Linear adsorbed CO is the main 
adsorbate, but small amounts of bridge-bonded CO are also formed. Moreover, 
COH species seem also to be present for Pt80Os20 and Pt85Co15. All bimetallic 
alloys are able to oxidize adsorbed CO at lower potentials than platinum, and a 
shift of about 0.20 V has been determined. From the FTIR spectra, fundamental 
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information can be obtained on the CO adsorption energies and metal properties of 
these systems. 

The electronic effect may be inferred from XPS measurements of the 
Pt(111)/Ru system [168] and X-ray absorption spectroscopy (XAS) measurements 
of Pt/Ru alloy nanoparticles [29], which have indicated a transfer of electron 
density from Pt to Ru. The electrocatalytic activity for oxidation in the presence of 
100 ppm CO has been investigated by Watanabe et al. [169] using XPS and FTIR, 
on a series of binary Pt alloy electrocatalysts with non-precious metals of various 
compositions. At these CO-tolerant electrodes, the equilibrium coverage of CO 
was suppressed to values less than ~0.6. Based on X-ray photoelectron 
spectroscopy (XPS) data, it was found that the surfaces of all non-precious metal 
alloys are composed of a thin Pt layer with an electronic structure different from 
that of pure Pt, indicating an increased 5d vacancy of Pt in the layers of the CO-
tolerant alloys. The CO coverage, particularly with multi-bonding, was lowered 
due to decreased electron donation from the Pt band to the 2 * orbital of CO. A 
weakening of bond strength between the Pt skin layer and CO was also indicated 
by in situ FTIR, suggesting that the H2 oxidation sites are not blocked by CO due 
to its enhanced mobility. Thus, the mechanism of CO tolerance described above at 
the Pt skin on alloy surfaces was proposed as a “detoxification mechanism”. 

XPS and FTIR spectroscopy have also been used by Tillman et al. [170] to 
study the co-adsorption of CO with Sn on Pt(1 1 1). It was concluded that Sn exerts 
an electronic influence on CO molecules adsorbed in its neighborhood. This 
influence leads to the disappearance of the band at 1780 cm 1 indicative of the 
(2×2)–3CO adlayer at low potentials and to a shift of CO from the strongly 
adsorbed state to the weakly adsorbed state. Alternatively, the disappearance of the 
1780 cm 1 band might also be explained by a disturbed order in the neighborhood 
of the Sn islands. Such an effect is observed for CO adsorbed at unmodified 
stepped surfaces, but it does not lead to a shift to the weakly adsorbed state. In
addition, there also seems to be an effect according to the bifunctional mechanism, 
which is active only for the weakly adsorbed state but extends over all the surface, 
including that part of the adsorbate that is not electronically influenced by Sn. 
Similar to the case of Mo, this effect does not work for the strongly adsorbed CO. 

In situ XAS measurements, including both X-ray absorption near edge 
spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) at 
the PtL3 and RuK edges, have been used by Scott et al. [171] on three different 
carbon-supported PtRu electrocatalysts in an electrochemical cell in 1 M HClO4
with 0.3 M methanol. The CO and OH adsorbate coverage on Pt and Ru were 
determined as a function of the applied potential via the novel delta XANES 
technique, and the particle morphology was determined from EXAFS and a 
modeling technique. Both the bifunctional and direct CO oxidation mechanisms, 
the latter enhanced by electronic ligand effects, were evident for all three 
electrocatalysts; however, the dominant mechanism depended critically on the 
particle size and morphology. Both the Ru island size and overall cluster size had a 
very large effect on the CO oxidation mechanism and activation of water, with the 
bifunctional mechanism dominating for more monodispersed Ru islands, and the 
direct surface ligand effect dominating in the presence of larger Ru islands.  
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Stamenkovi  et al. [172] reviewed the research of in situ CO oxidation on well 
characterized Pt3Sn(hkl) surfaces. Bimetallic single crystals Pt3Sn(110) and 
Pt3Sn(111) have been characterized for in situ CO oxidation. Following UHV 
characterization, crystals were transferred into the electrochemical environment 
where surface electrochemistry of adsorbed CO was studied in situ by infrared 
spectroscopy. Changes in band morphology and vibrational properties – splitting 
of the band and increase in the frequency mode – were found on Pt3Sn(hkl) and 
correlated to Pt(hkl) surfaces. Continuous oxidative removal of adsorbed CO starts 
as low as E < 0.1 V, which is an important property for CO-tolerant catalysts. In 
addition to electronic effects, other factors, such as surface structure and 
intermolecular repulsion between adsorbed species, are responsible for the high 
catalytic activity of Pt3Sn(hkl) alloys. 

Electrochemical nuclear magnetic resonance (EC-NMR) spectroscopy has 
emerged as one useful probe with which to investigate the surface electronic 
properties of catalyst nanoparticles [173, 174]. 13C EC-NMR of adsorbed CO is 
particularly informative since it can be used to deduce both the electronic 
properties of the nanoparticle surfaces as well as the nature of CO bonding with the 
transition metal [116, 175–177]. This provides a powerful method to correlate the 
surface electronic alterations with catalytic activity variations and yields a firm 
basis for rational synthesis of bimetallic nanoparticle catalysts with improved 
activities in fuel cells NMR studies on Pt nanoparticles modified by spontaneous 
deposition of Ru have demonstrated changes in the metal–CO bonding that result 
from Ru modification. On CO-covered Pt/Ru nanoparticles, 13C NMR spectra 
(Figure 16.5) show the presence of two broad peaks. Each of these spectra can be 
deconvoluted into two Gaussians, whose peak areas have the same ratio as Pt and 
Ru on the Pt/Ru surface, in excellent agreement with the CO-stripping data. Thus, 
EC-NMR discriminates between the two populations: Pt/Ru–CO and Pt–CO, as 
has previously been shown by using infrared methods [109, 119, 178]. On the other 
hand, the NMR spectrum of 13CO adsorbed on Ru-black also shows only one peak, 
centered at a much lower chemical shift compared to the Pt/Ru samples. 

Unlike CO adsorbed onto supported Ru nanoparticles, CO adsorbed on Ru-
black showed a large isotropic shift and a symmetric broadening of the NMR 
spectrum. In all these catalysts, the spin-lattice relaxation time (T1) has followed 
the Korringa behavior characteristic of metallic systems [179]. Thus, CO adsorbed 
on Pt/Ru catalysts attains metallic properties due to the mixing of CO molecular 
orbitals with the conduction electron states of the transition metal. This observation 
strongly suggests that the electronic influence of Ru on surface Pt atoms is only a 
local effect, and Pt atoms situated away from Ru sites retain their original 
electronic band structure properties. 

Results of CO temperature programmed desorption (TPD) measurements on 
Ru-modified Pt single crystals have demonstrated a weaker Pt–CO bond than on 
pure Pt surfaces [107, 117, 180], again pointing toward a decreased availability of 
Pt d electrons for forming the Pt–CO bond [181]. The decreased availability of d 
electrons may be understood as a consequence of the lowering of the d band center, 
as described in the Norskov model [182]. Similar CO TPD results were obtained 
on the inverted Ru(0001)/Pt surface, on which the ligand effect and the strain effect 
were deconvoluted through elegant experiments with varied Pt deposit thicknesses 
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[183]. The deconvolution of the two effects has also been accomplished through 
computational work [184, 185]. The effect of PtRu surface alloy formation on 
hydrogen adsorption/desorption and of CO co-adsorption on hydrogen adsorption 
on a bimetallic PtRu surface was investigated by TPD, using a PtRu surface alloy 
(40% Pt surface atoms) as an example [186]. 

Figure 16.5. 13C NMR spectra of adsorbed CO on Pt and Pt/Ru catalysts [116]. (Reprinted 
with permission from J Am Chem Soc 2002;124:468–73. Copyright 2002 American 
Chemical Society.)

The concentration and distribution of the Pt surface atoms were determined by 
high-resolution scanning tunneling microscopy (STM), which provides further 
information for the mechanistic interpretation of the results and the underlying 
physical effects. 

Electrochemical impedance spectroscopy (EIS) technique has been used for the 
experimental assessment of CO tolerance on different Pt-alloy catalysts and at 
different temperatures [187]. Hsing et al. [187] proposed that the critical potential 
at which pseudo-inductive behavior occurs could be used as a criterion for the 
evaluation of CO tolerance. A mathematical impedance model based on two state-
variables (Pt-H and Pt-CO) was also developed to elucidate the reaction kinetics 
and mechanism of the H2/CO oxidation on a Pt/C catalyst [188]. In fact, this study 
has given better insight into explicitly understanding the impedance patterns and 
the quantitative assessment of the effect of applied potentials upon the oxidation 
reaction kinetics in a broad range of applied potentials. Nevertheless, with the 
consideration of only two adsorbed species, Pt-H and Pt-CO, the impedance model 
based on two state-variables was not able to explain the experimental observation 
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of reversing impedance patterns in the II and III quadrants at high potentials. The 
model with two state-variables assumes that the water molecules are responsible 
for the electrooxidation of CO species. However, this is not the case in the high 
potential region, where the possibility of the dissociation of water molecules is 
more pronounced and consequently, OH species can be generated. The neglect of 
this aspect in the two state-variables model is the probable reason for its inability to 
explain the reversed impedance pattern. An impedance model based on three state-
variables (Pt-CO, Pt-H, and Pt-OH) has been proposed by Wang and Hsing [189] 
for the kinetics investigation of H2/CO electrooxidation on Pt/C and its alloys 
(PtRu/C and PtSn/C). The simulation results of Pt/C in a high potential range 
exhibit unusual reversal behavior of the impedance pattern in the II and III 
quadrants. This behavior reveals the change of the rate determining step from CO 
oxidation to CO adsorption. The experimental impedance results of the alloy 
PtRu/C are in agreement with the simulation studies, and suggest that the enhanced 
CO oxidation observed on the alloy can be well explained by the promoted OHads
generation on the Ru surface at low potential. Meanwhile, a different reaction 
mechanism has been elucidated for the PtSn/C. It has been concluded that the 
promoted OH generation is the primary reason for enhanced activity towards CO 
oxidation on the PtRu/C. The high activity of the PtSn/C system towards H2/CO 
oxidation is due to the combination of the promoted OH generation, exclusion of 
CO on Sn sites, and minimization of CO adsorption caused by the intermetallic 
bonding. 

Based on CO thermal desorption data obtained on PtRu surface alloy model 
surfaces, Buatier de Mongeot et al. [135] also suggested that the improved CO 
tolerance is at least partly caused by a significant reduction in CO adsorption 
energy on these PtRu catalysts compared to CO adsorption on platinum. Similar 
results and conclusions were reached in recent density functional theory 
calculations [27], which showed a significant reduction in the CO adsorption 
energy on both Ru(0 0 0 1) surfaces covered by a pseudomorphic Pt monolayer and 
substitutional Pt surface atoms in a Ru(0 0 0 1) substrate, as compared to CO 
adsorption on Pt(1 1 1) [27, 135, 189, 190] or comparable cluster geometries [191]. 
CO adsorption and CO removal, however, are only part of the reactions going on in 
a reformate-operated PEMFC. The current determining step is the electrooxidation 
of hydrogen (hydrogen oxidation reaction – HOR), which for most platinum metal 
and platinum alloy electrodes is largely determined by the respective steady-state 
hydrogen coverage. Two important questions to be answered are therefore (i) how 
much are hydrogen adsorption and the Had steady state coverage under reaction 
conditions affected by the presence of co-adsorbed CO, and (ii) what is the 
influence of PtRu alloy formation on hydrogen adsorption and H/CO co-
adsorption? Quantitative data on the influence of the CO coverage on the HOR rate 
are scarce [99, 192–194]. Recently, Jusys et al. reported a nonlinear relation 
between CO coverage and HOR rate, with smaller effects in the low CO coverage 
regime for the HOR on carbon-supported Pt catalysts [195]. For PtRu no such data 
exist. Electrocatalytic measurements showed no measurable effect of PtRu alloy 
formation on the HOR activity; this was tentatively attributed to the very high 
activity of the remaining, accessible Pt surface atoms, which are sufficiently active 
that possible differences in the activity are masked by transport limitations [111]. 
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Likewise, little is known about the energetics and kinetics of hydrogen adsorption 
on bimetallic PtRu surfaces at the solid-vacuum interface, or about the influence of 
co-adsorbed CO on these properties. Diemant et al. [185] have shown that 
hydrogen (deuterium) adsorption on a bimetallic PtRu layer, which is 
pseudomorphic on a Ru(0 0 0 1) substrate, is considerably weaker than on an 
unmodified Pt(1 1 1) or Ru(0 0 0 1) surface. Following the d band model 
introduced by Nørskov and coworkers, this reduction in metal–H bond strength is 
attributed to a strain-induced modification of the electronic properties of Pt-rich 
adsorption ensembles. Co-adsorption of CO leads to a further weakening of 
hydrogen adsorption. This is explained by a CO-induced displacement of the 
adsorbed hydrogen from strongly binding Ru-rich ensembles to less strongly 
binding Pt-rich ensembles. Even a 100 K adsorption temperature post exposure to 
CO causes a partial displacement of adsorbed hydrogen. At elevated temperatures 
and pressures, as are present in a fuel cell, these effects will result in a severe 
reduction of the steady-state hydrogen coverage. Further improvement of the CO 
tolerance of PEMFC anode catalysts by the use of platinum alloys will be limited 
by the reduction in hydrogen electrooxidation activity due to a reduction in the 
steady-state hydrogen coverage, which is caused by the same electronic effects 
responsible for the reduction of the steady state COad coverage.

