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Abstract

Pt-Ru systems are the most active, stable anode catalysts tested in direct methanol 

fuel cells. Investigations into the real activity and optimum surface composition of 

nanoparticle Pt-Ru catalysts toward methanol electrooxidation are difficult because there 

is a lack of proven, accurate methods to measure the number of active sites and the 

surface Pt/Ru ratio. In this study, Pt-Ruad systems (Ruad is a ruthenium adatom) were 

employed to address these problems because controlled amounts of Ruad can be deposited 

onto Pt nanoparticles of known surface area to produce Pt-Ruad nanoparticles of known 

surface areas and controlled surface compositions. Two non-electrochemical, self- 

limiting methods to deposit Ru adatoms onto nanoparticle Pt were devised and 

investigated. The organometallic precursor, Ru4(p-H)4(CO)i2, reacts with hydrogen over 

either blacked Pt gauze or Pt nanoparticles to deposit Ru adatoms and CO onto the Pt 

surface. The deposition is self-poisoned by the adsorbed CO, and it stops after ca. 0.05 

surface equivalents (moles Ruad vs. moles surface Pt) of Ruaci are deposited onto blacked 

Pt gauzes, and after ca. 0.10 surface equivalents of Ruad are deposited onto nanoparticle 

Pt black.

Aqueous RuCfi reacts with hydrogen pre-adsorbed onto nanoparticle Pt black 

surfaces to deposit 0.18 surface equivalents of Ruad. The deposition was repeated several 

times, with each reaction depositing ca. 0.18 surface equivalents of more Ruad onto the 

Pt-Ruad nanoparticles. The resulting nanoparticle Pt-Ruad electrocatalysts with Ruad 

surface coverages ranging from 0.18 to 0.75 were studied as catalysts for methanol 

electrooxidation in 1.0 M H2SO4 (3-electrode experiments), as well as in prototype direct 

methanol fuel cells. The optimum Ruad surface coverage is ca. 0.33 between 22 °C and 60
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°C. It shifts to higher values as the temperature is increased. A Nafion®-117 membrane 

fuel cell consisting of a Pt-Ru anode and a Pt black cathode was operated at 90 °C using 

aqueous 2-propanol as fuel. The performance of the cell operating on 2-propanol was 

substantially higher than operating on methanol at current densities lower than ~ 200 

mA/cm2. This result shows that direct 2-propanol fuel cells are promising alternatives to 

direct methanol fuel cells.
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1

Chapter 1

Introduction

1. Fuel Cells

1.1 Principles and Structures o f Fuel Cells

Fuel cells are electrochemical devices that convert the chemical free energy of a 

reaction directly into electrical energy.1'5 A fuel cell consists of a positive electrode 

(cathode), a negative electrode (anode), and an electrolyte layer that is sandwiched 

between the two electrodes, and that conducts ions between the two electrodes. The 

principle of a fuel cell is demonstrated with a H2/0 2 fuel cell in Figure 1-1. Hydrogen

Electrolyte

Cathode Anode

Figure 1-1. Schematic of a hydrogen/oxygen fuel cell.
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fuel is fed continuously to the anode compartment, where it is oxidized to form protons 

and electrons (Eq. 1*1). The protons are transported to the cathode by the electrolyte. The 

electrons flow through the external circuit to the cathode. Air is fed continuously to the 

cathode compartment, where oxygen is reduced by the electrons while combining with 

the protons to form water (Eq. 1-2). The overall process is that the hydrogen is oxidized 

by oxygen to form water and to release the free energy of oxidation (AG) in the form of 

electrical work (Eq. 1-3).

H 2 —» 2H + + 2e~ E° -  0.000 V (1-1)

~ 0 2 + 2H + +2e~ -+ H 20  E°= 1.229 V (1-2)

H 2 + ~ 0 2 -> H 20  Ecell° = 1.229 V (1-3)

1.2 Types o f Fuel Cells ‘‘5

There are many types of classification systems for fuel cells. The most common 

classification is by the type of electrolyte used in the fuel cells and includes (1) polymer 

electrolyte membrane fuel cells (PEMFCs, also called polymer electrolyte fuel cells 

(PEFCs), or solid polymer electrolyte fuel cells (SPEFCs)); (2) alkaline fuel cells 

(AFCs); (3) phosphoric acid fuel cells (PAFCs); (4) molten carbonate fuel cells 

(MCFCs); and (5) solid oxide fuel cells (SOFCs). An exception to this classification is 

the direct methanol fuel cells (DMFCs), which will be discussed in detail in section 2 of 

this chapter. Another way to classify fuel cells is by the temperature range in which fuel 

cells operate. Accordingly there are low-temperature fuel cells (PEMFCs, AFCs), 

medium-temperature fuel cells (AFCs, PAFCs), and high-temperature fuel cells (MCFCs 

and SOFCs). Besides the electrolyte, the fuel, oxidant, electrode materials used in a fuel
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cell vary among the different types of fuel cells. The major differences between the 

different types of fuel cells are shown in Table 1-1. Electrode reactions for these fuel 

cells are given in Table 1-2. Not included in these tables are DMFCs.

Table 1-1. Summary of major differences between fuel cell types.1,5

PEMFC AFC PAFC MCFC SOFC

Electrolyte
Ion
Exchange
Membranes

Potassium
Hydroxide

Phosphoric
Acid

Molten
Carbonate

Ceramic
Y20 3-Zr02

Operating
Temperature 70-90 65-220 180-220 600-700 650-1000

(°C)

Anode Catalyst Pt/C,
PtRu/C Pt/C Pt/C Ni-Cr/Ni-Al Ni/Zr02

cermet

Cathode
Catalyst Pt/C Pt/C Pt/C Lithiated

NiO
Sr-doped
LaMnO,
h 2, CO,

Fuel h 2 h 2 h 2 H2, CO, etc. c h 4,
c h 3o h ,
etc.

Charge
Carrier H+ OH' H+ c o 32- o 2-

Currently
Achieved
Electric 40-45% 40-50% 40-45% 50-60% 50-65%

Efficiency
(LHV*)

Prime Cell Carbon- Carbon- Graphite- Stainless CeramicComponents based based based steel-based

* LHV: low heating value-The net energy released during oxidation of a unit of fuel 

when the water vapor created in the combustion reaction is not condensed.
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4

Table 1-2. Electrode reactions in fuel cells.1

Fuel Cell Anode Reaction(s) Cathode Reaction(s)

PEMFC

PAFC
H2 2H+ + 2e' 14 0 2 + 2H+ + 2e' H20

AFC H2 + 2(OH)' -> 2H20  + 2e‘ 14 0 2 + H20  + 2e' —»2(OH)'

MCFC
H2 + C 032' -» H20  + C 02 + 2e 

CO + C 032' -> 2C02 + 2e'
14 0 2 + C 02 + 2e' —> C 032

H2 + O2' -> H20  + 2e'

SOFC CO + O2' -» C 02 + 2e"

CH4 + 4 0 2' -> 2H20  + C 02 + 8e'

14 0 2 + 2e" -> O2'

Polymer Electrolyte Membrane Fuel Cells (PEMFCs):' 5 The electrolytes used in these 

fuel cells are ion exchange membranes (e.g., fluorinated sulfonic acid polymer 

(commercial name Nafion®)). PEMFCs operate at relatively low temperatures, have high 

power density, can vary their output quickly to meet shifts in power demand, and 

therefore are suited for applications in automobiles. PEMFCs operate on hydrogen gas, 

which can be generated on-board (on-site) from common fuels (such as alcohols or 

gasoline) using a reformer. The conversion process occurring in the reformer involves 

steam reforming (Eq. 1-4, -5, -6), partial oxidation (Eq. 1-7, -8, -9) or autothermal 

reforming.5'8 The reforming product is a mixture of H2, C 02, and small portion of CO 

(this mixture is referred to as reformate). The CO content in the reformate must be 

reduced to less than 10 ppm because CO poisons the Pt anode catalyst.