Quantum chemical calculations offer the opportunity to probe details of 
catalytic chemistry that are difficult to obtain from experiments, and they should be 
employed not only for understanding the mechanism in detail, but also at the 
screening level of catalyst design. Shubina and Koper [184] described the results of 
quantum chemical calculations of CO and OH interacting with a variety of 
bimetallic surfaces, in order to assess from the computational viewpoint the 
molecular nature of the bifunctional mechanism and the electronic effects 
involved. They considered in some detail the results of density-functional 
calculations of CO and OH adsorption on PtRu, PtMo, PtSn, and a number of Pt-
modified transition metals such as Rh and Ir. The advantage of using quantum-
chemical calculations is that they give direct information on the binding energetics 
of the different species, which are relatively difficult to extract from 
electrochemical measurements. Moreover, calculations permit one to establish the 
quantum chemical nature of the surface bond and the different factors involved, 
and how these might be related to measurable properties of chemisorbates such as 
their vibrational characteristics. In this way, quantum-chemical calculations 
provide invaluable information to complement and correctly interpret experimental 
data, even if the calculated systems considered may appear rather idealized 
compared with the experimental catalysts. Concerning the PtRu alloy, they found 
that mixing of Pt with Ru weakens the binding of both CO and OH to the Pt 
surface sites. By contrast, the CO and OH binding gets stronger as Pt is mixed in. 
The surface with the weakest CO binding energy in their calculation is PtML-
Ru(0001). Interestingly, a similar surface was recently found to have good CO 
tolerant properties [109]. Also, there is no apparent correlation between the binding 
energy of CO and the internal C-O and Me-C stretching frequency on the different 
PtRu surfaces. According to the calculations, the PtMo and PtSn systems seem to 
be better CO oxidation catalysts than PtRu. On PtMo, CO does not have a strong 
preference for either site, whereas OH has a clear preference for Mo. On PtSn, CO 



 CO-tolerant Catalysts 781 

interacts only with Pt, and OH (or oxygen) interacts preferentially with Sn. If CO 
tolerance is related to good hydrogen oxidation properties, a low CO coverage may 
be sufficient. For such systems, Pt overlayer systems seem quite promising The CO 
binding energy of these systems is primarily determined by Pt-Pt distance in the 
overlayer. Contracted overlayers lead to low CO bonding energies, expanded 
overlayers to high CO bonding energies. 

The adsorption properties of CO on Pt3Sn were investigated by G lmen et al. 
[196] using quantum mechanical calculations. The (111), (110), and (001) surfaces 
of Pt3Sn were generated with all possible bulk terminations, and on these 
terminations all types of active sites were determined. The adsorption energies and 
the geometries of the CO molecule at those sites were found. Those results were 
compared with the results obtained from the adsorption of CO on similar sites of 
Pt(111), Pt(110) and Pt(001) surfaces. The comparison reveals that adsorption of 
CO is stronger on Pt surfaces; this may be the reason why catalysts with Pt3Sn 
phase do not suffer from CO poisoning in experimental works. With the aim of 
understanding in detail the interactions between CO and the metal adsorption sites, 
the local density of states (LDOS) profiles were produced for atop-Pt adsorption, 
for both the carbon end of CO for its adsorbed and free states, and the Pt atom of 
the binding site. The study showed that: (i) inclusion of a Sn atom at the adsorption 
site structure causes a dramatic decrease in stability, which limits the number of 
possible CO adsorption sites on the Pt surface, (ii) the presence of Sn causes angles 
different from 180° for M–C–O orientation, (iii) the presence of Sn in the 
neighborhood of Pt on which CO is adsorbed causes superposition of the 5 /1
derived-state peaks at the carbon end of CO and changes in the adsorption energy 
of CO, (iv) Sn present beneath the adsorption site strengthens the CO adsorption, 
whereas neighboring Sn on the surface weakens it for all Pt3Sn surfaces tested, and 
(v) the most stable site for CO adsorption is the atop-Pt site of the mixed atom 
termination of Pt3Sn(110). 

16.3 Development of CO-tolerant Catalysts 

Because the use of CO-tolerant electrocatalysts would be more efficient and cause 
fewer associated problems, it is generally considered the most promising way for 
solving the CO poisoning problem in PEMFCs. It is well established that binary 
systems of CO-tolerant electrocatalysts, with Pt as one of the components, can 
exhibit a substantial resistance to the presence of CO in the fuel stream. It has been 
found that the use of a second element with Pt, such as Ru, Sn, Ge, Co, Cr, Fe, Ni, 
Pd, Os, Mo, Mn, etc., in the form of an alloy or a co-deposit yields significant 
improvement in the CO-tolerance relative to pure Pt [20, 21, 34, 35, 67, 89, 110, 
111, 197–208]. Among these various Pt-based binary systems, PtRu/C is still 
regarded as the most efficient anode electrocatalyst for both reformate and 
methanol fuel, due to its electronic or bifunctional effects in reducing CO 
poisoning [209–211]. Superior CO-tolerance has been evidenced for alloyed PtRu 
materials [13, 14, 102, 212, 213] or Ru-decorated Pt electrocatalysts [112, 164, 
165, 214–222]. Therefore, the development of CO-tolerant electrocatalysts is still 
concentrated on Pt or PtRu-based bimetallic catalyst systems. Some reported work 
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and critical reviews on this topic have been published recently by Ralph [43, 68, 
69] and Urian et al. [70]. 

Ternary catalyst systems, typically based on a PtRu alloy, have also been 
investigated and their performance has been compared with that of pure Pt/C or 
PtRu/C [129, 223–227]. Specifically, PtRu alloys with Ni, Pd, Co, Rh, Ir, Mn, Cr, 
W, Zr, and Nb have been investigated. Nevertheless, there remain associated 
problems with the preparation method and the enhancement of electrochemical 
performance. 

Many papers in recent years have presented details of new preparation methods 
and the performance of Pt-based electrocatalysts such as PtSn/C, PtMo/C, 
PtRuMo/C, PtRu-HxMoO3/C, and PtRu/(carbon nanotubes). In addition, efforts to 
develop Pt-free electrocatalysts such as PdAu/C have been undertaken.

Watanabe et al. [226] recently classified the Pt alloys studied into 3 groups with 
respect to their CO tolerance. The first group of alloys exhibits excellent stability 
for H2 oxidation in the presence of 100 ppm CO, the second exhibits stability for 1 
h and the third exhibits no CO tolerance, i.e., they are comparable to pure Pt. The 
first contains PtFe alloys such as Pt95Fe5, Pt85Fe15, Pt56Fe44, and Pt40Fe60, PtNi 
alloys such as Pt76Ni24 and Pt56Ni44, PtCo alloys such as Pt82Co18 and Pt57Co43,
PtMo alloys such as Pt67Mo33 and Pt55Mo45, and the conventional PtRu alloys such 
as Pt93Ru7, Pt57Ru43, Pt50Ru50, and Pt35Ru65, where the numbers after an element 
symbol are the concentration of the element expressed in atom%. The second 
group includes PtMn alloys such as Pt80Mn20 and Pt48Mn52, PtSn alloys such as 
Pt78Sn22 and Pt79Sn51, PtAg alloys such as Pt87Ag13 and Pt54Ag46, and PtZn alloys 
such as Pt70Zn30 and Pt52Zn416. The third group contains Pt80Cr20, Pt52Cr48, Pt85Cu15,
Pt70Ge30, Pt40Ge60, Pt90Nb10, Pt55Nb45, Pt65Pd35, Pt66In34, Pt76Sb24, Pt48Sb52, Pt80W20,
Pt50W50, Pt81Au19, Pt57Au43, Pt64Pb33, and Pt65Bi35.

Figure 16.6 shows examples of saturated CO coverage on Pt and the alloys 
after H2 oxidation for a prolonged period in the presence of 100 ppm CO. The CO 
coverage ( CO) on all of the CO-tolerant alloys is suppressed to values less than 
0.6, while the other groups of alloys and pure Pt are almost completely covered 
with CO [228]. In the case of PtFe alloys, for example, the addition of only 5% Fe 
to Pt reduces the saturated CO to less than 0.3, resulting in the same activity level 
as those of other compositions or combinations. 

It should be noted that the non-noble alloying metal has to be stable in the 
severe environment of the catalyst layer, where a major component is a strong 
perfluorosulfonic acidic. Fuel cell operation may produce changes in the catalyst 
crystallinity, particle surface composition, and the oxidation state of M, which 
consequently may decrease the CO tolerance [229]. Ishikawa et al. [230], by using 
relativistic density-functional calculations, found that the alloying metals should be 
those that possess low-activation energies for H2O dissociation and for the COads + 
OHads  COOHads reaction. Once COOHads is formed, it rapidly forms CO2,ads
(+Hads) because of its decomposition. Based on energetic predictions emphasizing 
water activation, it was predicted that the most suitable alloying metals for the CO 
electrooxidation are Mo, W, and Os, with Ru close behind. Among the several 
possibilities of binary alloys, PtRu has shown the most promising performance for 
the hydrogen oxidation reaction in the presence of CO [67, 111]. However, the low 
natural abundance of Ru is a drawback of this catalyst for practical uses, and for 
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this reason alternative approaches have been sought, some of them with recent 
promising results [43, 169], that will be reviewed here.

Figure 16.6. Equilibrium coverage of CO on the alloy electrodes in 0.1 M HClO4 saturated 
with 100 ppm balance gas. Alloy compositions are shown on the left-hand side. Potential for 
CO adsorption: 50 mV vs. RHE, rotation rate of electrodes during the CO adsorption: 1500 
rpm [169]. (Igarashi H, Fujino T, Zhu Y, Uchida H, Watanabe M. CO tolerance of Pt alloy 
electrocatalysts for polymer electrolyte fuel cells and the detoxification mechanism. Phys 
Chem Chem Phys. 2001;3:306–14. Reproduced by permission of The Royal Society of 
Chemistry.) 

16.3.1 PtRu Binary System 

16.3.1.1 PtRu Catalysts 
The most commonly used anode electrocatalyst in PEMFCs is the platinum-
ruthenium binary catalyst (PtRu). Based on early work by Watanabe and Motoo 
[89] (on methanol electrooxidation), a bifunctional mechanism involving water 
activation by Ru (Equation 16.11) and subsequent CO electrooxidation on a 
neighboring Pt atom (Equation 16.12) has been postulated by a number of groups 
[20, 102, 103, 110–112]. In fact, this system evidently enhances CO tolerance and 
decreases the CO binding energy on platinum due to its electronic or bimetallic 
effects. It has been proposed that the addition of ruthenium to platinum can 
improve CO tolerance through either a ligand effect [157] or through a bifunctional 
mechanism [133], and possibly a combination of the two. 

It is well documented [102, 103, 118, 231–233] that in the PEMFC at 80 °C 
PtRu alloys are much more tolerant to CO poisoning than pure Pt electrocatalysts. 
This has made them the electrocatalysts of choice for reformate operation. For 
example, Figure 16.7 shows the large improvement in CO tolerance for an MEA 
with an anode based on a Pt50Ru50 alloy electrocatalyst prepared as 20 wt% Pt, 10 
wt% Ru supported on Vulcan XC72R. The cell potentials are significantly higher 
at all current densities compared with the MEA based on pure Pt, for operation 
with hydrogen containing 10, 40, and 100 ppm CO. This improved CO tolerance 
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has resulted in much effort to optimize the PtRu electrocatalyst for reformate 
operation. 

Figure 16.7. Progressive poisoning from 10, 40, and 100 ppm CO on pure Pt and Pt50Ru50
alloy anodes. Increased CO tolerance is shown by the Pt50Ru50 alloy anodes. The anodes are 
prepared from 20 wt% Pt on Vulcan XC72R or 20 wt% Pt, 10 wt% Ru on Vulcan XC72R at 
a loading of 0.25 mg Pt cm–2. The cathode uses 40 wt% Pt/Vulcan XC72R at a loading of 
0.6 mg Pt cm–2. The MEAs are based on catalyzed substrates bonded to Nafion NE-115 
membrane. The Ballard Mark 5E single cell is operated at 80 °C, 308/308 kPa, 1.3/2 
stoichiometry with full internal membrane humidification [43]. (Reprinted from Ralph TR, 
Hogarth MP. Catalysis for low temperature fuel cells, part II: the anode challenges, Plat Met 
Rev 2002;46(3):117–35. With permission from Platinum Metals Review.) 

16.3.1.2 Effect of PtRu Composition 
The HOR performance of PtRu alloys in the presence of CO has been studied 
extensively [20, 209] and it has been shown that the HOR overpotential for CO-
containing hydrogen decreases as the ruthenium content increases, reaching a 
minimum around the 1:1 (atomic ratio) composition. 

Using a 20 wt% Pt, 10 wt% Ru/Vulcan XC72R electrocatalyst, the effect of 
alloy formulation on CO tolerance was examined by Johnson Matthey [43], both as 
fully alloyed and as completely unalloyed materials, with a nominal composition of 
Pt50Ru50. The unalloyed Pt50Ru50 was prepared by depositing Ru onto a pre-
reduced Pt electrocatalyst. XRD confirmed that there was no alloying from the Pt 
lattice spacing of 0.392 nm, which is equivalent to pure Pt. In addition, there was 
no significant crystalline Ru, suggesting the Ru was present as amorphous Ru 
oxide. The peak potential for CO electrooxidation (Equation 16.10) at the 
unalloyed Pt50Ru50 occurred at +0.44 V (vs. RHE), close to the +0.37 (vs. RHE) for 
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the Pt50Ru50 alloy and much lower than the +0.58 V (vs. RHE) for the pure Pt 
electrocatalyst. With hydrogen containing 100 ppm CO as reactant the specific 
activity for hydrogen electrooxidation was measured. At +0.010 V (vs. RHE) the 
specific activity increased from 8 mA cm–2 Pt for pure Pt to 25 mA cm–2 PtRu for 
the unalloyed Pt50Ru50 and to 60 mA cm–2 PtRu for the Pt50Ru50 alloy. This 
suggests that the alloying process, which incorporates the Ru into the Pt lattice 
(and reduces the Pt lattice spacing), is important for improving the CO tolerance. 
Besides enhancing the intimate contact between the Pt and the Ru, extended X-ray 
absorption fine structure (EXAFS) analysis has shown that alloying removes 
electron density from the Pt [29]. Both these effects are capable of promoting a 
lower CO coverage on Pt and increasing the hydrogen electrooxidation activity of 
the anode. 

A possible consequence of these findings is that low Ru contents might not 
show such high CO tolerance in the PEMFC. The Ru content in a fully alloyed 20 
wt% Pt, Ru/Vulcan XC72R electrocatalyst was lowered from Pt50Ru50 to the mined 
ratio of Pt70Ru30, and then examined in the PEMFC. The XRD lattice spacing of 
0.390 nm confirmed a Pt70Ru30 alloy was formed. For hydrogen containing 10, 40, 
and 100 ppm CO, MEAs prepared with Pt70Ru30 matched the performances in 
Figure 16.7 for the Pt50Ru50 electrocatalyst at an identical anode loading of 0.25 mg 
Pt cm–2. This confirmed that at an atomic ratio of Pt70Ru30 there is sufficient Ru 
incorporated into the Pt lattice to adequately modify the CO tolerance of Pt. These 
findings were in agreement with the fundamental kinetic work of Gasteiger et al. 
[110], who used 1000 ppm CO in hydrogen and bulk, planar Pt50Ru50 and Pt90Ru10
alloys. The findings also agree with the more applied results in the PEMFC of 
Iwase and Kawatsu [103] for alloys of composition Pt85Ru15 to Pt15Ru85, all based 
on 20 wt% Pt, 10 wt% Ru/Vulcan XC72R electrocatalysts. They found that the CO 
tolerance was significantly lower only at Ru contents below Pt80Ru20 or above 
Pt20Ru80. However, there have also been a few reports of lower CO tolerance at 
lower Ru levels, including Pt70Ru30 [102]. This highlights the importance of the 
manufacturing route for the degree of PtRu alloying and for the nature of the 
electrocatalyst surface. This variability probably accounts for the significant spread 
in CO tolerances reported for PtRu anode electrocatalysts [234].

Stevens et al. [235] prepared Pt1-xRux random alloy samples via dc magnetron 
sputtering. The alloys were deposited through shadow masks onto 3M 
nanostructured thin-film catalyst support for testing in a 64-electrode PEMFC. 
Electron microprobe data confirmed that linear composition gradients covering 
almost the whole binary range were prepared. The phases present were examined 
with XRD. All samples were found to have the Pt fcc structure at high Pt content. 
At high Ru content, only hexagonal close-packed (HCP) Ru was seen. Electron 
microprobe measurements on catalyst electrodes after fuel cell testing showed that 
the Ru-based alloys were stable to corrosion. Alloying Pt with intermediate levels 
of Ru led to lower CO-stripping onset potentials, implying improved CO tolerance. 
Hydrogen oxidation polarization curves were measured for the alloy gradients to 
determine overpotentials as a function of composition, with a reformate fuel 
containing up to 50 ppm CO. The Pt1-xRux composition spreads all showed lower 
overpotentials at intermediate M content with 50 ppm CO (approximate as-
sputtered ranges: Ru: 0.2 < x < 0.9), implying that these binary catalysts would be 
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more CO-tolerant than Pt alone. An overpotential of approximately 200 mV was 
required for the Ru-containing samples before the surface became clean enough to 
support high current densities, consistent with the CO-stripping voltammetry 
results. 

16.3.1.3 Effect of PtRu Particle Size 
The optimum particle size for methanol oxidation has been the subject of several 
investigations and the values vary with the preparation procedure, the conditions of 
the reaction, and the metals present in the catalyst. It has been found that the 
optimum specific activity for Pt was achieved with particle sizes of 3 nm [236]. 
Other reports [239, 240] conclude that the specific activity declines below 4.5 nm. 
Particles below 5.0 nm have enough coordination sites to produce strong Pt–OH 
bonds, leading to high coverage with this species. Mukerjee and McBreen have 
studied the role of the geometric parameters and the changes in the electronic 
structure due to specific adsorbates, such as hydrogen and oxygenated species (OH 
and CO), on methanol oxidation [239]. They found by X-ray absorption 
spectroscopy that, for particle sizes of carbon-supported Pt clusters below 5.0 nm, 
there is a strong adsorption of H, OH, and C1-compounds such as CO. On these 
small particles, H adsorption is strong enough to induce restructuring and 
morphological changes in Pt clusters at negative potentials. Moreover, the strong 
adsorption of OH for potentials more positive than 0.8 V inhibits the reduction of 
oxygen, and the combined effect of strongly adsorbed CO and OH impedes the 
oxidation of methanol. 

16.3.1.4 Stability of PtRu Catalysts and the Impact on Oxygen Reduction Reaction 
Activity 
Fuel cell operation may produce changes in the catalyst crystallinity, particle 
surface composition, and the oxidation state of M, which consequently may 
decrease the CO tolerance [229]. Knights et al. [240] investigated several of the 
key mechanisms attributed to fuel cell power loss over extended periods of time 
and provided an overview of those operating conditions that influence durability. 
The authors claimed that by enhancing the water retention at the anode side in 
combination with advanced electrocatalyst designs, the degradation of PtRu via the 
dissolution of noble metals could be avoided. However, most PtRu materials were 
found to be prone to preferential leaching of Ru, especially in the presence of 
methanol [241–243], thereby entailing undesired changes in the composition and, 
consequently, in the activity of the electrocatalyst [243]. Earlier reports have 
proposed that the onset potential of Ru oxidation can be somewhere between 0.2 
and 0.4 V vs. RHE [12, 289, 217, 243]. It was observed [244] that a large amount 
of Ru leaves by the dissolution of the thermodynamically instable (oxide) phases, 
which can largely be removed by washing. At the same time, the PtRu alloy matrix 
seems less prone to leach Ru. Focusing on the mechanism behind Pt and Ru 
corrosion, Chen et al. [242] demonstrated through potential cycling of the anode in 
a DMFC that dissolution of the anode electrocatalyst contributes to a lower 
catalytic activity for methanol electrooxidation. A study by Piela et al. [245] 
showed that the impact of Ru dissolution on fuel cell performance is complicated 
by Ru crossover from the anode to the cathode side. Because the mobility and 
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transport of metal ions in PEMs are well documented [246–248], it is reasonable to 
evaluate the indirect effects of Ru corrosion and mobility in terms of overall 
PEMFC performance, especially because the concentration of the leached Ru is 
expected to exceed trace levels [243, 245]. Ruthenium crossover in DMFCs was 
recently discovered by the Los Alamos Group [245]. In their pioneering work, X-
ray fluorescence and CO-stripping data evidenced the transport of Ru across the 
PEM and its deposition on the Pt cathode, respectively, under various DMFC 
operating conditions. Such a series of events with Ru was also confirmed in single-
cell experiments [243], in which the DMFC was operated in the mass transport-
limited region under massive methanol crossover. Interestingly, no accumulation 
of Ru in the Nafion membrane could be detected by energy dispersive X-ray 
spectroscopy (EDX). Rather, dissolved Ru species were assumed to travel across 
the PEM and fill the drained voids in the cathode electrocatalyst layer. In those 
pores, Run+ concentration is predicted to reach the several moles per liter level 
[249]. Ru contamination can impair oxygen reduction activity more severely, as 
was evidenced by the corresponding rotating disk electrode study. Unlike the 
observed progressive decrease in surface oxide coverage on Pt with increasing 
Run+ contamination, oxygen reduction seems to occur at a minimum activity level 
beyond a certain Ru coverage on Pt. Such a lower limit of ORR activity beyond a 
threshold Run+ concentration was attributed to the ability of Ru adatoms to reduce 
molecular oxygen at sufficiently high overpotential [250, 251]. 

Ru leaching from PtRu fuel cell anode electrocatalysts can have a dramatic 
impact on the activity of a Pt/C oxygen-reducing cathode. Even from highly 
diluted Ru-containing electrolytes (micromolar concentration range), Ru deposits 
instantly onto Pt and remains stable on its surface in the electrode potential 
window of the ORR. Rotating disk electrode data [244] showed that the rate of 
oxygen reduction can decrease by a factor of eight, which can translate to a ~160 
mV overpotential penalization in galvanostatic conditions. Polarization curves 
recorded for fuel cells with clean and Ru-contaminated Pt cathodes suggest that Ru 
contamination plays a crucial role in the unrecoverable performance degradation of 
PEMFCs. Because a typically ten-times larger Pt loading in fuel cell cathodes is 
not expected to compensate for the suspected several orders of magnitude higher 
Run+ concentration in the voids of the cathode electrode layer [245], those data 
stress that Ru contamination can indeed play a major role in the performance 
degradation of PEMFCs and especially of DMFCs. Unless highly stable PtRu 
anode electrocatalysts are developed, the problem of Ru crossover and 
contamination at the cathode should be addressed by either novel fuel cell designs 
such as laminar-flow fuel cells [252, 253], in which crossover is reduced using less 
Ru-permeable membranes, or by more Ru-tolerant ORR electrocatalysts in 
PEMFCs.

16.3.2 PtMo Binary System 

Under reformate-feed conditions, carbon-supported PtRu alloys are widely used as 
reasonably reformate-tolerant anode catalysts [254–257]. However, the CO 
tolerance of PtRu is still unsatisfactory for the higher CO concentrations expected 
at system start-up or during changes in load. Moreover, the limited availability of 
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Ru may become a significant problem before stationary PEMFC systems can be 
placed on the market. Many Pt-based catalysts have thus been proposed as 
alternatives to PtRu. Based on the ‘‘bifunctional mechanism’’ in CO removal, 
along with anodic hydrogen oxidation, the search for oxophilic components [198] 
has been the main trend in the development of alternative CO-tolerant 
electrocatalysts for the PEMFC. Those with the most successful and cost-effective 
combinations so far have been Pt3Mo and Pt4Mo [21–23, 258]. Recent theoretical 
and experimental studies suggest that Pt-Mo combinations could be not only much 
cheaper, but even more efficient catalysts for CO oxidation than PtRu [21–23, 230, 
258]. Bimetallic PtMo alloy catalysts have thus attracted considerable attention for 
their high catalytic activity in H2 oxidation with CO/H2 feed [22, 23, 70, 126, 127, 
204, 225, 259–263]. Such enhanced performance in contrast with PtRu was 
ascribed to (1) the lack of adsorption of CO on Mo, leaving more adsorption sites 
for oxygen-containing species that are acting as CO oxidation reagents within the 
frame of such a bifunctional mechanism, or (2) changes in Pt–Pt atomic distance, 
which modifies the Pt–CO adsorption energy [230]. 

Grgur et al. [22, 23] reported the electrochemical oxidation of H2, CO, and 
CO/H2 on well-characterized Pt70Mo30 bulk alloy or carbon-supported PtMo (3:1 or 
4:1) catalysts in sulfuric acid solution. Their work suggested a similar bifunctional 
mechanism with Ru in the role of Mo in PtMo alloy: an increase in free Pt sites by 
the oxidative removal of adsorbed CO. Mukerjee et al. [70, 127, 204] showed two- 
to three-fold enhancement of the CO tolerance of PtMo in a PEM fuel cell 
compared to that of PtRu, which was ascribed to the onset of CO oxidation at very 
low potentials (~100 mV). The PtMo (atomic ratio = 5:1) electrocatalyst also 
displays a lower variation in overpotential losses than the PtRu counterpart [126, 
204, 263]. Recently, the high CO tolerance of PtMo catalysts has also been 
reported by Santiago et al. [262, 263]. The catalytic activity of Mo/C for the water-
gas shift (WGS) reaction was observed using a fixed-bed catalytic reactor, and they 
concluded that the CO tolerance of PtMo is due to lowering of the CO 
concentration in the gas channel inside the electrode through the chemical reaction 
catalyzed by Mo-species. With regard to the PtMo alloy, Mo atoms have been 
reported to have oxygen-containing ligands even at H2 potentials, which were 
responsible for the excellent CO tolerance [23, 260]. This notion was supported by 
the results for Mo K-edge XANES spectra, which showed that Mo was present as 
hydrated oxides with a valence state of +IV at 0 V [260]. 

A Pt75Mo25 alloy was prepared [43] as 20 wt% Pt, 3 wt% Mo by sequentially 
depositing Pt oxide and Mo oxide followed by thermal reduction at high 
temperature. Half-cell measurements in H2SO4 at 80 °C using Nafion-containing 
electrodes were performed to determine the specific activity for hydrogen 
electrooxidation in the presence of 100 ppm CO. It was shown that for the Pt3Mo 
alloy electrode with pure CO, there is considerable specific activity for CO 
electrooxidation starting from anode potentials of +0.05 V (vs. RHE). Mass 
spectrometry of the exhaust gas confirmed that the electrooxidation current was 
due to product CO2 formation. This indicated that at anode potentials below +0.2 V 
(vs. RHE) (needed for efficient PEMFC operation), the CO tolerance of the PtMo 
electrocatalyst comes from promoting CO electrooxidation (Equation 16.10). The 
low electrode potentials required for CO electrooxidation were also evident in the 
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cyclic voltammograms. For the Pt3Mo alloy electrode a broad oxidation current 
starting at +0.15 V (vs. RHE) is complicated by Mo surface redox reactions [264]. 
These results are in direct contrast to those from both the pure Pt and the PtRu 
alloy electrodes. There is no detectable specific activity for CO electrooxidation 
below +0.2 V (vs. RHE) and no product CO2 was detected in the half-cell exhaust 
gas. There was no electrooxidation activity measured at these low electrode 
potentials for either the PtRu alloy or the pure Pt electrodes in the cyclic 
voltammograms. Greatly improved CO tolerance for hydrogen containing from 40 
to 100 ppm CO has been confirmed using MEAs containing Pt50Mo50 catalysts 
[43]. Pt67Mo33 alloy showed almost the same polarization properties for H2
oxidation in the presence and absence of 100 ppm CO, while H2 was hardly 
observed on pure Pt after 2 h CO adsorption [169]. CO poisoning of H2 oxidation 
was not observed on this PtMo alloy at all. However, as the CO concentration is 
reduced, the benefit due to the Pt75Mo25 alloy electrocatalyst is also reduced, until 
at 10 ppm CO the PtRu alloy electrocatalyst is the more CO-tolerant. The 
difference in reaction order for the Pt75Mo25 and the PtRu alloys is perhaps 
indicative of the distinct mechanisms of CO-tolerance operating at the 
electrocatalysts. 

A much larger issue than the MEA performance at low ppm levels of CO was 
found for the Pt75Mo25 alloy. When operating on hydrogen with 25% CO2, the 
Pt75Mo25 alloy showed poor CO2 tolerance [43]. Poor CO2 tolerance of the PtMo 
system reflects an increased ability of the electrocatalyst to promote the 
electroreduction of CO2 (Equation 16.9). This produces much higher coverage of 
the “Pt–CO” poison. The source of the CO tolerance shown by the PtMo 
electrocatalyst, namely its ability to electrooxidize CO (Equation 16.10) also 
results in an ability to catalyze the reverse electroreduction reaction (Equation 
16.9). PtMo alloy catalysts have been reported to be more susceptible to poisoning 
by CO2 compared to PtRu [70, 127, 260, 265]. A performance evaluation on 
CO(100 ppm)/H2 and CO2(25%)/H2 showed that the voltage loss with PtMo (7:1) 
catalyst caused by 25% CO2 is much greater than that with PtRu, while PtMo 
shows better performance than PtRu on CO(100 ppm)/H2 [260]. Systematic 
evaluation of the CO2 tolerance of PtMo with various atomic ratios showed that 
variation of the PtMo atomic composition affects the tolerance to CO2, and a 
similar voltage loss on CO2/H2 was observed for PtMo(1:1)/C and PtRu(1:1)/C 
[70]. Recently, Mukerjee et al. [127] reported no significant additional voltage loss 
for a PtMo(1:1) anode upon the addition of 21% CO2 compared to the cell voltage 
on CO(100 ppm)/H2. These reports suggest that the CO2 tolerance of PtMo alloy 
catalysts is highly influenced by the catalyst composition and/or the method of 
catalyst preparation. 