CH3OH -+CO + 2H2 (1-4)
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5

CnH m + nH20  —> nCO + (n +—m)H2 (1-5)

c o + h 2o -> c o 2 +h (1-6)

CH2OH + i  0 2 -» C02 + 2H, (1-7)

CH4 + - 0 2 -»  CO + 2H. 
2 2 (1-8)

CH4 + 0 2 -+ C 0 2 +2H, (1-9)

Alkaline Fuel Cells (AFCs):1'5 In this type of fuel cell, aqueous KOH (85 wt% for higher 

temperature operation, 35-50 wt% for lower temperature operation) soaked in a matrix 

(usually asbestos) is used as the electrolyte. AFCs operate on pure hydrogen and pure 

oxygen because the C 02 in reformate and in the air will react with KOH to form K2C 03, 

which reduces the electrolyte's ion mobility and fouls the electrodes. The H20  produced 

in AFCs must be removed in order to prevent dilution of the electrolyte. Due to these 

limits, AFCs are too costly for commercial applications, and they are only used for 

special applications such as space missions (e.g., Apollo spacecraft). An advantage of 

AFCs is that they can achieve power generating efficiencies of up to 70%; that is the 

highest among other types of H2/0 2 fuel cells. This is because oxygen reduction at the 

cathode in alkaline electrolyte is easier than in acidic electrolyte.9 The other advantage is 

that non-precious metal electrocatalysts (e.g., Ni (anode) and Ag (cathode)) can be used 

in AFCs.1

Phosphoric Acid Fuel Cells (PAFCs):1'5 Phosphoric acid concentrated to 100% is used 

for the electrolyte in these fuel cells. Concentrated phosphoric acid is a relatively stable 

acid, which allows PAFCs to operate at temperatures between 150 and 220 °C. At these
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6

operating temperatures, CO poisoning of the anode electrocatalyst (Pt/C) becomes less 

severe; therefore impure hydrogen can be used as fuel (PAFCs can tolerate a CO 

concentration of about 1.5% in reformate).2 The use of impure hydrogen simplifies the 

fuel conversion processes. The rejected heat from PAFCs is high enough in temperature 

to produce hot water or steam, and thereby can be utilized. The major problem for 

PAFCs is the sintering (particle agglomeration) of Pt electrocatalysts during operation at 

a temperature of ca. 200 °C. This sintering results in a decrease in the specific surface 

area of the Pt electrocatalysts. PAFCs are the most mature fuel cell technology. They are 

commercially available today. More than 200 PAFCs have been installed all over the 

world in hospitals, hotels, large office buildings, manufacturing sites, and wastewater 

treatment plants.1

Molten Carbonate Fuel Cells (MCFCs):1-5 The electrolytes used in these fuel cells are 

liquid solutions of lithium, sodium and/or potassium carbonates, soaked in LiA102. 

MCFCs operate at 600 to 700 °C, where the alkali carbonates form a highly conductive 

molten salt with carbonate ions (C032) providing ionic conduction through the 

electrolyte matrix. At the high operating temperatures in MCFCs, relatively inexpensive 

nickel (Ni) and nickel oxide (NiO) are adequate to promote reactions on the anode and 

cathode, respectively. Noble metals are not required. MCFCs offer greater fuel flexibility 

(hydrogen, carbon monoxide, natural gas, propane etc.) and higher fuel-to-electricity 

efficiencies than lower temperature fuel cells, approaching 60%. The higher operating 

temperatures of MCFCs also make them candidates for combined-cycle applications, in 

which the exhaust heat is used to drive gas turbines and/or produce high-pressure steam 

for use in steam turbines to generate additional electricity. When the waste heat is used
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7

for co-generation, total thermal efficiencies can approach 85%. They are best suited to 

large stationary applications (power plants). A disadvantage to MCFCs is that high 

temperatures enhance corrosion and the breakdown of cell components.

Solid Oxide Fuel Cells (SOFCs):1-5 These fuel cells use solid metal oxide, usually Y20 3- 

stabilized Z r02, as electrolyte. They operate between 650 and 1000 °C, where ionic 

conduction is accomplished by oxygen ions (O2'). Typically, the anode is Co-Zr02 or Ni- 

Zr02 cermet, and the cathode is Sr-doped LaMn03.' Like MCFCs, SOFCs allow more 

flexibility in the choice of fuels and can produce very good performance in combined- 

cycle. SOFCs approach 60% electrical efficiency in the simple cycle system, and 85% 

total thermal efficiency in co-generation applications. The primary disadvantages of 

SOFCs are their excessive manufacturing costs, and the lack of thermal compatibility or 

long-term stability of the materials used for their construction.

1.3 Why Fuel Cells?

The most widely used energy converters are internal combustion engines and 

boiler + steam turbines. These engines convert the chemical energy stored in fossil fuels 

into heat by combustion. The heat is then converted into mechanical energy, or further 

into electrical energy by a generator (Figure 1-2). Such energy conversion systems have 

two major shortcomings: low efficiencies and severe pollutant emissions. The maximum 

efficiency of an ICE is limited by the Carnot efficiency, as given in Eq. 1-10, where T, 

and T2 are the temperatures of the heat source and the heat sink (in degree Kelvin), 

respectively. Typical efficiencies of ICEs are usually less than 40%.5 Toady’s ICE 

converts only 19% of the useful energy in gasoline to turning a car’s wheel.10

T - T
^ = V 1 C1-10)

2
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The direct combustion of fossil fuels in ICEs also releases harmful emissions 

(NOx, SOx, C 02, and dust particles etc.) into the environment. Whereas, the presence of 

NOx increases the level of ozone in the lower atmosphere, the presence of SOx causes 

acid rain, and C 02 is a greenhouse gas, which is believed to be responsible for the global 

warming.5,6

A H AG

Chemical
. Energy -------------►

f \
Fuel Cell ----------------- ► Electrical

Energy

£}ce

Heat
Thermal Engine or 

Internal Combustion 
Engine

Mechanical
Energy

Heat Sink

T2

Figure 1-2. Comparison of the energy conversion processes in an ICE and a fuel

cell.

Fuel cells, on the other hand, are more efficient and cleaner than ICEs. The 

theoretical, reversible efficiency of a fuel cell is given by Equation 1-11, where Wel is the

£  =  =  ( 1- 11)
JUelcell'r AH r AH r AH r

maximum electrical work, AH^ AGr, and ASr are the changes in enthalpy, Gibbs free 

energy, and entropy of the cell reaction, respectively, and T is the operating temperature
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of the cell. As the maximum efficiency of a fuel cell is not limited by the Camot cycle, it 

is generally close to 100% at room temperature. For example, the maximum efficiency of 

a H2/0 2 fuel cell operating at 25 °C and 1 atmosphere is 83%.1 The electric efficiencies 

currently achieved in pilot fuel cell plants (PAFCs, PEMFCs) are ca. 45% based on the 

low heating value of the fuels.1 The overall efficiencies of plants operating on MCFCs or 

SOFCs can be as high as ca. 85%, if the heat rejected by the fuel cells is utilized.

Pollutant emissions by fuel cells are very low (virtually no acid gas and solid 

particles), and can meet the strictest emission requirement in the world. If hydrogen is 

used as fuel, there are no local pollutant emissions at all. The high efficiencies of fuel 

cells also effectively reduce the emission of C 02.

Fuel cells are quiet, have no moving parts, and need only minimum maintenance. 