In 2007, Pt1 xMox binary composition spreads were deposited via dc magnetron 
sputtering through shadow masks onto 3M nanostructured thin-film catalyst 
support by Stevens et al. [235]. Electron microprobe data confirmed that linear 
composition gradients covering almost the whole binary range were prepared. The 
phases present were examined with XRD. All samples were found to have the Pt 
fcc structure at high Pt content. The body-centered cubic (bcc) Mo phase was also 
formed for compositions containing greater than 35 atom% Mo, dominating at high 
Mo content. Electron microprobe measurements on catalyst electrodes after fuel 
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cell testing showed some loss of Mo in Pt1 xMox alloys containing > 40 atom% 
Mo. Hydrogen oxidation measurement results obtained from testing with CO-free 
reformate suggest that Pt1 xMox at high Mo levels may be binary alloys that are 
able to catalyze the RWGS reaction. RWGS CO poisons the platinum surface, 
requiring larger overpotentials for a given current density. CO-stripping 
voltammetry measurements indicated that alloying Pt with intermediate levels of 
Mo led to lower CO-stripping onset potentials, implying improved CO tolerance. 
The Pt1 xMox composition spreads all showed lower overpotentials at intermediate 
M content with 50 ppm CO (approximate as-sputtered ranges: Mo: 0.4 < x < 0.7), 
implying that the binary catalysts would be more CO-tolerant than Pt alone. Mo 
gave lower overpotentials (for x in Pt1 xMox ~0.5 as-sputtered) than Ru and Sn, 
especially at low current densities. 

The relative magnitude of the electrooxidation of CO and the electroreduction 
of CO2 will depend strongly on the concentrations of each reactant and on the 
PEMFC operating conditions. At present, for operation below 100 °C, the 
reformate streams usually contain much more CO2 than CO. As a consequence, for 
full reformate operation with hydrogen containing both 25% CO2 and 40 ppm CO, 
the PtRu alloy is much more tolerant than the Pt75Mo25 alloy [43]. Thus, today, 
with typical reformate feeds that contain CO2, PtRu remains the electrocatalyst of 
choice for PEMFC operation below 100 °C. Based on those results, Ralph et al. 
[43] pointed out that the search for alternative electrocatalysts to provide improved 
CO tolerance by electrooxidizing CO at low anode potentials may be 
fundamentally flawed for current PEMFC stack operating conditions. They 
suggested that membrane purification [266] could be adopted to reduce CO2 to 
ppm levels. Using membrane purification would allow PtMo to show a clear 
benefit over PtRu electrocatalysts at CO concentrations greater than 10 ppm. 

16.3.3 PtSn Binary System 

Evaluation of CO oxidation on PtSn electrocatalyst systems has been investigated 
in earlier work [26, 34, 267–274]. It was demonstrated that bimetallic PtSn 
catalysts with an oxide support display superior catalytic activity for CO oxidation 
[35, 275–278]. In 2000, Crabb et al. [267] applied a PtSn/C anode electrocatalyst, 
prepared by a surface organometallic chemistry method, in a PEMFC. Their 
preparation method involved a selective means of adding a second metal to the 
surface of another. This produced a controlled surface reaction between an 
organometallic species of the second metal (tetrabutyl- or tetraethyl-tin) with a pre-
reduced monometallic platinum metal catalyst. The PtSn/C prepared by this 
method gave enhanced activity that resulted in a large decrease in the onset 
potential of CO oxidation compared with that for Pt/C. It was claimed that this 
enhancement was caused by the addition of Sn to the Pt/C-suppressed 
chemisorption of both the hydrogen and the carbon monoxide. Furthermore, in 
using this method, only a small amount of Sn was required to decrease the onset 
potential of CO oxidation. Analysis with TEM, EDX, and XPS provided evidence 
of a bimetallic effect, as the Pt and Sn appeared together on the support and the 
catalysts consisted mainly of metallic platinum in close association with tin oxide 
after exposure to air. 
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The Pt3Sn alloy has been found to be a more effective CO electrooxidation 
catalyst than pure Pt and thus more active for hydrogen oxidation in the presence 
of CO than pure Pt, with the activity strongly dependent on the surface orientation. 
The (111) face, in particular, is very active for CO electrooxidation [279]. In 
addition to electronic effects, other factors, such as surface structure and 
intermolecular repulsion between adsorbed species are responsible for the high 
catalytic activity of Pt3Sn(hkl) alloys. This enhanced CO tolerance has also been 
used to improve DMFC performance [280]. A Pt3Sn/C catalyst was synthesized by 
Lim et al. [281] via borohydride reduction and hydrothermal treatment for the 
anode electrode of a low-temperature fuel cell. In the TEM image, the PtSn 
nanoparticles were uniformly well-dispersed on the carbon support with an average 
particle size of around 2.4 nm. Good distribution of the Pt3Sn/C nanoparticles is 
known to be an important factor in catalytic activity. The oxidation of CO on the 
Pt3Sn/C catalyst occurred at a lower potential than that on the commercial 
catalysts. It appeared that Sn has the ability to promote the oxidation of adsorbed 
CO at low potentials. The removal of the CO adsorbed onto Pt proceeded via its 
reaction with OH adsorbed onto the Sn or Sn oxide sites formed by the dissociative 
adsorption of water. 

It has been shown that at low Sn contents, the Pt3Sn phase is easier to form, and 
an increase in the Sn content will prompt the main alloy structure to change to the 
PtSn phase. As for CO-stripping over the PtSn/C catalyst, it had already been 
indicated that oxidation of the CO adsorbed on Pt sites is promoted by the adjacent 
Sn atoms in the Pt3Sn alloy [282]. Despite reports that Sn can supply the OH to 
improve the oxidation of COad, it has been proposed that the electroactivity of 
PtSn/C catalyst is proportional to the amount of Pt3Sn phase present, without any 
contribution for CO oxidation derived from the PtSn phase, Pt/SnO2 clusters, or 
other structures [271]. Stevens et al. [235] prepared Pt1 xSnx binary composition 
spreads via dc magnetron sputtering through shadow masks onto 3M 
nanostructured thin-film catalyst support. All samples were found to have the Pt 
fcc structure at high Pt content. At high Sn content, only tetragonal Sn was seen. 
Electron microprobe measurements on catalyst electrodes after fuel cell testing 
showed some loss of Sn in Pt1 xSnx alloys containing > 80 atom% Sn. The HOR 
overpotentials for the Pt1 xSnx samples increased significantly for compositions at 
intermediate metal levels (Sn > 40 atom%), implying that the alloying elements 
significantly degraded the HOR capability of Pt. CO-stripping voltammetry 
measurements indicated that alloying Pt with intermediate levels of Sn led to lower 
CO-stripping onset potentials, implying improved CO tolerance. The Pt1 xSnx
composition spreads all showed lower overpotentials at intermediate M content 
with 50 ppm CO (approximate as-sputtered ranges: Sn: 0.1 < x < 0.4), implying 
that binary catalysts would be more CO-tolerant than Pt alone. 

16.3.4 PtM (M = Fe, Co, Ni, Ta, Rh, Pd) Binary Systems 

PtFe alloys such as Pt95Fe5, Pt85Fe15, Pt56Fe44, and Pt40Fe60, PtCo alloys such as 
Pt82Co18, and Pt57Co43, and PtNi alloys such as Pt76Ni24, and Pt56Ni44 are within the 
same group as PtRu and PtMo that exhibits excellent stability for the activity of H2
oxidation in the presence of 100 ppm CO, in comparison with pure Pt, as classified 
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by Watanabe et al. [169]. They studied the cyclic voltammograms on Pt and Pt-Fe 
alloy surfaces. From the cyclic voltammograms in the solution saturated with and 
without CO, it is clear that the blank anodic current on the Pt skin of the Pt-Fe 
alloy electrode commences to increase at about 0.6 V, which is ~0.2 V less positive 
than that of the pure Pt and shows a larger current at more positive potentials in 
comparison with the blank cyclic voltammograms on the pure Pt. This result infers 
that the Pt skin surface on the alloy has a larger affinity, or oxidizing property, to 
water molecules than the bulk pure Pt. On the alloy electrode with the saturated 
CO adlayer, the anodic current for CO oxidation begins to increase at about 0.6 V, 
corresponding to the onset of the water molecule oxidation or the adsorption of OH 
species, and shows only one anodic peak at 0.73 V without any shoulder peak. On 
the other hand, the oxidation of the adsorbed CO on pure Pt starts at a potential less 
positive than 0.55 V and shows a peak at ~0.7 V via a small pre-shoulder. The 
shoulder current and the less positive onset potential can be ascribed to carboxyl 
radicals formed on the pure Pt surface [160, 283]. Despite almost the same total 
CO adlayer coverage on the Pt skin and the pure Pt, the electric charge (per real Pt 
surface area) for the CO adlayer oxidation on the Pt skin layer is larger than that of 
the pure Pt; this indicates that the former adlayer involves CO species with a larger 
number of electrons per Pt site, associated with the oxidation reaction not as a 
carboxyl radical or bridge-bonded CO but as linear CO. 

Cobalt is used to promote CO oxidation in reformers [284, 285], suggesting 
PtCo alloys may be useful catalysts for H2 oxidation in the presence of CO. PtCo 
alloys have been proposed as improved methanol oxidation catalysts [286] because 
cobalt may assist with CO removal (CO is an intermediate in methanol 
electrooxidation) through a mechanism analogous to the PtRu bifunctional 
mechanism. PtCo alloys have also been studied as improved ORR catalysts [200, 
287, 288]. In addition to their improved ORR kinetics, these alloys have been 
shown to be more tolerant to methanol crossover in direct methanol fuel cells 
(DMFCs), again possibly through improved CO removal kinetics [289]. However, 
Stevens et al. [235] observed no impact on CO-stripping with the addition of cobalt 
to Pt, and explained this as due to surface cobalt dissolving away. 

Tantalum is resistant to corrosion because it forms a passivation layer under all 
practical conditions. In a study of Pt1 xTax alloys, it was shown that all of the 
tantalum was retained across the whole Pt1 xTax binary range after exposure to 0.5 
M H2SO4 at 80 °C for 1 week [290]. This means that if a PtTa catalyst composition 
with improved performance is developed, it is likely that the composition will give 
stable performance over time. There are few reports in the literature on the use of 
PtTa alloys in PEMFC applications. The most relevant work, completed by 
Papageorgopoulos et al. [210], involved a study of alloys of platinum with 
molybdenum, niobium, and tantalum. In this study it was shown that Pt6Ta was 
more active than pure platinum for hydrogen oxidation in the presence of CO. 
Stevens et al. [235] prepared Pt1 xTax binary composition spreads via dc magnetron 
sputtering through shadow masks onto 3M nanostructured thin-film catalyst 
supports. A nanocrystalline/amorphous PtTa phase formed for compositions 
containing at least 30 atom% Ta and the fcc phase was no longer observed. 
Electron microprobe measurements on catalyst electrodes after fuel cell testing 
showed that the Ta-based alloys were stable to corrosion. The HOR overpotentials 
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for the Pt1 xTax samples increased significantly for compositions at intermediate 
metal levels (> 50 atom%), implying that the alloying elements significantly 
degraded the HOR capability of Pt. CO-stripping voltammetry measurements 
indicated that alloying Pt with intermediate levels of Ta may lead to lower CO-
stripping onset potentials, implying improved CO tolerance. 

Gómez et al. [291] studied rhodium adlayers on Pt(1 1 1) substrates prepared 
by electrodeposition from dilute Rh3+ acidic solutions. For the electrooxidation of 
CO, the experimental behavior cannot be described as a linear combination of the 
behavior of Pt and Rh regions: there is a sizable shift of the voltammetric CO 
oxidation curve toward less positive values. In addition, two different voltammetric 
contributions are distinguishable, reaching to split voltammetric peaks. A 
bifunctional mechanism as proposed by Watanabe and Motoo [89] would be 
applicable in this case. Rhodium adatoms would adsorb OH, which would react 
with CO molecules adsorbed both at the center of the islands and at the platinum 
sites in the vicinity of the Rh islands. This would correspond to the first peak in the 
CO voltammetric stripping wave. The second (at more positive potentials) would 
correspond to the oxidation of CO adsorbed on Pt sites and needing to diffuse to 
the island edges in order to combine with adsorbed OH. The periphery of the 
islands would contain the bifunctional catalytic centers. The reaction in the center 
of the islands is especially slow probably because of a high adsorption energy for 
both CO and OH, which leads to a much higher real energy of activation. In any 
case, the adsorptive and catalytic activity of the adlayers differ from those of the 
bulk Pt(1 1 1) and Rh(1 1 1) electrodes. The existence of strain in the film, together 
with a diminution in the coordination number for adatoms at the edges of the 
islands, are considered to be at the origin of the observed behavior. 

The PtPd bimetallic system also exhibits a high resistance against CO 
poisoning from the oxidation of formic acid [292–294]. Stonehart [295, 296] 
proposed PtPd alloys as suitable electrocatalysts in phosphoric acid fuel cells for 
hydrogen oxidation. According to his study, the alloys were more tolerant than 
platinum alone, were resistant to sintering, and could be prepared with a very high 
surface area. An extensive examination of the PtPd alloy system showed that a 
minimum in hydrogen polarization, for constant current density, was obtained at 
50–50 atom% levels [296]. However, PtPd alloys have given an inferior 
performance of Pt in a PEMFC [103]. The potential use of carbon-supported PtPdy

electrocatalysts (where y = 1–6) as CO-tolerant anodes for PEMFC applications 
has been investigated by Papageorgopoulos et al. [297]. Since exploratory 
experiments conducted in their lab in the past revealed extremely poor 
performance for PtPd catalysts with up to 50 atom% Pd, only Pd-rich 
electrocatalysts, supported on high surface area carbon and doped with Nafion, 
have been prepared. Cyclic voltammetry experiments at 80 °C, the operating 
temperature of the PEMFC, reveal that upon CO saturation, a lower fraction of 
surface sites is poisoned in the case of PtPdy as compared to Pt, resulting in higher 
amounts of adsorbed hydrogen. By increasing the Pd content, this effect becomes 
more pronounced. Fuel cell tests demonstrated that the need for reasonable 
hydrogen oxidation currents, with and without CO, necessitates the presence of Pt 
in the catalyst. As a type of CO-tolerant PEMFC anode catalyst, PtPdy catalysts 
exhibit enhanced CO tolerance compared to Pt under operating conditions, with 
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PtPd4 providing the best results. More importantly, improved performance 
compared to PtRu is demonstrated with 100 ppm or more of CO in the fuel stream. 

16.3.5 PtRuM (M = Mo, Sn, W, Cr, Zr, Nb, Ag, Au, Rh, Os, and Ta) Ternary 
Systems 

Of all the platinum alloys tested, platinum-ruthenium alloys, typically around the 
1:1 composition, are the only ones to have been introduced commercially. 
However, even the PtRu catalyst still suffers a loss of 25 and 40% in the maximum 
power density obtained when the H2 feed contains 25 and 100 ppm CO, 
respectively [102], although injection of 4.5% O2 in the fuel stream was found to 
restore the performance with 100 ppm CO to that of pure hydrogen [8]. Other 
elements such as Mo [126, 204, 263] and Sn [35] when alloyed with platinum have 
also shown some promise in terms of improving CO tolerance, possibly performing 
better than the platinum-ruthenium alloys. They have not as yet been introduced 
into commercial applications, probably because PEMFC catalysts need to perform 
well under a variety of operating conditions for long periods of time with minimal 
degradation in performance. Non-noble elements such as Mo and Sn have the 
potential to corrode during operation, which may impact long-term stability. In 
addition, although these alloys are more CO-tolerant than pure Pt, the HOR 
overpotentials in the presence of CO are still very high relative to the 
overpotentials of the HOR in a CO-free gas feed. 

It is likely that further improvements in CO tolerance will only be found in 
more complex (e.g., ternary, quaternary, etc.) alloy systems. The range of 
compositions that can be studied in such systems is enormous and realistically can 
only be mapped well through the use of high throughput materials science 
methods. Several CO-tolerant Pt-containing anodes exist, such as Pt/Ru/Sn [225], 
Pt/Ru/W [225], Pt/Ru/Mo [225], Pt/Ru/Os [233], and Pt/Ru/Pd [298, 299]. There is 
interest in determining whether there would be any synergistic effects if both 
elements were incorporated into Pt, with Mo increasing the rate of CO removal at 
low current densities, leading to low overpotentials at low to moderate current 
densities with Ru providing high current capability at higher overpotentials. Pt-
based ternary electrocatalysts, such as PtRuMo (Mo 10 wt%), do give better 
performance than those of PtRu/C in the presence of CO. 

In 2002, Papageorgopoulos et al. [210] investigated the effect on CO tolerance 
of including a metal M (M = Mo, Nb, and Ta) in Pt/C and PtRu/C. This was 
undertaken by comparing the cyclic voltammetry data and cell performance of the 
modified catalysts with those of traditional Pt/C and PtRu/C catalysts [210]. The 
new catalysts were binary PtM/C and ternary PtRuM/C (Vulcan XC72) systems, 
with a 20 wt% metal loading. The results showed that the inclusion of 10 at% Mo 
in PtRu – Pt9Ru9Mo2 – produced an electrocatalyst with higher activity in the 
presence of CO than PtRu/C. Two earlier sets of studies prompted these 
experiments. One was work demonstrating that PtMo/C gave an up to three-fold 
enhancement in performance with H2 (100 ppm CO)/O2 compared with PtRu/C in 
the absence of CO2 in the fuel [23, 204, 300]. The other research [224, 225] had 
reported the improved behavior of PtRu binary catalysts with the incorporation of a 
third metal, such as Cr, Zr, or Nb. 
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In another report, Pinheiro and co-workers [301] studied a number of PtRuMo 
catalysts and found that Pt70Ru20Mo10 was a more effective fuel oxidation catalyst 
than PtRu for DMFCs. At low Mo content, PtxRuyMoz (e.g., Pt70Ru26Mo4)
dispersed as nanoparticles in a conducting polymer matrix was found to give 
higher methanol oxidation current densities at 400 mV and in full DMFC fuel cell 
testing than PtRu alone [224]. These reports were all consistent with the finding 
that relatively low Mo levels can improve either CO tolerance or methanol 
oxidation performance relative to PtRu alone. In order to study this composition 
space in more detail, Stevens et al. [302] prepared a (Pt1 xRux)1 yMoy (0 < x < 1, 0 
< y < 0.3) ternary composition spread catalyst array and tested the HOR 
capabilities of 64 discrete catalyst compositions across this phase space in a 64-
electrode proton exchange membrane fuel cell. The film was found to be 
reasonably stable when exposed to acid at 80 °C. The ratio of Ru to Pt across the 
composition spread was unchanged after a sample film was exposed to acid at 80 
°C for one week, implying minimal Ru dissolution. There was evidence for some 
loss of Mo at the high Mo end of the composition spread during acid testing, most 
likely indicative of loss of Mo from the surface. CO-stripping voltammetry results 
showed that the addition of Ru to Pt led to a reduction in the onset potential for 
CO-stripping, coupled with an increase in CO-stripping area. The results also 
showed that the addition of Mo to Pt led to a reduction in both CO-stripping onset 
potential and CO-stripping area. These results were consistent with those obtained 
on equivalent binary composition spreads reported in an earlier paper. The addition 
of both Ru and Mo to Pt led to a combination of these trends. All compositions, 
with the exception of those containing high Ru content, showed good hydrogen 
oxidation catalytic activities. At low Ru content, the overpotential for hydrogen 
oxidation in the presence of 10 and 50 ppm CO at moderate current densities was 
very large (400 mV), highlighting the impact of poor CO tolerance on catalytic 
activity for Pt. As either the Mo or Ru content increased, the HOR overpotential 
measured under simulated reformate decreased. Optimum performance at 500 
mA/cm2 was recorded on channels containing both Ru and Mo, e.g., 
Pt0.40Ru0.35Mo0.25, in addition to Pt. Air bleed was beneficial for electrodes with 
low Mo content, where it helped slow down the rate of CO poisoning as the 
potential was swept to lower values. Air bleed was found to have very little impact 
on hydrogen oxidation in the presence of CO for electrodes containing moderate to 
high (within the range prepared) Mo content. Electrodes in the optimum 
performance region performed at least as well with no air bleed as electrodes with 
minimal Mo content performed with air bleeds. These results all suggest that 
compositions around Pt0.40Ru0.35Mo0.25 are worth examining further as candidates 
for the anode in improved CO-tolerant fuel cells. 

Well-dispersed ternary PtRuSn catalysts of various atomic ratios (60:30:10, 
60:20:20, and 60:10:30) were deposited onto carbon using a modified alcohol-
reduction process by Wu et al. [303]. The alloy phase structure and surface 
morphology for each variation of the PtRuSn/C catalysts were determined by XRD 
and HR-TEM. In order to evaluate the contributions of Ru and Sn in the different 
stages of ethanol oxidation, electrochemical oxidations of adsorbed CO, ethanol, 
acetaldehyde, and acetic acid were performed on each PtRuSn/C catalyst. The 
results indicated that the Ru-rich PtRuSn/C catalyst (60:30:10) exhibited the lowest 
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onset potential for the electrooxidations of adsorbed CO, which may be partially 
attributed to it having the highest Ru content and also to the abundant Pt3Sn 
structures in the catalyst, which was confirm by XRD analysis. On the other hand, 
the amount of Ru or Sn alloyed with Pt usually is smaller than nominally predicted, 
because some of these atoms are present as amorphous species on the catalyst 
surface, most likely as oxides [283]. So, as expected, Sn will exist in part as SnO2
surrounding Pt alloy, which was confirmed by the XRD pattern at the 2  value of 
33.1 and 52.1 in the Sn-rich PtRuSn/C catalyst (60:10:30). 

Venkataraman et al. [304] investigated four ternary catalysts, Pt-Ru-Ag, Pt-Ru-
Au, Pt-Ru-Rh, and Pt-Ru-W2C, as anode electrocatalysts for the oxidation of 
hydrogen containing carbon monoxide. These third components were selected as 
co-catalysts that help in CO oxidation and/or which reduce CO adsorption on Pt. 
The catalysts were either alloys or intimate admixtures of the components. 
Alloying non-adsorbing or weakly adsorbing components can modify the nature of 
the adsorbed CO by modifying the electronic structure (filling of d orbitals) as 
observed with PtSn alloys [305], and by introducing a steric or ensemble effect as 
observed with PdAg alloys [306]. The nature of CO adsorption on Pt and Pd was 
modified from bridged to linearly-bonded CO by the addition of Sn and Ag, 
respectively. Tungsten carbide has good stability in acid solutions and has 
electronic properties similar to platinum. Tungsten carbide has also been found to 
be a good CO-tolerant catalyst in a phosphoric acid fuel running on unprocessed 
methanol reformate gas [307]. Gold has been found to lend CO tolerance to Pd. 
Rhodium is a very good catalyst for hydrogen electrooxidation and has been found 
to enhance the activity of Pt in a PtRh [56] alloy catalyst. The Pt-Ru-W2C (1:1:0.4 
molar ratio) oxidizes CO at a lower potential (~200 mV), and the polarization for 
oxidation of hydrogen-containing CO was lower than the widely used PtRu (1:1 
molar ratio) catalyst. At low polarization, the Pt-Ru-W2C catalyst showed twice the 
activity of the PtRu catalyst when the oxidation currents were normalized to the Pt 
area. W2C appears to aid in the oxidation of CO. X-ray diffraction and CO-
stripping voltammetric studies indicate that the presence of a third component 
reduces the amount of Ru alloyed with Pt in the catalyst and increases the potential 
at which CO oxidation occurs. The anode polarization was found to be higher than 
that of PtRu for all ternary catalysts other than Pt-Ru-W2C. 

Though these ternary catalysts still suffer anode polarization losses in the 
presence of CO, optimization of the composition and structure of the catalyst and 
use of new components could lead to further improvements in CO tolerance. 

16.3.6 The Pt, PtRu-MOx (M = Mo, W, and V) System 

It has been mentioned previously that bimetallic PtMo alloy catalysts have 
attracted considerable attention as alternatives to PtRu for their high catalytic 
activity in H2 oxidation with CO/H2 feed [22, 23, 70, 127, 204, 225, 259–263]. 
With regard to the PtMo alloy, Mo atoms have been reported to have oxygen-
containing ligands even at H2 potentials, which were responsible for the excellent 
CO tolerance [23, 204]. This notion was supported by the results for Mo K-edge 
XANES spectra, which showed that Mo was present as hydrated oxides with a 
valence state of +IV at 0 V [204]. It has been reported that carbon-supported nano-
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sized Pt/Mo-oxide heterogeneous catalyst has improved CO tolerance [308, 309]. 
In Pt/MoOx catalyst, both Pt and MoOx nanoparticles were dispersed on the support 
surface, and therefore Mo would be present as a stable oxide form under PEMFC 
conditions. A performance evaluation of CO(100 ppm)/H2 showed that the CO 
tolerance of Pt/MoOx was nearly comparable to that of alloy catalysts [127, 225], 
and the role played in CO tolerance by O2 that has crossed over from the cathode 
was discussed [309]. While the oxygen that permeates from the cathode mitigates 
CO poisoning to some extent, the CO tolerance of Pt/MoOx is most likely to be 
dominated by intrinsic mechanisms such as bifunctional CO removal and/or the 
WGS reaction. CO tolerance of these non alloy-type anode catalysts is due to the 
interaction between Pt and metal oxides affected by the nature of the Pt catalyst 
[310]. Therefore, it is important to examine the nature of the intrinsic CO tolerance 
of Pt/MoOx catalysts for the further development of catalysts. Ioroi et al. [311] 
prepared carbon-supported Pt/Mo-oxide catalysts, and the reformate tolerances of 
Pt/MoOx/C and conventional PtRu/C anodes were examined to clarify the features 
and differences between these catalysts. Fuel cell performance was evaluated under 
various reformate compositions and operating conditions, and the CO 
concentrations at the anode outlet were analyzed simultaneously using on-line gas 
chromatography. Pt/MoOx showed better CO tolerance than PtRu with CO(80 
ppm)/H2 mixtures, especially at higher fuel utilization conditions, which was 
mainly due to the higher catalytic activity of Pt/MoOx for the water-gas shift 
(WGS) reaction and electrooxidation of CO. In contrast, the CO2 tolerance of 
Pt/MoOx was much worse than that of PtRu with a CO2(20%)/H2 mixture. The 
results of voltammetry indicated that the coverage of adsorbates generated by CO2
reduction on Pt/MoOx was higher than that on PtRu, and therefore, the 
electrooxidation of H2 is partly inhibited on Pt/MoOx in the presence of 20% CO2.
With CO(80 ppm)/CO2(20%)/H2, the voltage losses of Pt/MoOx and PtRu were 
almost equal to the sum of the losses with each contaminant component. The 
behavior of the CO concentration at the anode outlet is essentially the same as in 
the case of CO(80 ppm)/H2. Although the adsorbate coverage on Pt/MoOx
increases in the presence of 20% CO2, CO molecules in the gas phase could still 
adsorb on Pt through an adsorbate “hole” to promote WGS or electrooxidation 
reactions, which leads to a reduction in the CO concentration under CO/CO2/H2
feeding conditions.