They are modular, and can thereby be easily stacked together to meet diverse power 

demands ranging from a few watts to megawatts. Fuel cells can be installed on-site, 

thereby eliminating the long distance electricity distribution network from central power 

plants to remote users. The advantages that fuel cells offer as energy converters, and the 

urgency for clean and high efficiency energy conversion technologies (for sustainable 

and environmentally friendly development), have resulted in a boom in research and 

development in fuel cells.11'13

1.4 Factors Influencing the Practical Efficiencies o f Fuel Cells (What are the Fuel Cell 

People Working on?)1,2'3,14

The maximum electrical work (Wel = AGr) is related to the reversible cell voltage 

(Ffuciceii, r) via Equation 1-12, where n is the number of electrons involved in the cell 

reaction, and F  is the Faraday constant (96 485 C mol'1).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

A G ,.=-nFEfuelceihr (1-12)

The reversible cell voltage Efuelcellr is the cell voltage at no net current, when the 

system is at equilibrium. EfuelceUr is the maximum voltage a cell can produce because there 

are no voltage losses to resistance or activation overpotential. It is equal to the difference 

between the reversible cathode reduction potential {Ecathoder) and the reversible anode 

reduction potential (EanodJ  (Eq. 1-13).

^ Ju elce ll,r  ^ cathode, r ^  anode,r ^

Electrical energy is obtained from fuel cells only under load, when current is 

drawn through the cell. When current is drawn through a fuel cell, the electrode processes 

become irreversible, and the electrode potentials shift away from their equilibrium 

values. This behavior is called polarization. There are primarily three types of 

polarization: (1) activation polarization, (2) ohmic polarization, and (3) concentration 

polarization. Each polarization causes an overpotential, or overvoltage (rj) that reduces 

the overall cell potential.1,15

Activation polarization — Activation overpotential (%ct) arises from sluggish 

electrode kinetics (i.e., the activation barriers to the reactions occurring at the electrode). 

If //act > 50 mV, %ct is described by the Tafel equation (Eq. 1-14), where y?is the electron 

transfer coefficient of the electrode reaction, and j 0 is the exchange current density.15

' rj = RT  in J -  (1-14)
%ct (1 - f i ) F  j 0

The exchange current density is a measure of the intrinsic activity of an 

electrocatalyst under reversible conditions (i.e., when rates of the forward and reverse
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reactions at the electrode are equal, so the net current is zero). The Tafel equation can be 

written as Eq. 1-15, where a = (-2.3RT/(1 -$F)\og j a, and b = 23RT/(1-/3)F.

rjm -  a+ b \o g j (1-15)

Accordingly, a plot of riact vs. logy is a straight line with the slope “6”, which is 

called the Tafel slope. It is a measure of the amount of activation overpotential required 

to increase current density by tenfold. An effective electrocatalyst yields a high exchange 

current density j 0; thereby a low iyactat a given current density.15

Ohmic polarization — Ohmic overpotential (pohm) results from resistance to the 

transport of ions in the electrolyte, and the resistance to the conduction of electrons 

through the electrode and other cell components. r}ohm is expressed as Eq. 1-16, where R 

is the total cell resistance, including electronic, ionic, and contact resistance.1,3

%hm=iR  d - 16)

Concentration polarization — Concentration overpotential (%0BC) is caused by the 

concentration gradient of reactants between the catalyst surface and the bulk fluid. This 

concentration gradient occurs whenever the supply rate of the reactants to the catalyst 

surfaces cannot match the consumption rate of the reactants on the catalysts surfaces. 

rjconc is given by Equation 1-17, where iL is the limiting current, which is a measure of the 

maximum rate at which a reactant can be supplied to an electrode.3,15

R T .
tfconc ~~ 17nF

f  ■ \

1 - -  

V h  j
(1-17)

Activation and concentration polarization result in a decrease in the cathode 

potential and an increase in the anode potential from their equilibrium values as shown
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by Eq. 148, 1-19. The ohmic polarization results in a cell potential loss that is equal to 

iR. Taking into account all these polarizations, the actual cell voltage can be written as

^cathode ^  cathode, r ^ ? a c t,c  co n c ,c) ^  cathode,r \ cathode | (1-18)

^  anode ^  anode,r ^  7̂cone,a^) ̂  anode,r \^?anode\ (1-19)

^  fuelcell ^ cathode ^  anode ^

^  cathode,r ^  anode, r  ^  |^ a r to t/e |)  ^

~ Efuelcell,r ~  (jVanode | +  |Vcathode | + ^ )  (1 “20)

Eq. 1-20. As shown by this equation, current flow in a fuel cell results in a decrease in the 

cell voltage because of losses caused by electrode and ohmic polarizations. The goal of 

fuel cell developers is to minimize polarizations so that the cell voltage under operating 

conditions (Efuelcel)  approaches the reversible cell voltage (.Efuelcellr). This goal is achieved 

by increasing the activity of the electrocatalysts (thereby reducing %<.,), by increasing the 

ionic conductivity of the electrolyte (thereby reducing iR), and by optimizing the 

electrode structures for mass transport and electrical conduction (thereby decreasing r/conc 

and iR). For a given cell design, the cell performance can be improved by optimizing the 

operation parameters, such as temperature, pressure, fuel or oxidant composition, etc.

Figure 1-3 shows ideal and actual fuel cell voltage-current characteristics. The 

activation polarization loss is dominant at low current density. Ohmic polarization loss 

increases with the increase of current over the whole range of current because resistance 

remains essentially constant. Mass transport loss becomes prominent at high current 

density.
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Figure 1-3. Ideal and actual fuel cell voltage-current characteristics.1,5

2. Direct Methanol Fuel Cells (DMFCs)16 24

A DMFC consists of a polymer electrolyte membrane, such as Nafion®-117, 

sandwiched between two porous electrodes containing electrocatalysts (Figure 1-4). 

Methanol is delivered to the anode, where it is oxidized directly to carbon dioxide over 

the anode catalyst (Eq. 1-21). Oxygen (from air) is supplied to the cathode, where it is 

reduced by electrons, and it combines with protons to form water (Eq. 1-22). 

Accordingly, carbon dioxide and water are the only products (Eq. 1-23).

Ideal Voltage

(a) Region of Activation Polarization
(Kinetics Loss)

fueicei!

(c) Rqgion of 
Concentration Polarization 

(Mass Trahsport Loss)
(b) Region of Ohmic Polarization 

(Resistance Loss)
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Figure 1-4. Schematic of a DMFC.
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CH3OH + H 20  C 02 + 6H + + 6e~

—0 2 + 6H + + 6e~ —» 3H20
2 2 2

CH3OH( I) + 1 0 2 ^ C 0 2 + 2 H 20

E -  -0.016 V

E =  1.229 V

E  = 1  213 VD M FC  JL ’ Z , A  J  y

(1-21)

(1-22)

(1-23)

The theoretical efficiency of a DMFC operating under standard conditions (25 °C, 

1 atmosphere) is 0.97, higher than that of a H2/0 2-PEMFC (0.83).1,5,6 The equilibrium 

cell voltage for a DMFC is 1.213 V, which is comparable to that of a H2/0 2-PEMFC 

(1.229 V).2’14’25-27

The anode | membrane | cathode composite is called the membrane electrode 

assembly (MEA), which is the core of a DMFC. The polymer electrolyte membranes 

most-used in present DMFCs are DuPont’s Nation® membranes. Nation® is composed of
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a fluorocarbon backbone (hydrophobic) with perfluoro side chains containing sulfonic 

acid groups (hydrophilic) (Figure 1-5).28 , 29 When the membrane is hydrated, ion 

transport channels are formed within the membrane (Figure 1-6), allowing protons to 

migrate from the anode to the cathode.19 Nafion® membranes have high proton 

conductivity (when fully hydrated), and good chemical, mechanical, and thermal 

stability. This combination of properties is well-suited for use in H2/0 2 fuel cells. But 

Nafion membranes are also permeable to methanol. Methanol crossover from the anode 

to the cathode of Nafion®-based DMFCs severely limits their performance {vide infra).

— ^(CF2 -C F 2)x-C F -C F 2i F -

Figure 1-5. Structure of Nafion®.
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CH,OH
CrkOH =>

Figure 1-6. A schematic representation of ion transport channels in a hydrated 

Nafion® polymer.19

The electrode layers are generally composed of electrocatalyst and Nafion® 

ionomer. The electrodes have to be porous to allow methanol or oxygen to diffuse to the 

catalyst and to allow C 02 or water to diffuse from the catalyst. The electrochemical 

reactions occur only in the active zones within the catalyst layers, where the nanoparticle 

metal catalyst is in contact with the electrolyte, and the electronic conductor, and it is in a 

region with good product and reactant mass transport. The structure of the electrode is 

crucial for catalyst utilization, and thereby for cell performance. It must be optimized so 

most of the catalyst particles are in active zones. The electrode structure depends strongly 

on the fabrication technique and the composition of the catalyst layer. Usually, MEAs for 

DMFCs are fabricated as follows: the catalyst is made into an ink with water and Nafion® 

ionomer solution. The ink is painted onto a Teflon® decal, and the resulting catalyst layer
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on the decal is then transferred to a Nafion® membrane by hot-pressing.30,31 The catalyst 

ink can also be applied directly onto the Nafion® membrane by pour deposition or by 

spray deposition followed by evaporation.32 Alternatively, the catalyst layer can be first 

applied onto wet-proofed carbon paper (or carbon cloth), and then hot-pressed into the 

Nafion® membrane.33'35 The carbon paper acts as a gas diffusion layer in the fuel cell. 

Other methods for the fabrication of MEAs can be found in a recent review.36

The most likely applications for DMFCs are transportation (i.e. for fuel cell 

vehicles)2,3, 37,38 and portable power (i.e. for cell phones, notebook computers, military 

communications).20, 39, 40 The closest alternatives to DMFCs for such applications are 

H2/air PEMFC systems. H2/air PEMFC systems would likely operate on reformate (FI2 + 

C 02) generated on-board using a separate fuel processor (comprised of a reformer, a 

catalytic burner, and a CO removal unit). DMFC systems have advantages over such 

systems including simple system design (no fuel processing equipment is required), ease 

of operation, reduced weight, volume, and cost, and low emission (no NOx). As 

compared to H2/air PEMFC systems operating on compressed pure H2 gas stored on­

board, DMFC systems use liquid methanol as fuel, which is easier to handle, store, and 

distribute than high pressure H2 gas. In addition, methanol has a higher volumetric energy 

density than H2 and it is available in large quantities from natural gas or renewable 

biomass.19

The major problems in the development of direct methanol fuel cells are: (1) 

methanol electrooxidation is slow, resulting in high anode activation overpotentials 

(Pact)-41 The poor anode kinetics results from the complex electrochemical oxidation of 

methanol to C 02, which involves transfer of six electrons in several steps {vide infra). (2)
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currently available solid electrolyte membranes (e.g. Nafion®) are permeable to 

methanol. As a result, methanol migrates from the anode to the cathode (methanol 

crossover). Methanol crossover leads to degradation of cathode performance by 

establishing a mixed potential, and it leads to oxidation of methanol at the cathode, 

degrading the fuel efficiency of the cell.42 In addition, methanol vapor appears in the 

cathode exhaust, from which it would have to be removed. As a result of sluggish anode 

kinetics and methanol crossover, the performance and power densities of DMFCs are 

lower than H2/0 2-PEMFCs. The ideal solution to methanol crossover would be the 

development of methanol impermeable solid electrolytes. An alternative would be the 

development of cathode catalysts that do not react with methanol. The use of such 

methanol insensitive cathode catalysts would still require that methanol vapor be 

removed from the cathode exhaust.

Better anode electrocatalysts are required to overcome the sluggish kinetics for 

electrooxidation of methanol.19 These anode electrocatalysts must be (1) highly active,

(2) cost-effective, (3) stable toward strong acid electrolytes, and (4) good electronic 

conductors. Numerous studies have been devoted to the development of catalysts for 

methanol electrooxidation in acid medium. Only Pt-based noble metal catalysts have 

fulfilled the requirements to a certain degree, i.e., relatively high activity, high stability, 

and good electronic conductivity, but at high cost. These Pt-based electrocatalysts 

include binary (e.g. Pt-Ru,43’44 Pt-Sn,45-59 Pt-Mo,58’60-62 Pt-Re,63 - 64 Pt-WOx,65-67 Pt-Ti,58 

Pt-Os,68-71 and Pt-Ni72), ternary (e.g. Pt-Ru-Sn,73 Pt-Ru-Os,74 Pt-Ru-W,75 Pt-Ru-Mo,76 

and Pt-Ru-Ni77), and quaternary systems (e.g. Pt-Ru-Os-Ir,78,79 Pt-Ru-Sn-W,80 and Pt- 

Ru-Mo-W81). Among these Pt-based electrocatalysts, the Pt-Ru system is the most
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studied, and it is demonstrably the most promising anode catalyst in actual prototype 

PEM-DMFCs.

3. The Mechanism of Methanol Electrooxidation over Pt-Ru Systems

The mechanism of methanol electrooxidation over Pt and Pt-Ru surfaces has been 

extensively studied over the last four decades. A typical mechanism is given below.82-85 

The dots in the following equations denote the atoms possibly bound to the Pt or Ru

surface sites.

Pt + (CH3OH)sol -> Pt(CH3OH)ads (1-24)

Pt(CH3OH)ads Pt(*CH2OH) + H +aq + e~ (1-25)

Pt(*CH2OH) -> Pt{*CHOH) + H +aq + e~ (1-26)

Pt(®CHOH) -> Pt(*COH) + H +aq + e~ (1-27)

Pt(*COH) -+ P t-C O  + H +aq + e~ (1-28)

The first step in the reaction is the physical adsorption of methanol onto the Pt 

surface (Eq. 1-24). This adsorption is followed by a sequence of dehydrogenation steps 

that eventually lead to the formation of adsorbed CO (Eq. 1-25 to 1-28). The removal of 

the adsorbed CO requires the presence of labile, adsorbed oxygen containing species 

(denoted as OH), which are generated from the dissociation of water according to the 

reaction (Eq. 1-29):

Pt + H 2O ^ P t ~ O H  + H +aq +e~ (1-29)

The final step is the oxidation of adsorbed CO by the adsorbed oxygen containing species 

OH to give carbon dioxide (Eq. 1-30).
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Pt -  CO + P t -  OH —» 2Pt + CO2 + H ^  + e ' (1-30)

Steps 1-24 to 1-28 proceed fast even at low temperature and at low electrode 

potentials (i.e.< 0.2 V vs. RHE).86,87 The adsorbed OH is not formed at a significant rate 

on Pt surfaces at low potentials (i.e., < 0.7 V vs. RHE)88,89 and low temperatures. 

Therefore, step (1-29) is the rate-determining step (r.d.s.).82 The rapidly accumulated 

strongly adsorbed CO species poison the Pt catalysts by blocking the surface active sites 

from the adsorption of methanol molecules.82' 83’84 As a result, pure Pt surfaces are not 

effective electrocatalysts for methanol electrooxidation.

Incorporation of ruthenium, either as an adatom or a bimetal enhances the rate of 

electrooxidation of methanol over Pt.43,87, 90 This improvement mainly arises from the 

dissociation of water over Ru surfaces to form labile oxygen-containing species OH 

occurring at potentials as low as 0.2 V (Eq. 1-31).91'94 The presence of Ru increases the 

amount of OH on the catalyst surface at low potentials, thereby accelerating the oxidative 

removal of adsorbed CO (Eq. 1-32).