The Pt-WOx system has been the subject of several research studies and in 
sulfuric acid a co-catalytic activity for oxidation of H2/CO is shown by tungsten, 
although the effect is not as strong as that for ruthenium [199, 225, 312, 313]. At 
the potential of a PEMFC anode, tungsten is supposed to be active as a redox 
catalyst which is present in an oxidized state and written as WO3 x. The co-
catalytic activity is supposed to be due to a rapid change of the oxidation state of 
W, involving the postulated redox couples W(VI)/W(IV) [314] or W(VI)/W(V) 
[312]. These redox activities render the tungsten sites active for either the 
dissociative adsorption of water or the oxidation of adsorbed hydrogen. In 2003, 
based on the results of previous papers [199, 315–318] that showed the addition of 
Mo or W (especially for PtRu/WO3/C [317]) could enhance the CO tolerance of 
catalysts, Hou et al. [319] prepared new composite catalysts of PtRu–HxMO3/C (M 
= Mo and W) by dispersing PtRu particles in a composite support composed of 
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colloidal HxMO3 (M = W or Mo) and Vulcan XC72. These authors investigated the 
performance of the catalyst by comparing its electrochemical behavior with that of 
PtRu/C. The contents of the noble metals in all the catalysts were 20 wt% Pt and 
10 wt% Ru, and the content of HxMO3 in PtRu–HxMO3/C was 20 wt%. It was 
found that the noble metals in both PtRu/C and PtRu–HxMO3/C were uniformly 
and highly dispersed on the supports, and there were no obvious differences when 
a composite support was used instead of the carbon support. Both HxWO3 and 
HxMoO3 existed in an amorphous form, and provided sufficient interfaces between 
the noble metals and the transition metal oxides in the catalysts. Such a structure 
promises a better CO tolerance than PtRu/C by lowering the starting potential for 
CO oxidation and by improving the H2 oxidation when active sites on the noble 
metals are blocked by CO. In single-cell performance tests of all the catalysts, 
operated with H2/50 ppm CO and H2/100 ppm CO, those with PtRu–HxMoO3/C 
electrodes were better than those with PtRu/C. These results were attributed to the 
presence of sufficient interfaces between the noble metals and transition metal 
oxides in the catalysts and to the bifunctional effects of CO electrooxidation 
reactions strengthened by the existence of active water that is bonded on the 
transition metal oxides.

COads cannot spillover the carbon substrate, which implies that contact between 
the co-elements is necessary to improve the COads tolerance. Maillard et al. [320] 
thus adopted another tactic in which the interface between the electrocatalyst and 
the substrate provides new electrocatalytic sites. This is the case of tungsten 
bronzes HxWOy-supported Pt electrocatalysts in which the (electro)catalytic 
activity is provided by metallic platinum and the Brönsted acid function by WOx.
Pt-WOx/C composite materials elaborated via a two-step impregnation-
electrochemical reduction method have been characterized and tested by Maillard
et al. [320] for the electrooxidation of CO/H2 mixtures. TEM and EDS 
measurements revealed that WOx imperfectly covered the C particles. Nanometer-
sized or agglomerated Pt particles were found on the WOx/C surface. XRD 
measurements revealed the absence of diffraction peaks characteristic of crystalline 
WOx and could indicate that this material is amorphous. No evidence of alloying 
between the Pt and W was observed. WOx/C evidenced stability in acidic medium 
(1M H2SO4) within the time scale of their experiments (1 day) and survived 
extensive potential sweeping up to 1.4 V vs. RHE. The H de-intercalation from 
WOx is clearly visible in cyclic voltammograms at 0.1 V vs. RHE, H intercalation 
into WOx being hidden by the electrochemical features associated with Vulcan 
XC72R. Pt nanoparticles have been electrodeposited onto this material. The results 
suggested that WOx very slightly modifies the electronic density of the Pt 
nanoparticles. A significant improvement toward the electrooxidation of a COads
monolayer was observed for the composite material compared to pure Pt/C 
electrocatalyst, which is evidenced by a new electrooxidation peak at 0.55 V vs. 
RHE (v = 0.02 Vs 1). As the electrical charge below this electrooxidation peak is 
sweep-rate-dependent, it is probably associated with the electrooxidation of COads
on Pt sites at the interface with the WOx/C support. Potentiostatic measurements 
revealed that Pt-WOx/C materials presented comparable CO tolerance to 20 wt% 
PtRu/C at short times (t < 3000 s). Significant degradation of the electrocatalytic 
performances is evidenced at longer times. A likely reason for this is the lower 
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equilibrium COads coverage observed with perfect PtRu alloys. Comparison of 
these data with the literature suggests that the best COads tolerance with Pt-WOx
materials is achieved when the interaction between Pt and WOx materials is 
maximized. 

Pereira et al. [321] investigated the anodes with Pt-WOx/C and phosphotungstic 
acid (PTA)-impregnated Pt/C electrocatalysts. The choice of phosphotungstic acid 
is based upon its high protonic activity, suitable oxygen affinity properties [322, 
323], and previously demonstrated positive action on CO oxidation with Pt-Ru/C 
catalysts [324]. Heteropolyacids (like PWA, PMoA, SiWA, etc.) containing these 
oxides were selected by Gatto et al. [325] for the development of CO-tolerant 
electrodes. Different electrodes were prepared by using a spray technique for both 
diffusive and catalytic layers. The catalytic layer was obtained using a 30 wt% 
Pt/Vulcan as an electrocatalyst mixed with a Nafion solution for the standard 
electrode (SE). CO-tolerant electrodes were prepared by adding different weight 
percentages (6–15%) of phosphomolybdic acid (PMoA) to SE, and for all the 
prepared electrodes, the Pt loading was maintained as a constant at 0.5 mg cm 2.
By feeding the fuel cell with H2–CO/air, an improvement in the cell performance 
proportional to the increase of the percentage of PMoA was observed. The best 
value was reached by using a percentage of inorganic compounds in the range of 
12–15 wt%. A short time test (160 h) was carried out at 80 °C in H2–CO/air with 
an average power density of 220 mWcm 2, confirming the stability of the system. 
The right compromise between the Pt catalyst and the heteropolyacid ratio could be 
a helpful tool in limiting Pt poisoning. Quite a high performance was achieved for 
the PEMFC fed with H2 + 100 ppm CO and with anodes containing 0.4 mg PtWOx
cm 2, and also for those with 0.4 mg Pt cm 2 impregnated with ~1 mg PTA cm 2.
However, a decay of the single cell performance with time was observed, and this 
was attributed to an increase of the membrane resistance due to the polymer 
degradation promoted by the crossover of the tungsten species throughout the 
membrane. 

16.3.7 Ru-modified Pt Catalysts and Pt-modified Ru Catalysts 

In recent years, investigation of the mechanism of promotion as well as the search 
for more active or less expensive PtRu catalysts has turned to the study of Ru 
modified Pt and/or Pt modified Ru catalysts. Spendelow et al. have recently 
reviewed the results of such studies [12]. Although not all of the catalysts produced 
by the modification of carbon-supported Pt particles by Ru exhibit performances in 
a fuel cell environment that are any better than that of the best conventionally 
prepared PtRu/C catalysts, they and Ru-modified single crystal Pt surfaces have 
proved useful in providing a more detailed understanding of the bifunctional 
mechanism. In particular, Herrero et al. [326] showed that OH adsorption on Ru 
sites on a Pt(1 1 0) surface could be identified as active in the bifunctional 
mechanism (their study was of methanol oxidation, enhancement of which is 
thought also to occur via the bifunctional mechanism). Evidence of a local 
electronic modification of Pt atoms near Ru atoms on a modified surface has also 
been provided by such studies [107, 112, 168, 180]. The relative contributions of 
water activation and the electronic perturbation of Pt have been debated in the 
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literature, with the consensus being that most of the enhancement may be attributed 
to water activation at the Ru sites [106, 107, 132]. 

Modification of Pt nanoparticles by Ru has been accomplished using a variety 
of Ru pre-cursors [217, 220, 327–329]. The spontaneous deposition from acidic 
aqueous solutions of RuCl3 [217, 220, 327] has been shown to result in the 
formation of ruthenium oxides on the surface of the Pt, which after subsequent 
reduction form metallic Ru islands [217]. Fachini et al. showed that 
Ru3(CO)9(CH3CN)3 in dichloromethane could be used [328]. The adsorbed Ru 
species was reduced by treatment with H2. Most recently it has been shown that 
Ru(C5H5)2 in heptane can be reacted with the reduced Pt/C surface and 
subsequently treated with H2 to selectively deposit Ru on the Pt and not the C 
support [329]. The resulting catalyst was shown, using XRD and EXAFS, to 
consist of a ruthenium oxide decorated surface, which upon electrochemical 
reduction formed a metallic PtRu surface alloy. The results obtained in this study 
further inform the understanding of the role of Ru in promoting the oxidation of 
CO at PtRu alloy surfaces, by providing direct evidence of the presence of both 
Ru3+ and Ru4+ species at the surface of PtRu catalyst particles in the potential 
region in which CO oxidation occurs. 

Ru-modified Pt surfaces can be prepared in a variety of ways, all starting with a 
pure Pt surface that is subsequently modified by Ru deposition from a gas phase, 
an aqueous phase, or a non-aqueous liquid phase. A variety of methods have been 
used to deposit Ru submonolayers on Pt surfaces, including wet electroless 
deposition (either spontaneous deposition [215, 330] or forced deposition [178, 
232]), electrodeposition [326, 331–333], vacuum deposition by evaporation [334, 
335] or chemical vapor deposition [107, 117], and deposition from a variety of 
organic and inorganic Ru precursors dissolved in non-aqueous solvents [328, 329, 
336]. Studies on Pt single crystals have verified that the deposition results in the 
growth of three-dimensional Ru islands (Volmer-Weber growth) [116, 335, 338], 
as would be expected based on the higher surface energy of Ru compared with Pt 
(reference [338] and references therein). The method of Ru deposition influences 
the resulting surface structure, with consequences for electrocatalysis. 

In agreement with previous observations on PtRu alloy surfaces [18, 20, 67, 
339], ruthenium-modified Pt surfaces exhibit a substantial electrocatalytic 
enhancement toward the oxidation of adsorbed CO, demonstrated by the shift of 
the CO oxidation peak to more negative values [112, 116, 180]. FTIR spectra on 
the CO-covered electrodes indicate that the electrocatalytic activity of the Ru-
modified Pt(111) for CO oxidation is slightly higher than that of a 50:50 Pt/Ru 
alloy [116]. 

A new method based on spontaneous deposition of Pt on Ru has recently been 
demonstrated for Pt [340] and Pd [341] deposition on a Ru(0001) single crystal 
surface, which involves a reduction of H2PtCl6 coupled with the oxide formation 
on Ru [340]. A selective Pt deposition on Ru (no deposition on carbon) is 
attainable without the application of an external potential [342]. Spontaneous 
deposition of Pt on Ru nanoparticles can be used to control the Pt cluster size and 
to tune the electronic and catalytic properties of PtRu catalysts. In addition, this 
approach facilitates a considerable reduction of Pt loadings by depositing Pt at the 
surface of Ru nanoparticles rather than having Pt throughout the PtRu 
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nanoparticles. Brankovic et al. [109] used this new method for the preparation of 
PtRu and similar bimetallic electrocatalysts. It involves a spontaneous deposition 
of Pt submonolayers on metallic Ru nanoparticles, which yields electrocatalysts 
with a considerably lower Pt loading and higher CO tolerance than the commercial 
PtRu alloy electrocatalysts. The method offers a unique possibility to place the Pt 
atoms onto the surface of Ru nanoparticles, which very likely makes almost all of 
them available for hydrogen oxidation, in contrast to the PtRu alloy catalysts that 
have Pt throughout the nanoparticles. Thus, an ultimate reduction of Pt loading can 
be achieved. It also facilitates a fine-tuning of the electrocatalyst’s activity and 
selectivity by changing the coverage (the cluster size) of Pt for optimal 
performance under required CO tolerance levels. 

Figure 16.8. A cubo-octahedral particle model for the electrocatalyst, consisting of the Ru 
particle with two-dimensional Pt islands on its surface [343]. (Reprinted from 
Electrochimica Acta, 49(22–23), Sasaki K, Wang J.X, Balasubramanian M, McBreen J, 
Uribe F and Adzic R.R, Ultra-low platinum content fuel cell anode electrocatalyst with a 
long-term performance stability, 3873–7, ©2004, with permission from Elsevier.) 

An active anode electrocatalyst, consisting of 1/8 of a monolayer of Pt on a 
surface of carbon-supported Ru nanoparticles, has been shown to exhibit excellent 
long-term performance stability in an operating fuel cell [343]. Figure 16.8 depicts 
a proposed structural model for the active electrocatalyst; it shows a cubo-
octahedral model of the Ru particle with two-dimensional islands of Pt on its 
surface. The electrocatalyst has reduced susceptibility to poisoning by CO, in 
addition to the strong segregation of the Pt atoms on the Ru substrate that 
determines this characteristic. Kinetic parameters were determined by 
electrochemical techniques using thin-film rotating disk electrodes. X-ray 
absorption spectroscopy near edge structure was used to determine the d-band 
vacancies of a Pt submonolayer on a surface of carbon-supported Ru nanoparticles, 
and to relate it to the bonding strength of CO. XANES, electrochemical and gas-
phase experimental data, and DFT calculations suggest there is a favorable 
electronic effect that reduces CO adsorption energy in a Pt submonolayer on a Ru 
catalyst, compared to pure Pt and PtRu alloys. In addition to the high activity for 
H2 oxidation and CO tolerance, the strong segregation of Pt from the Ru substrate 
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is a key factor that ensures this catalyst’s stability. Such segregation can be 
predicted using simple thermodynamic considerations of surface tensions, the 
enthalpy of mixing and the atomic radii of the two metals [344], and recent DFT 
calculations [345]. The latter show that a Pt overlayer on a Ru substrate represents 
a very strongly segregated system, in agreement with the observed stability of the 
catalytic activity of the PtRu [345] over 1000 h at 80 °C. 

16.3.8 PtRu on Functionalized Carbon and Carbon Nanotube Systems 

Because the size and structure of nanoparticles have a significant effect on catalytic 
reactions, well-controlled nanostructures are essential for creating efficient 
catalysts. In general, this is achieved by supporting the noble metal on a high-
surface-area carbon support, such as Vulcan XC72, which maximizes the specific 
surface area of the noble metal and therefore its activity per unit weight. With 
respect to the electrocatalyst, an alternative approach to enhance the catalyst 
performance could be the search for suitable active supporting materials for Pt or 
Pt-M alloy [346]. In order to improve metallic dispersion it would be advantageous 
to utilize large surface carriers displaying a high number of anchoring sites. Thus, 
increasing the amount of surface functional groups of the support without 
decreasing its surface area would increase the dispersion of the metallic function. 
In a similar vein, small particles would be more active than large ones, since their 
surface area would be maximized. However, it must be taken into account that for 
small particles, strong interaction with the support may play a key role in their 
catalytic behavior. As well, it must be considered that the high Miller index crystal 
faces expose surface irregularities such as kinks and steps. Such defects may 
increase the intrinsic activity of a metal [347]. In spite of the large body of 
information concerning the CO oxidation reaction on Pt and carbon-supported Pt 
catalysts, there is a lack of studies dealing with the effect of the support nature in 
such processes. 