This mechanism is called the bifunctional mechanism, in which Pt activates 

methanol to form CO, and Ru activates H20  to form OH.43 Studies also show that the 

presence of Ru alters the electronic structure of Pt in a way that weakens the Pt-CO bond 

(e.g., by decreasing the back donation to CO), thereby increasing the CO oxidation rate.95' 

96 This electronic effect is referred to as the ligand effect, and its contribution relative to 

the bifunctional effect is believed to be small.97 98

Ru + H 2O —y Ru — OH + H*q + e (1-31)

Pt -  CO + R u -  OH —» Pt + Ru + C 02 + H +aq + e (1-32)
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Gasteiger and co-workers99, 100 studied methanol electrooxidation over well- 

defined shiny Pt-Ru alloy surfaces. They found that Pt-Ru surfaces with 10% Ru were 

the most active at 25 °C, and pure Ru is inactive at this temperature. Based on this result 

and the fact that the maximum concentration of three-fold Pt ensembles on Pt-Ru alloy 

surfaces occurs near 10% Ru, they proposed that, at room temperature, methanol 

dehydrogenation to CO is the rate-limiting step. This dehydrogenation of methanol 

occurs only at threefold Pt ensembles because three neighbor Pt atoms are needed for a 

complete dehydrogenation of one methanol molecule (Figure 1-7). When the reaction 

temperature was increased to 60 °C, the Pt-Ru alloy surface with 33% Ru was the most 

active, and pure Ru became active at this temperature. They suggest that at temperatures 

> 60 °C, methanol dehydrogenation to CO, as well as water dissociation to OH are in 

pre-equilibrium; the bi-molecular surface reaction between CO and OH is the rate- 

limiting step, so the rate of methanol electrooxidation is determined by the product of the 

surface coverage of CO and OH (r = k0co0OH). The formation of OH primarily occurs at 

Ru sites, and methanol dehydrogenation occurs on both Pt and Ru sites at temperatures > 

60 °C (any three surface sites can serve to dehydrogenate methanol). A 1:1 Pt-Ru surface 

atomic ratio will maximize the product of the surface coverage of CO and OH, so Pt50- 

Ru50 is the most active at temperatures > 60 °C. These conclusions were made using 

shiny bulk Pt-Ru alloys assuming a uniform distribution of Ru in Pt. Studies on the 

optimum surface ratio of Pt to Ru using other Pt-Ru systems (Ru decorated Pt single 

crystal, nanoparticle Pt-Ru) will be discussed in Chapter 3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

OH

+ H+ +e‘

/ \
/ / / / / / / / / /

Pt
/ / / / / / / / / /

Pt
/ / / / / / / / / /

Pt

O OH
I I I

+ H+ +e"C c + H+ +e

A \/ / / / / / / / / /
Pt

/ / / / / / / / / /
Pt

Figure 1-7. Methanol adsorption and dehydrogenation on Pt surfaces.22

4. Deposition of Ruad (adatom) on Pt Surfaces

Deposition of Ruad onto Pt surfaces is the most convenient method to prepare Pt- 

Ru catalysts for studies. For example, Pt-Ruad catalysts with various surface properties 

(structure, composition, chemical state) can be obtained by employing different Pt 

substrates (single crystals, polycrystallines, nanoparticles), different deposition 

techniques, or different deposition conditions. One of the major challenges for the study 

of Pt-Ru nanoparticles is the measurement of the number of surface active sites (see 

introduction sections in Chapters 2 and 3). If Pt-Ru nanoparticles are prepared by 

depositing submonolayer Ruad onto Pt nanoparticles, and if no major changes in surface 

area of Pt nanoparticles occur during the Ruad deposition reaction, then the surface area of 

the resulting Pt-Ruad nanoparticles is equal to the surface area of Pt nanoparticles. The 

surface area of Pt nanoparticles can be determined using electrochemical methods, such 

as cyclic voltammetry in aqueous acid (see experimental section in Chapter 2). The real
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activity of the Pt-Ruad nanoparticles (turnover number) can, thereby, be obtained by 

normalizing the currents to the initial surface area of the Pt nanoparticles. Several 

methods to deposit Ruad onto surfaces of Pt have been studied. These methods include 

electrodeposition (electrochemical reduction of Ru),43, 44, 76, 101412 Ru metal vapor 

deposition (MVD)97, 113416 chemical vapor deposition (CVD),117419 spontaneous 

deposition,70,7i’96,103,120428 organometallic surface chemistry deposition,129432 and surface 

reductive deposition.58, 133436 Of these methods, spontaneous deposition, surface 

organometallic chemistry, and surface reductive deposition can be used to prepare Pt- 

Ru^ nanoparticles. These methods will be discussed below.

4.1 Spontaneous Deposition

Spontaneous deposition of Ruad onto Pt surfaces was developed by Wieckowski 

and co-workers.121427 This method has been adopted in other research groups recently.103, 

128 Spontaneous deposition can be virtually carried out on any Pt substrate (Pt single 

crystal surfaces, smooth polycrystalline Pt surfaces, nanoparticle Pt surfaces) to prepare 

both model and technical grade Pt-Ruad catalysts. The spontaneous deposition is generally 

carried out as follows: a solution of RuC13 in 0.1 M HC104 is prepared and aged for 2-3 

weeks to obtain a stable yellow/orange solution containing the complex [Ru0(H20 )4]2+. 

Pt substrates (cleaned by several potential sweeps) are immersed into the Ru0[(H20 )4]2+- 

containing solution at open circuit. Irreversible chemisorption of the Ru0[(H20 )4]2+ on 

surfaces of Pt occurs during the immersion period, resulting in the formation of 

adsorbed Ru oxides on Pt surfaces (Eq. 1-33). The Pt-Ru oxide system is removed from 

the ruthenium solution and is rinsed with pure water. The adsorbed Ru oxides are then 

reduced electrochemically (by applying several potential sweeps between 0.06 V to 0.8 V
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vs. RHE) to form strongly adsorbed ruthenium or RuOads islands. The deposition stops 

after a fixed quantity of Ru oxides was deposited. The amount of Ru deposited depends

on the crystallography of the Pt substrates, and can be increased by repeating the whole

deposition process. This spontaneous deposition is a self-limiting, two-step process.

Ru0[(H 20 ) 4]2+ -> R u02ads +3H20  + 2H + (1-33)

Vielstich and co-workers also investigated spontaneous deposition of Ru on 

single crystal Pt.128 They carried out the deposition using freshly prepared, instead of 

aged, RuC13 solution (with or without HC104). Aging effects were observed in a few 

minutes to hours, which affected the reproducibility of the Ru depositions. They suggest 

that the deposition proceeds via prior adsorption of Cl' on the clean Pt, with Ru3+(aq) 

acting as counterions and thereby being coadsorbed on Pt (Eq. 1-34). The co-adsorbed 

Ru3+ is then electrochemically reduced to Ru°, and the Cl' is desorbed during the 

electrochemical reduction. Vielstich and co-workers also carried out direct reduction 

deposition of Ru on P t( l l l )  by bubbling hydrogen gas through aqueous RuC13 in the 

presence of P t(ll l).128

3Pt + RuC f -> 3Pt{C r)ads + (Rui+)coads (1-34)

4.2 Surface Organometallic Chemistry(SOMC)

In Bergens’ group, the deposition of Ru on Pt (either poly crystalline Pt gauzes or 

nanoparticle Pt black) was carried out using the surface-directed hydrogenation of 

Ru(l,5-cyclQoctadiene)(q3-C3H5)2 over Pt surfaces.(Eq. 1-35).129-137 The amount of Ru 

deposited was monitored in real time by measuring the amount of cyclooctane produced, 

so this organometallic surface chemistry approach realized real time control over the Ru
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surface concentration of the resulting Pt-Ruad systems. The Ru metal was deposited on Pt 

in one step, without post electrochemical treatment.

Ru 
/  \

+ 5H2
Black Pt 1 S '  ,

 ►  Ru(0) + 2 + (W5)
H exane

4.3 Surface Reductive Deposition

Surface reductive deposition of Ru on Pt surfaces was carried out in aqueous 

solution using RuC13 as the Ruad source and using pre-adsorbed hydrogen on Pt surfaces 

as reducing agent. This method was first described in a patent three decades ago by 

Pott,134 and it was used later on by Janssen et al.58,133 and Szabo et al.135,136 to prepare Pt- 

Ruad for methanol electrooxidation (Eq. 1-36).