Acid treatment can improve the performance of the carbon-supported activated 
catalysts [348]. Usually, additional treatments of the support are essential to 
remove (partially) any surface contaminant. Such contaminants are known to 
decrease the surface area of the deposited Pt [301]. There is no clear relationship 
between the amount of oxide surface groups in the carbon and the amount of 
anchored metal. Recently, a series of PtRu electrocatalysts supported over 
modified carbon displayed better performances than the commercial ones that have 
been reported [349]. Chemical modification of carbon Vulcan XC72R for fuel cell 
applications has been undertaken by de la Fuente et al. [350], with the aim of 
optimizing the anchoring of metallic particles. Treated carbons were used as 
carriers for the deposition of Pt nanoparticles and used as electrocatalysts. The 
influence of the carbon treatment as well as that of the Pt nanoparticles generation 
and their deposition route have been studied. Carbon modification by chemical 
treatment leads to an enhancement of the amount of surface oxygen groups. 
However, neither larger amount of Pt nor better Pt dispersion was observed during 
the preparation of Pt/C samples. Final particle size depended on the strength of the 
reducing agent, although the actual nature of the reducing agent has to be taken 
carefully into account. The ability of Pt/C samples towards CO oxidation depended 



 CO-tolerant Catalysts 803 

to a larger extent on the nature of the support than on the nature of the Pt particles, 
although both aspects should be taken into account. A single CO-stripping peak 
was observed over samples prepared on treated carbons, due to the homogenization 
of the sample surface after the treatment. CO mobility over actual electrocatalysts 
formulations, i.e., carbon-supported Pt, is low, resulting in broad or double CO-
stripping peaks, depending on the support treatment. 

Being a new form of carbon materials [351], carbon nanotubes (CNTs) have 
been a main focus of many current research efforts since recent development in 
large-scale syntheses of the material has significantly increased their availability 
[352, 353]. Due to their unique structure, high surface area, low resistance, and 
high stability, CNTs are considered promising supporting materials for 
electrocatalysts in PEMFC technology [279, 354–360]. A number of earlier 
investigations have shown that Pt deposited on CNTs can exhibit high activity for 
methanol electrooxidation as well as oxygen electro-reduction [279, 355–534]. But 
a pretreatment of the CNT support in oxidative mineral acid was always found to 
be beneficial for a homogeneous metal deposition and thus better for catalytic 
performance [279, 355, 356, 361–363]. Oxidative pretreatment can affect the 
density of surface functional groups, which could be necessary for better metal 
deposition and metal-support interaction [279]. The characteristics of nanosized Pt 
electrocatalyst deposited on carbon nanotubes (CNTs) were studied by Li et al. 
[364] with CO-stripping voltammogram and chronoamperometry measurements. 
The CNTs were pretreated by oxidation in HNO3, mixed HNO3+H2SO4, and 
H2SO4+K2Cr2O7 solutions, respectively, to enable surface modification. Well-
homogenized Pt particles (average size: ~3 nm) were loaded onto the pretreated 
CNT samples by a modified colloidal method. The morphology, crystallinity, and 
surface properties of CNTs were modified by pretreatments with oxidative mineral 
acids. In particular, pretreatment of the as-received CNTs with mixed 
HNO3+H2SO4 acids produced material CNTs-II having fairly large mesoporosity at 
pore sizes larger than 10 nm, higher concentration of surface functional groups, 
and good graphitic crystallinity. The CO-stripping cyclic voltammetric 
measurements showed that the Pt/CNT catalysts are more tolerant to CO 
poisoning, since the CO electrooxidation peak potentials over these Pt/CNT 
catalysts are 40–160 mV lower than that over the conventional Pt/XC72 catalyst. 
Moreover, they found that the pretreatment of CNTs in mixed HNO3+H2SO4
solution was very beneficial for the performance enhancement of Pt/CNT 
electrocatalyst; the catalyst obtained as such gave the lowest peak potential and the 
highest catalytic activity for the electrooxidation of CO. Larger amounts of 
oxygen-containing functional groups, a higher percentage of mesopores, and 
higher graphitic crystallinity of the pretreated CNTs were considered crucial for 
performance enhancement, e.g., by strengthening the interaction between Pt 
nanoparticles and the CNT support and enhancing the mass diffusion in the 
electrochemical reaction. 

In 2005, Gonzalez and co-workers [365] reported the performance of PtRu 
catalysts supported on carbon nanotubes [366, 367] for H2 + 100 ppm CO. Their 
results were similar to those of PtRu on Vulcan XC72, with an overpotential of 100 
mV at 1 Acm 2 in a PEMFC. By contrast, a direct methanol fuel cell gave power 
densities and activity levels that exceeded those obtained with PtRu/Vulcan XC. 
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16.3.9 PtAu Binary System 

Typically, gold is considered to be a poor choice as a fuel cell electrocatalyst. 
However, gold would be a stable alloying element, although still expensive. PtAu 
alloys have been studied as potential DMFC catalysts and have shown methanol 
oxidation activity [368] for specific structures. Gold catalysts are also effective for 
removing CO from H2 gas streams in reformers [369]. 

Pt1 xAux binary catalysts prepared by Stevens et al. [235] were found to have 
the Pt fcc structure across the whole composition range. Electron microprobe 
measurements on catalyst electrodes after fuel cell testing showed that the Au-
based alloys were stable to corrosion. The HOR overpotentials for the Pt1 xAux
samples increased significantly for compositions at intermediate metal levels (Au > 
50 atom%), implying that the alloying elements significantly degraded the HOR 
capability of Pt. The results obtained from testing with CO-free reformate suggest 
that Pt1 xAux may be binary alloys that are able to catalyze the RWGS reaction. 
RWGS CO poisons the platinum surface, requiring larger overpotentials for a 
given current density. CO-stripping voltammetry measurements indicated that the 
addition of Au to platinum led to an increase in the CO-stripping onset potential. 
With ~75 atom% Au, a CO-stripping peak could no longer be seen. The peak may 
have shifted to higher potentials, meaning that the CO binds even more strongly to 
the Pt and results in a catalyst that is even less CO-tolerant than Pt. The lack of a 
CO-stripping peak may also mean that little or no CO binds to gold and/or that the 
presence of gold minimizes the amount of CO that binds to Pt. It is unclear from 
these data, therefore, whether the addition of gold is beneficial to Pt in terms of 
improving CO tolerance. The results of hydrogen oxidation polarization curves 
with a reformate fuel containing up to 50 ppm CO showed that Pt1 xAux binary 
does not improve CO tolerance. There was no HOR activity up to 400 mV vs. H2,
regardless of composition prepared. This implies that the addition of Au to Pt does 
not improve CO tolerance in any way; in fact, it is quite possible that Pt1 xAux
alloys require even higher potentials to remove adsorbed CO. 

16.3.10 Pt-free Systems 

Although not to the same extent as Pt, palladium is another noble metal of high 
catalytic activity, which is used in some industrially relevant reactions [370]. Pd is 
a very good electrocatalyst for organic fuel electrooxidation [371] and has the 
remarkable ability to store and release substantial amounts of hydrogen [372]. 
While voltammetry studies have indicated stronger CO bonding on Pd [373] as 
predicted [27], another study [374] showed that the release of hydrogen occluded 
in palladium may provide a viable route for lowering the surface concentration of 
adsorbed CO. 

In Pt-free electrocatalysts, the surfaces of PdAu/C electrocatalysts are less 
strongly poisoned by CO than those of PtRu at temperatures of 60 °C. In 2001, 
Schmidt et al. [65] reported the CO tolerance of PdAu/C (Vulcan XC72) that was 
prepared via bimetallic colloidal precursors. This work was based on an earlier 
study by Fishman [375] in which PdAu-black alloys provided a highly active 
medium for the hydrogen oxidation reaction and a second metal (Au) produced 
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surfaces that did not adsorb CO under the operating conditions of a phosphoric 
acid fuel cell (PAFC). In addition, much lower CO adsorption energies on different 
poly- and single-crystalline PdAu surfaces, compared with pure Pd or pure Pt 
surfaces, were found from ultrahigh vacuum (UHV) studies [376]. At low 
overpotentials, these were more free active surface sites for hydrogen oxidation on 
PdAu than on PtRu at room temperature. Furthermore, at an elevated temperature 
of 60 °C, the surface of the PdAu/C appears to be less strongly poisoned by CO 
than that of PtRu/C, which gives rise to a larger concentration of free active Pd 
sites for H2 oxidation. The superior activity of PdAu compared with PtRu/C was 
shown by CO/H2 oxidation measurements at fuel-cell-relevant anode potentials 
(0.50–0.10 V). However, these results were obtained at temperatures below 60 C
and further improvements, such as optimizing the PdAu/C with respect to particle 
size, alloy homogeneity, and stoichiometry are required.

A Pt/SnO2 anode catalyst has been developed for PEMFC using CO-
contaminated H2 [310, 377]. The Pd/C and Pt/C anodes modified with SnO2
nanoparticles for the PEMFC were investigated by Takeguchi et al. [379] using 
pure and 500 ppm CO-contaminated H2 as fuel gas. Modification of the Pd/C 
anode with SnO2 nanoparticles enhanced the cell performance in pure H2, while 
modification of the Pt/C anode somewhat lowered the performance. Since Pd/SnO2
and Pt/SnO2 were known to be active for the low-temperature oxidation of CO, 
avoidance of CO poisoning of Pt-group metals was expected [379]. The effect of 
SnO2 addition on the performances of the cell with the Pd anode in CO-
contaminated H2 was examined. The SnO2 addition to the anode somewhat 
decreases the electrochemical activity in pure H2, but clearly increases the CO 
tolerance of the anode catalysts. It was revealed by CO pulse titration that the 
SnO2-containing catalysts adsorbed CO more weakly than the other catalysts 
without SnO2 nanoparticles. This phenomenon was derived from the interaction 
between Pt or Pd atoms and SnO2 nanoparticles, since these catalysts mixed with 
carbon did not exhibit intermetallic compounds. The cell voltage with the 
Pd/SnO2/C anode in 500 ppm CO-contaminated H2 was 0.41 V at a current density 
of 0.2 A/cm2, while that in pure H2 was 0.59 V. The Pd/SnO2/C anode exhibited 
good tolerance to CO poisoning, since the anode adsorbed CO more weakly. 
Neither electrochemical oxidation of CO nor a shift reaction contributed to the CO 
tolerance of the Pd/SnO2/C anode. 

16.4 Preparation of CO-tolerant Catalysts 

The first step in the development of an anode catalyst is preparation. Several 
approaches have been used for the production of catalysts, both supported and 
unsupported. It is generally agreed that preparation has an important influence on 
catalyst performance [380]. Several techniques have been used to prepare the 
catalysts, such as colloidal chemistry methods [381–385], the impregnation method 
[386–390], and the reverse micelles method [391, 392]. Although the colloidal 
chemistry methods and the reverse micelles method produce very promising 
results, they are very complex compared to the impregnation method. The 
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application of these methods is still hindered by the complex colloid synthesis or 
catalyst preparation, which leads to non-competitive catalyst prices. 

Reduction of the metallic ions from their salts with sulfite [209], borohydride 
[383], formaldehyde [393], hydrazine [394], or formic acid [395] has been 
proposed, resulting in catalysts with such diverse physical characteristics that 
direct comparison of their electrochemical performances is a rather difficult task. 
In the case of bimetallic catalysts, the reduction of both metals can be done 
simultaneously or one after the other, as was described for Pt-Ru/C [396] and Pt–
Co/C [397]. 

Catalysts can also be prepared by melting, arc-melting in an argon atmosphere, 
ion-beam implantation, etc., followed by heat treatment for homogenization. In 
some cases due to strong segregations during the heat treatment, surface 
composition can differ from bulk composition. An example of this is PtMo alloy. 
The bulk composition of the alloy was 66 mol% Pt and 33 mol% Mo (Pt2Mo). But 
after UHV annealing treatment at 970 K for 30 min, the resulting surface 
concentration of Mo was 23 mol%, and after Ar ion (0.5 keV) spattering, 30 mol%, 

It is known that the use of well-defined substrates (single-crystal electrodes) 
allows a more detailed understanding of the action mechanism of the two types of 
surface atoms. There are two main potential ways of preparing these surfaces. 
First, one could think of preparing single crystals of alloys with different 
compositions and cut them to obtain alloy surfaces with different orientations. 
Second, one of the components would be deposited (either reversibly or 
irreversibly) onto a single crystal of the other component. The first approach, only 
partially explored in electrochemical environments [37, 40, 202, 398–400], suffers 
from several drawbacks. Only some binary systems have solubility in the whole 
range of composition (total miscibility) and segregation can easily occur during the 
experiment, especially in the course of electrode pretreatment (i.e., during the 
flame-annealing procedure). On the other hand, the second procedure allows 
separation of the pretreatment of the electrode from the preparation of the 
bimetallic surface. Also, a whole range of coverage is attainable in most cases. 
However, adatoms of elements with high cohesive energy show a strong tendency 
to form islands, or even three-dimensional clusters or nanoparticles, at the surface, 
it not being possible to obtain bimetallic surfaces with a random distribution of 
both types of atoms (two-dimensional substitutional alloys). Goméz et al. [291] 
explored the deposition and electrocatalytic activity of a number of adatoms on 
platinum single-crystal electrodes, focusing especially on irreversibly adsorbed 
adatoms. Two main types of adatoms have been investigated: those of elements of 
the p-block in the periodic table (see, for example, Refs. [401–405]) and those of 
platinum-group metals (see, for example, Refs. [406–411]). The first are 
characterized by low cohesive energy and electronegativities that are rather 
different from that of platinum, which leads to the formation of ordered open 
structures composed of isolated adatoms at a relatively low coverage. High 
cohesive energies and electronegativities similar to that of the platinum substrate 
characterize the second group of adatoms (platinum-group metals). Many of the 
corresponding bimetallic surfaces possess intrinsic adsorption and electrocatalytic 
properties, in some instances distinct from those of the corresponding bulk 
substrate electrodes. Effects from the underlying substrate on the surface states as 
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well as the generation of new bimetallic sites at the edges of the islands are two of 
the factors explaining this particular behavior. Among the noble well-ordered 
bimetallic surfaces formed by Pt and another element, great attention has been 
devoted to Pd/Pt(1 1 1) [400, 406, 407, 410–415] and Ru/Pt(1 1 1) [46, 122, 215], 
and to a lesser extent to Pd/Pt(1 0 0) [292, 407, 416], Rh/Pt(1 1 1) [408, 412, 417], 
and Ru/Pt(1 0 0) [215, 337]. Some work has been devoted to Os/Pt(1 1 1) [330], 
Rh/Pt(1 0 0) [409, 418], Pt/Rh(1 0 0) [418], Pt/Au(1 1 1) [419, 420], and 
Pt/Ru(0 0 0 1) [340]. One of the systems only partially explored is that of Rh 
adlayers on Pt(1 1 1). The preparation and characterization of these adlayers was 
presented a number of years ago [408, 412, 417]. 

Table 16.2. Physical characterization of PtRu alloy electrocatalysts [43]. (Reprinted from 
Ralph TR, Hogarth MP. Catalysis for low temperature fuel cells, part II: the anode 
challenges, Plat Met Rev 2002;46(3):117–35, 2002. With permission from Platinum Metals 
Review.)

Electrocatalyst 
XRD 

crystallite 
size, nm 

Calculated 
metal area 
m2g–1 PtRu 

CO 
chemisorption, 

metal area, 
m2g–1 PtRu 

XRD lattice 
parameter, 

nm 

67 wt% Pt, 

33 wt% Ru 
(unsupported) 

2.9 114 77 0.388 

40 wt% Pt, 

20 wt% Ru 
supported on 

XC72R

2.5 131 104 0.388 

20 wt% Pt, 

10 wt% Ru 
supported on 

XC72R

1.9 150 139 0.388 

For industrial-scale manufacture of PtRu alloy electrocatalysts, Johnson 
Matthey use an aqueous slurry route with chemical reduction to form the metal 
alloy particles [421]. Table 16.2 shows physical characterization data of an 
unsupported Pt0.5Ru0.5 alloy black electrocatalyst and two high metal loaded 
Pt0.5Ru0.5 alloys supported on Vulcan XC72R carbon black at 40 wt% Pt, 20 wt% 
Ru, and at 20 wt% Pt, 10 wt% Ru. Particularly interesting is the high metal 
dispersion of all of the electrocatalysts, especially at high metal loadings. The X-
ray diffraction (XRD) crystallite sizes are 2.9 nm (PtRu black), 2.5 nm (40 wt% Pt, 
20 wt% Ru), and 1.9 nm (20 wt% Pt, 10 wt% Ru). These are much lower than the 
corresponding values of 5.8 nm (Pt black), 4.5 nm (60 wt% Pt), and 2.8 nm (30 
wt% Pt) for the corresponding pure Pt electrocatalysts. The high degree of PtRu 
dispersion is most probably a reflection of the surface characteristics of the 
materials. Although the Pt0.5Ru0.5 electrocatalysts were well alloyed, the 
contraction in the lattice parameter shown in Table 16.2 suggests all were slightly 
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Pt-rich (that is, Pt0.59Ru0.41). The lack of any crystalline Ru-rich phases in the 
XRDs suggests that the unalloyed Ru is present as an amorphous phase. Cyclic 
voltammetry and X-ray photoelectron spectroscopy (XPS) studies indicated that 
the surface of the electrocatalysts were rich in amorphous Ru oxide. This 
amorphous Ru oxide may play an important role in the co-deposition of the PtRu 
particles and in reducing the degree of sintering during the electrocatalyst 
manufacturing process. Many research efforts have been devoted to improving the 
catalytic performance of PtRu/C by increasing the catalyst dispersion [360, 422–
430], and optimizing the atomic ratio [431–436] and surface state of PtRu [118, 
218, 321, 437–439]. Although there have been many debates over the optimal 
composition ratio in the PtRu/C alloy catalyst, the 1:1 atomic ratio of Pt and Ru 
was widely employed. 

Previously, it was known that a simple way to produce the alloy catalyst of the 
desired composition, in a wet-chemistry based method, is to match the ratio of 
metallic precursor concentrations to the target value. However, Kim et al. [424] 
recently showed that the synthesis parameters can significantly affect the yield of 
Pt and Ru loadings, and consequently the composition of Pt and Ru. In recent 
years, there has been considerable interest in the development of colloidal methods 
to prepare Pt-based fuel cell catalysts with narrow particle size distribution and 
homogeneous catalyst dispersion [422, 360, 426–428, 440, 441]. The investigation 
of Li et al. [442] focused on the effect of the synthesis conditions of a surfactant-
stabilized colloidal method [441] upon the loss of Pt and Ru loadings and thus 
upon the Pt:Ru ratio in the resultant catalysts. Well-dispersed PtRu/C catalysts 
were prepared by supporting surfactant-stabilized PtRu hydrosol on carbon, 
followed by heat treatment at elevated temperature. The effect of the synthesis 
conditions and the heat treatment on the composition and electrocatalytic 
properties of PtRu/C towards methanol oxidation was systematically investigated. 
It was found that the pH environment and the reaction temperature could greatly 
affect the yields of Pt and/or Ru loadings, resulting in a final PtRu composition far 
from the expected nominal value. Moreover, after a post-heat-treatment process, 
the electrocatalytic activity of PtRu colloidal catalysts can be much improved, the 
enhancement of which can largely be explained by the improved alloy formation 
and removal of surfactant from the catalyst as demonstrated by the XRD and XPS 
analyses, respectively. 

Early studies revealed that rare earth oxides could interact with the noble 
metals to prepare catalysts of an unusual and unexpectedly high degree of 
dispersion and stabilization [443]. An efficient impregnation-reduction method, 
which is easy to control and does not need protective reagents and thermal 
treatments, was applied to synthesize uniform PtRu spherical nanoparticles with 
small size [448]. At the same time, Nd2O3 was introduced as a dispersing reagent 
during the preparation step to control the crystallite growth of noble metals and 
enhance the degree of dispersion of the catalysts. TEM, XRD, and the CO-
stripping voltammetry experiment results showed that noble metal particles of the 
PtRu/C catalysts are highly dispersed uniformly on the support and have similar 
morphology, and that the PtRu/C catalysts prepared adding Nd2O3 have smaller 
particle size and higher degree of dispersion of the PtRu particles than the PtRu/C 
catalyst prepared without adding Nd2O3. Well-dispersed catalysts with an average 
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particle size of about 2 nm were achieved. The electrochemically active surface 
area of the different PtRu/C catalysts was determined by the COad stripping 
voltammetry experiment. The effect of Nd2O3 on the degree of dispersion of the 
noble metal and the reasons for the higher catalytic activity of the best in-house 
prepared PtRu/C catalyst were discussed. This preparation method also has other 
advantages, such as no need for protective reagents or thermal treatments, simple 
preparation procedure, and good reproducibility. 

A carbon-supported PtRu/C catalyst (PtRu-2/C) was prepared by a simple 
reversal of the order of mixing in catalyst preparation [445]: adding the metal 
precursor salts to a carbon slurry of NaBH4 instead of adding NaBH4 to a carbon 
slurry of the metal precursor salts (PtRu-1/C), as is more commonly done. These 
modifications in the preparation method resulted in catalysts of different attributes. 
The improved performance did not come from smaller particle size and/or a higher 
state of metal dispersion, since PtRu-2/C had neither. It has been reported that 
homogeneous PtRu alloys are far less reactive than bulk mixtures of Pt metal, Pt 
hydrous oxides, hydrous and dehydrated RuO2 [446, 447]. The enhanced activity 
was attributed to the presence of the mixed (electronic and ionic) conductor, 
hydrous ruthenium oxide [448]. The presence of mixed phases in PtRu-2/C and a 
single phase in PtRu-1/C was evident from CO-stripping voltammetry. In addition 
to PtRu, the mixed phases in PtRu-2/C have been identified as Pt(0) (based on a 
typical CO-stripping peak at 0.54 V and the well-defined hydrogen 
adsorption/desorption region), and platinum and ruthenium oxides (from XPS 
analyses). The lower cell resistance for PtRu-2/C relative to PtRu-1/C also suggests 
the existence of more electronically conducting components, presumably the mixed 
conductor hydrous ruthenium oxide. 

Although as described above these alloy systems have been studied by a 
number of research groups, it is difficult to directly compare one system to another 
because of differences between sample preparation methods and experimental 
techniques. Such multielement comparisons do not appear routinely in the 
literature because the amount of work involved in sample preparation and testing 
using traditional “one at a time” methods is prohibitive. Thus, a paper published by 
Stevens et al. [235] demonstrated the usefulness of composition spread preparation 
and analysis techniques for fuel cell catalyst research. Furthermore, performance 
measurements of Pt1 xMx composition were used to identify more complex ternary 
or quaternary composition for future studies. 

16.5 Conclusions 

An overview of the mechanism of CO tolerance and the development of CO-
tolerant catalysts, including Pt-based binary/ternary metallic electrocatalysts and 
Pt-free electrocatalysts, was presented. For many PEMFC applications, fuel 
containing CO other than pure H2 is the most practical choice. The use of CO-
tolerant electrocatalysts is generally considered the most promising way for solving 
the CO poisoning problem in PEMFCs. CO-tolerant catalysts are thus still being 
investigated by numerous research groups and will be for many years. CO-tolerant 
anodes usually contain a PtRu alloy as the state-of-the-art catalyst. The mechanism 
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of CO oxidation and the CO tolerance of PtRu catalysts with well-defined surfaces 
has been investigated and clarified. 
Although an electrocatalytic enhancement afforded by the addition of Ru to Pt 
catalysts is universally recognized, the exact mechanism of enhancement is still the 
subject of some debate. It is widely agreed that the bifunctional mechanism of Ru 
enhancement is a significant factor, and most authors agree that this is more 
important than any electronic (ligand) effects. Still, it seems that the ligand effect 
plays at least a small role. The relative effect of the two mechanisms depends on 
both the surface structure and the reaction being studied. 

Based on the bifunctional mechanism of CO tolerance, it is necessary to find a 
metal that can provide OH at as low a potential as possible (e.g., near the hydrogen 
reversible potential). Although PtRu is widely used as a reasonably reformate-
tolerant anode catalyst, its CO tolerance is still unsatisfactory for the higher CO 
concentrations expected at system start-up or during changes in load. Moreover, 
the limited availability of Ru may become a significant problem before stationary 
PEMFC systems can be placed on the market. A wide range of Pt alloys has been 
examined in an attempt to modify the CO and hydrogen electrosorption properties 
of Pt – to reduce the CO coverage and increase the rate of hydrogen 
electrooxidation. It was shown that below 100 °C none of the Pt alloys was 
superior to PtRu but that the CO tolerance of PtRh approached that of PtRu. There 
are many bimetallic catalysts. Among them, PtRu, PtSn, and PtMo are the best 
CO-tolerant catalysts. Pt-Fe, Pt-Ni, and Pt-Co alloys have been found to exhibit 
excellent CO tolerance in H2 oxidation, similar to that of the PtRu alloy. PtRuW 
and PtRuMo showed an improved CO tolerance over Pt and PtRu catalysts in the 
presence of 50–100 ppm of CO. It should be noted that practically all transition 
metals are oxidized in acid solutions. Non-precious metals such as Fe or Mo will 
be leached out, at least from the surface, and a Pt skin layer is formed, in contrast 
to the precious metal Ru in the PtRu alloy. 

Although attempts to find a more active catalyst than Pt/Ru have been ongoing 
for decades, the Pt/Ru systems still shows the best activity and stability for 
oxidation reactions relevant to anodes in direct methanol and reformate-fed fuel 
cells. Despite extensive study of Pt/Ru surfaces, many unanswered questions 
remain. The ideal distribution of Ru in or on Pt-based electrocatalysts is also a 
subject of debate. Another area of debate focuses on the question of the ideal 
oxidation state of Ru in Pt/Ru catalysts. Thus, there is reason to hope that further 
study and optimization of the Pt/Ru system may yield even more active 
electrocatalysts. Ru leaching from PtRu fuel cell anode electrocatalysts has a 
dramatic impact on the activity of a Pt/C oxygen-reducing cathode, and thus has a 
major role in the performance degradation of PEMFCs, particularly of DMFCs. 
Unless highly stable PtRu anode electrocatalysts are developed, the problem of Ru 
crossover and contamination at the cathode should be addressed by novel fuel cell 
designs where crossover is omitted, by less Ru-permeable membranes, or by more 
Ru-tolerant ORR electrocatalysts in PEMFCs. 

There is a considerable drive to raise the operating temperatures of the PEMFC 
to above 100 °C. This would raise the system efficiency and dramatically improve 
the CO tolerance of Pt-based electrocatalysts. If the temperature can be raised to 
160 °C, studies in the phosphoric acid fuel cell (PAFC) with 1 to 2% CO indicate 
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that PtRh and PtNi may offer superior CO tolerance. Indeed, at 200 °C pure Pt is 
the favored electrocatalyst in the PAFC. At higher temperatures PtRu may not be 
the electrocatalyst of choice in the PEMFC. There is currently much research 
aimed at developing membranes capable of proton conduction at 120 to 200 °C. 

PEMFC research directed towards the development of CO-tolerant anode 
electrocatalysts will furthermore be well suited to direct alcohol fuel cells, 
particularly direct methanol fuel cells. Success in the arenas of cost and complexity 
reduction rely on continued advances in materials development and fabrication 
routes, and are essential for realizing the market and environmental potential of 
fuel cells. In the next couple of years it is likely that much research and 
development will still focus on reducing the costs of existing fuel cell stack 
materials and increasing the durability of available components. This means that 
innovative materials scientists and engineers can still have a major impact on the 
commercialization of fuel cell technology. The challenge is to design, and process 
economically, materials that would allow PEMFC stacks and associated reformers 
to operate at elevated temperatures (over 120 C). Material scientists and engineers 
have the opportunity to overcome these challenges and to ensure that fuel cells 
become a commercial success. 
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