3Pt -  H ads + R u3+ -»  P t3Ru + 3H + (1-36)

In the studies performed by Janssen and Szabo et al., pre-adsorbed hydrogen on 

Pt surfaces was formed electrochemically by holding the Pt electrode potential at 0.05 V 

vs RHE in an acid electrolyte, the Pt surface with saturated hydrogen was then 

transferred to an aqueous RuC13 solution. The hydrogen adsorbed by the Pt surface 

reduced a certain amount of RuC13 to deposit Ruad onto Pt surfaces. In the last decade, 

Barbier, Sazbo and their co-workers prepared a series of M-M’ad catalysts for non­

electrochemical reactions using a similar methodology (Eq. 1-37). These catalysts 

include Pt-Auad,138'144 Pt-Cuad,145 Pd-Ptad,146-150 P t-R e J51'156 Rh-Cuad,157 Pt-Rhad,158 Pd- 

Sn^,159 and Pt-Pdad.160 They also found that the substrate metal itself can act as the

3Pt - H ads+ AuClf -» Pt3Au + 4Cl~ + 3H + (1-37)
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reducing agent for the ions of the second metal. For example, in Equation 1-38, Pt acts as 

the substrate metal as well the reducing agent. AuC14' was reduced by the surface Pt 

atoms, resulting in the formation of Pt-Au^.

3Pt + 2A uC i;  + 4C r  3P tC l^  + 2Au (1-38)

Recently, Adzic and co-workers 161-165 applied this technique to the deposition of 

Pt on Ru to prepare Ru-Ptad catalysts for fuel cell applications. In this deposition, Ru acts 

as reducing agent. The driving force for the deposition is in part the difference between 

the potential for [PtCl6]2' reduction, and that for Ru° oxidation. This deposition is not a 

self-limiting process, i.e., it will, in principle, proceed until all the accessible Ru is 

oxidized. Adzic and co-workers showed that the amount and distribution of Pt deposited 

on the surface of Ru(0001) depend on the concentration of [PtCl6]2" and the deposition 

time. For example, if a freshly prepared Ru(0001) single crystal is immersed in a 10-4 M 

[PtCl6]2' + 0.1 M H2S04 solution for 2 min, about 35% of the Ru surface is covered with a 

great number of Pt nanoparticles. The Pt nanoparticles have a columnar shape and 

relatively uniform size, with heights in the range of 3-5 nm (10-15 monolayer), and with 

diameters between 6 and 10 nm. If the Ru(0001) single crystal is immersed in a 10"2 M 

[PtCl6]2- + 0.1 M H2S04 solution for 1 min, the entire Ru surface is covered with 2-6 nm- 

sized Pt clusters. This deposition of Pt also occurs on carbon-supported Ru nanoparticles 

(10 wt% Ru/Vulcan XC-72, E-TEK) reduced in H2 at elevated temperatures (e.g., 300 

°C). The resulting Ru-Ptad/C (nominal atomic ratio of Pt:Ru is 1:20) catalyst has high 

activity and CO tolerance surpassing those of a commercial 1:1 Pt-Ru alloy catalyst (E- 

TEK) as tested in an electrochemical cell (not in real fuel cells).
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5. Research Proposal

It is known that the catalytic activity of Pt-Ru surfaces toward methanol 

electrooxidation depends on Pt-Ru surface properties, including surface composition (the 

ratio of surface Pt to surface Ru), surface structure (Ru distribution on surfaces, Pt crystal 

faces), and surface chemical states, as well as particle size. A large number of studies 

have been carried out to identify how these surface properties of Pt-Ru systems affect 

their catalytic activities toward methanol electrooxidation in order to optimize Pt-Ru 

surfaces for application as the anode catalyst in DMFCs. The majority of these studies 

were performed on flat, well-defined model catalysts, because these flat model systems 

are easier to experimentally investigate than rough, nanoparticle systems in terms of 

obtaining information about surface properties, and information about the number of 

active sites, thereby allowing for better normalized and controlled comparison of 

absolute catalyst activity. However, the relatively poorly surface characterized, less- 

studied rough Pt-Ru nanoparticles more represent real world catalysts in prototype fuel 

cells. The highest level of accurate catalyst optimization would be the use of Pt-Ru 

nanoparticles of known, controlled surface properties in actual prototype fuel cells over 

long periods of operation.

My research mission is, first, to prepare technical-scale nanoparticle Pt-Ru 

catalysts of known surface area (number of active sites) and controlled surface 

composition, and then to investigate methanol electrooxidation over these practical 

nanoparticle Pt-Ru catalysts in both liquid acid electrolyte environments (3-electrode 

cells) and in real prototype DMFCs. Such studies are expected to help to clarify the 

controversial results regarding the optimum Pt-Ru composition obtained using model and
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technical systems. These studies may also help to determine if  there is a difference 

between methanol electrooxidation on model and on technical Pt-Ru catalysts. Further, 

these studies will show if Pt-Ru catalysts perform differently in a 3-electrode 

electrochemical cell and a prototype DMFC.

The strategy that will be used for the preparation of nanoparticle Pt-Ru catalysts 

of known surface area is the use of the Pt-Ruad system. Pt-Ru^ will be prepared by the 

deposition of Ru on nanoparticle Pt of known surface area. The resulting Pt-Ruad catalysts 

will have the same surface area as Pt substrates, if no significant changes in Pt surfaces 

occur during the depositions. To realize control over the surface composition of Pt-Ruad, 

self-limiting deposition of Ru on surfaces of Pt will be developed. The stability of Pt-Ruad 

systems will be investigated to address the concern that such systems are impractical 

catalysts for fuel cells because desorption of Ru adatoms from Pt surfaces may occur 

during cell operation.

Some exploratory investigations on direct liquid feed 2-propanol fuel cells based 

on Nafion® membrane technology will be carried out.
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Chapter 2 

An Organometallic Deposition of Ruthenium Adatoms on Platinum that Self 

Poisons at a Specific Surface Composition. A Direct Methanol Fuel Cell Using a

tPlatinum-Ruthenium Adatom Anode Catalyst.

1. Introduction

A self-poisoning method to deposit Ruad (adatom) onto Pt surfaces using an

organometallic Ru precursor [Ru4(|_i-H)4(CO)12 (1)] was developed. This deposition uses

a fairly air-stable, easily prepared Ru precursor, and it self-poisons by adsorbed CO at a 

specific surface Ru concentration (surface ratio of Ru^ to Pt).

It was first reported during the mid 1960's that Ru significantly enhances the 

activity of Pt towards the electrooxidation of methanol.1'6 Much research has been carried 

out on Pt-Ru systems, and high specific surface area Pt-Ru nanoparticles (unsupported or 

supported on carbon) are now the most active anode electrocatalysts used in direct 

methanol fuel cells (DMFCs).7'15 An issue indigenous to the study of Pt-Ru nanoparticles 

and rough (not atomically smooth) Pt-Ru surfaces is that their surface compositions and 

their real surface areas (number of active sites) are difficult to determine with accuracy. 

A further complication is that the most active commercial catalyst precursors exist as a 

mixture of mainly metallic Pt, with a small amount of hydrous and anhydrous Pt oxides 

(PtOwHx), some metallic Ru, and large amounts of hydrous and anhydrous Ru oxides

t
A version o f this chapter has been published. Cao, D. X.; Bergens, S. H. J. Electroanal. Chem. 2002, 533, 

91-100.
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(RuOyH2).16-20 These oxides are to some degree either chemically or electrochemically 

reduced during conditioning and operation of the direct methanol fuel cell.16'20 The nature 

and activity of Pt-PtOwHx-Ru-RuOyHz catalyst precursors change upon incorporation into, 

conditioning of, and operation of a DMFC.

The most readily available method to probe the surface composition and real 

surface area of the metallic component in Pt-Ru nanoparticles is the potentiodynamic 

electrooxidation of a saturated monolayer of adsorbed CO.18,21"35 The real surface area of 

the metallic components (but not of the nonmetallic oxides) within these catalysts is 

estimated (or normalized) from the Faradaic charge for electrooxidation of the CO 

monolayer. This measurement can be complicated by uncertainties in the ratio of 

adsorbed CO to surface metal atoms at saturation, as well as by overlap of the Faradaic 

CO electrooxidation charge with charges associated with oxide formation.36, 37 This 

overlap of the Faradaic CO electrooxidation and pseudocapacitive charges has been 

addressed using differential electrochemical mass spectroscopy (DEMS).38,39 The surface 

composition of the metallic component of these catalysts is estimated by comparing the 

peak potentials for the potentiodynamic electrooxidation of CO over the Pt-Ru 

nanoparticles to peak potentials obtained over bulk, atomically smooth Pt-Ru alloys of 

known surface composition (measured by low energy ion scattering).18 Application of 

this method to nanoparticles remains to be confirmed by independent measurement. The 

potentiodynamic response in aqueous acid has also been used to estimate the surface 

composition and the real surface area of Pt-Ru nanoparticles.36,37,40-44 This technique is 

complicated, however, by overlap of the hydride, double layer, and oxide regions of the 

voltammograms. Other methods used to measure the surface composition and real
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surface area of supported Pt-Ru particles are selective gas titration45 and underpotential 

deposition of Cu.46

An approach that addresses some of these issues in the study of Pt-Ru 

nanoparticle and bulk alloy surfaces is the use of Pt-Ruad systems prepared by deposition 

of Ruad on Pt. By using Pt substrates of known real surface area, the electrocatalytic 

activities of Pt-Ruad electrodes can be normalized to the initial real surface area of Pt (if 

no major changes in the number of active sites occur during the Ru^ deposition reaction). 

Depending on the distribution of Ruad on the Pt surface, the ratio of moles Ruad deposited 

on Pt to the moles surface atoms initially on Pt indicates the Pt-Ruad initial surface 

composition. Further, the use of single crystal Pt as the substrate allows studies of face- 

specific activities as well as quantitative characterization of the Pt-Ruad faces using ultra 

high vacuum surface techniques.

Pt-Ruad systems have been prepared by electrochemical, 28'30, 33, 34, 40, 47-57 by 

evaporative,58'63 and by spontaneous deposition of Ruad on Pt substrates.19, 22,60,64-71 The 

most convenient of these approaches is the spontaneous deposition of Ruad precursors on 

Pt. For example, Ruad precursors (largely oxides) spontaneously deposit from perchloric 

acid solutions of [RuO(H20 )4]2+onto electrochemically cleaned Pt single crystal 

surfaces.19,22,60,65"71 These Ruad precursors are then electrochemically conditioned to form 

Ruad adsorbed on the Pt single crystal surfaces. Such spontaneous deposition reactions 

offer the advantage over other deposition techniques that it is not necessary to monitor 

the deposition while it proceeds. These depositions are self limiting, halting at a specific 

surface coverage by the Ru precursor. Further, these depositions can be repeated to 

obtain higher coverages.71
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As part of investigations into electrooxidation of methanol over polycrystalline 

Pt-Ruad surfaces carried out in Bergens’ group, Lee and co-workers found that Pt surfaces

affect the hydrogenation of Ru(COD)(T}3-C3H5)2 (2, COD is 1,5-cyclooctadiene) under

very mild conditions (e.g. -  20 °C, 1 atm H2, in hexanes) to deposit Ru^ on Pt with the 

concomitant formation of cyclooctane (COA) and propane (Eq. 2-1).72

This reaction is conceptually similar to the surface organometallic chemistry 

work largely carried out by Coq and co-workers,73-78 Candy and coworkers,79'86 and 

recently applied to other electrocatalysts by Crabb and co-workers,87'90 except that the 

hydrogenation of 2 over Pt is designed to provide a real time control over the number of 

surface equivalents of Ruad deposited. Lee and co-workers used this reaction to prepare a 

series of blacked, polycrystalline Pt-Ruad gauze electrodes of reasonably well-defmed real 

surface areas and surface compositions. They also measured the real activities (current 

per active site) of these Pt-Ruad gauzes towards the electrooxidation of methanol (MeOH) 

(.E = 0.4 V, [MeOH] = [H2S 04] = 0.50 M, 25 °C) as a function of surface equivalents Ruad 

deposited by hydrogenation of 2.91 It was found that such Pt-Ruad surfaces with low 

surface equivalents Ruad (0.05 to 0.10) were the most active, producing 28 - 50 times 

more current per active site than blacked Pt gauzes without Ruad. These results are similar 

to those reported by Gasteiger and co-workers using shiny bulk Pt-Ru alloys with well- 

defmed surface compositions and real surface areas under these conditions.23"25 The

Black Pt
-----------
H exane
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results are also similar to those of van Veen and co-workers, who report the optimum 

percentage of Ru at the surface ( ^ u) of co-electrodeposited Pt-Ru electrodes for the

potentiostatic electrooxidation of methanol at E  = 0.48 V (T = 25 °C, 0.1 M MeOH, 0.5 

M H2S 04) was ca. 15 %.30,31 Further, Lamy and co-workers recently reported that the 

optimum surface composition of shiny, flat bulk Pt-Ru alloys (prepared by melting in a 

high frequency furnace with magnetic levitation and characterized by electron 

microprobe and electrochemically) for the electrooxidation of methanol was 10 to 15 % 

Ru.26 Lee and co-workers also found that even at low coverages (with only small amounts 

of Ruad on the surface), the blacked Pt-Ruad gauzes were surprisingly stable as 

electrocatalysts for the oxidation of methanol and other organic fuels. A blacked Pt gauze 

with 0.10 surface equivalents Ruad deposited by hydrogenation of 2 was used for a variety 

of electrooxidations and experiments over a period of one month without change in 

activity towards electrooxidation of methanol.91,92 It is important to note, however, that 

as Pt-Ruad nanoparticles may not be as stable as Pt-Ruad gauzes, it remained unproven by 

the gauze experiments whether nanoparticle Pt-Ruad catalysts made from Pt black 

nanoparticles could survive hot pressing into a membrane electrode assembly and 

operation as the anode catalyst in a DMFC. Further, despite several attractive features, 

the hydrogenation of 2 over Pt is not a self-limiting process as are the spontaneous 

depositions. The hydrogenation of 2 must be monitored in situ, and halted when the 

desired surface stoichiometry is reached.

In this study, a method to deposit Ruad onto Pt (blacked Pt gauzes and Pt 

nanoparticles) using an organometallic precursor that self-poisons at a pre-determined
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surface composition was developed. A nanoparticle Pt-Ruad catalyst prepared by this 

deposition method was tested as an anode electrocatalyst in a prototype DMFC.

2. Experimental

2.1. General

The argon (Linde, prepurified) and dihydrogen (Linde, prepurified) gas were used 

as received. The water was deionized, distilled, and finally distilled from alkaline 

permanganate, and purged with argon gas for 30 min prior to use. Hexanes (BDH, HPLC 

grade) were passed through aluminum oxide (Aldrich , standard grade,), hydrogenated (1 

atm) over Pt black for 24 h, and distilled through a Vigreux column from potassium 

metal under an atmosphere of argon. The methanol (BDH, HPLC grade) was distilled 

from Mg(OCH3)2 under an atmosphere of argon. H2S04 (Alfa Aesar 99.9999%) was used

as received. Ru4(|U-H)4(CO)12 was prepared by a literature method.93 The nanoparticle Pt

black was Johnson Matthey fuel cell grade with a specific surface area of 27 m2/g (both 

quoted by Johnson Matthey and measured independently by us). A shiny Pt gauze (52 

mesh, 99.9%, 25 x 25 mm, Aldrich) was threaded with Pt wire (200 mm in length, 0.127 

mm in diameter, 99.9%, Aldrich) and supported by flame sealing the wire leads through 

3 mm uranium glass tubing. The gauze was blacked94 and its surface area was determined 

from the coulometric charge of the hydrogen adsorption region in cyclic voltammograms 

recorded in 1.0 M H2S04.95'97 The lower limits to the surface roughness factors of the 

blacked platinum gauzes ranged from 250 to 500. These lower limits were determined by 

comparing the real surface areas of the shiny Pt gauze before and after blacking. It is 

necessary to use high surface area Pt substrates in order to generate a sufficient amount
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of Ru to allow reliable quantitative analysis by Inductively Coupled Plasma spectroscopy 

(ICP) (vide infra).

All glassware was rinsed in the following sequence: a 1:5 mixture of 30% 

aqueous hydrogen peroxide and concentrated H2S 04, water, a 5% mixture of ammonium 

hydroxide in absolute ethanol, absolute ethanol, water again and then dried in an oven. 

Rubber septa were extracted for 20 h with toluene (Caledon, reagent) in a Sohxlet 

extractor, boiled in deionized water, and dried under vacuum prior to use to remove the 

plasticiser. The deposition reactor was a 2.3 x 10.8 cm Pyrex tube containing a 4 x 14

mm Teflon-coated magnetic stir bar and fitted with a rubber septum and a side-arm with 

a Teflon stopcock.

Electrochemical experiments were performed in a typical three-electrode 

electrochemical cell using a Pine Bipotentiostat Model AFCBP1 controlled with 

Pinechem 2.00 software. Electrolytes were purged with argon for at least 10 min prior to 

use and protected under an atmosphere of argon at bubbler pressure during experiments. 

The reference electrode was a reversible hydrogen electrode (RHE). The counter 

electrode was a blacked Pt gauze behind a D-porosity glass frit.

To determine the amount of Ru deposited on Pt gauzes, Ru was first stripped off 

Pt gauze surfaces electrochemically (exhaustive anodic stripping) using the following 

procedure. The Pt-Ruad gauze was transferred in air to an electrochemical cell that 

contained a Teflon-coated stir bar and a 1.0 M solution of NaOH (80 mL). The black Pt 

gauze counter electrode was fitted behind a D-porosity glass frit. The cathode 

(“+ ”terminal) of a 9 V battery was connected to the Pt-Ruad gauze electrode, and the 

anode (“-” terminal) was connected to the counter electrode. The solution was stirred
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under argon for 25 min as the color of the solution turned orange. The solution was 

quantitatively transferred to a 100 mL volumetric flask and diluted to volume with 1.0 M 

NaOH. UV-vis spectra of the solutions indicated that the product of the anodic stripping 

was sodium ruthenate.98 Further anodic stripping in fresh electrolyte showed that all the 

ruthenium was stripped from the electrode by this treatment. The amount of Ru in 

solution was determined by ICP. The ICP was carried out using a Perkin-Elmer Optima 

equipped with an atomic emission detector.72,91

2.2. Self-Poisoning Deposition Using R u4(jU-H)4(CO )I2 (1) over Blacked Pt Gauzes

The blacked Pt gauze was cleaned by continuous potential sweeps between 0.0 -

1.4 V (all potentials are reported relative to the RHE) until a stabilized cyclic 

voltammogram was obtained. The following procedure was used to transfer the gauze 

from the electrochemical cell to the reactor in which the hydrogenation was carried out. 

First, the surface of the gauze was protected as oxides by holding the potential at 1.4 V 

for 2 min. Second, the gauze was raised above the electrolyte and rinsed with purified 

water under argon. Third, while protected by drops of purified water, the gauze was 

quickly transferred through air to the hydrogenation reactor. Fourth, the gauze was dried 

with a stream of argon for 3h and then exposed to a stream of hydrogen gas for a further 

1 h to reduce the surface oxides and to remove the resulting water. A saturated solution

of Ru4(Jl1-H)4(CO)12 (20 mL) in hydrogen-purged hexanes was then transferred via a

cannula to the deposition reactor containing the cleaned, characterized, and reduced 

blacked Pt gauze under an atmosphere of hydrogen. The reactor was placed in an 

autoclave, the stopcock was slightly opened, and the autoclave was quickly sealed and 

flushed with hydrogen gas. The autoclave was pressurized to 60 atm and kept at room
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temperature for 3 h with magnetic stirring. The autoclave was then slowly vented, 

opened, and the reactor stopcock was closed as quickly as possible to avoid exposing the 

reaction mixture to air. The solvent was cannulated from the reactor under hydrogen gas, 

the Pt-Ruad gauze was rinsed with five 5 mL portions of hydrogen-purged hexanes, and 

then dried under a stream of hydrogen gas for 30 min.

To obtain a voltammogram showing the state of the Pt-Ruad surface after the 

deposition self-poisoned, the dried gauze was transferred under argon to an 

electrochemical cell. The procedure was carried out in a glovebox flushed and filled with 

argon to eliminate risk of exposure to air that would oxidize the surface carbonyls. The 

potential of the Pt-Ruad gauze was set to 75 mV concomitant with immersion into the 

argon-saturated, aqueous sulfuric acid electrolyte to protect the adsorbed carbonyls from 

oxidation by adventitious oxygen.

2.3. Electrooxidation o f Methanol

The Pt-Ruad gauze was transferred under argon (in a glovebox) from the 

deposition reactor to an electrochemical cell containing the argon-purged electrolyte 

([H2S04] = 1.0 M), and equipped with reference and counter electrodes. The potential of 

Pt-Ruad gauze was set to 75 mV concomitant with immersion into the electrolyte. 

Continuous potential sweeps were carried out between 0 and 700 mV at 5 mV/s until a 

steady potentiodynamic response was obtained to remove CO and any contaminants that 

adsorbed to the Pt-Ruad during the reaction or the transfer. The potential was then held at 

75 mV while an equal volume of an argon-purged 1.0 M aqueous solution of methanol 

was added to the cell while stirring to bring the final [MeOH] = [H2S04] = 0.5 M. The 

stirring was stopped, and potentiodynamic cycling was started (sweep rate = 5 mV/s,
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sweep range 0 to 600 mV) with the first sweep in the negative direction. The potential 

was then held at 75 mV for 5 min and then the potentiostatic oxidation was begun by 

stepping the potential to 400 mV.

2.4 Self-Poisoning Deposition Using Ru4(jU-H)4(CO) I2 (1) over Pt Black

The reactor was charged with Pt black (50 mg) and then evacuated and back­

filled with argon three times to remove all oxygen from inside the vessel. Hydrogen gas 

was slowly bled into the reactor, and the system was then flushed with hydrogen gas for 

1 hour to remove the water generated by reduction of the surface Pt oxides by hydrogen. 

A saturated solution of Ru4((i-H)4(CO)12 (20 mL) in hydrogen-purged hexanes was

transferred via a cannula to the deposition reactor, the reactor was placed in an autoclave, 

the stopcock was slightly opened, and the autoclave was quickly sealed and flushed with 

hydrogen gas. The autoclave was pressurized to 60 atm, and then kept at room 

temperature for 3 h with magnetic stirring. The autoclave was slowly vented, opened, and 

the reactor stopcock was closed as quickly as possible to avoid exposing the reaction 

mixture to air. The solvent was cannulated from the reactor under argon. The Pt-Ruad 

black was rinsed with five 5 ml portions of argon-purged hexanes, and then dried under a 

stream of argon gas over night.

To obtain the amount of Ruad deposited on the Pt black after the deposition self­

poisoned, Ru was chemically oxidized and dissolved in alkaline solution as follows: 15 

mg resulting Pt-Ruad black was suspended in a 25.0 mL saturated solution of potassium 

persulfate (K2S20 8, Certified Regent, Fisher Scientific Company) in 4.0 M KOH, the 

solution was stirred for 1 hour at room temperature, and then it was left overnight 

without stirring." ICP analysis was carried out on the resulting solution to measure the
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amount of Ru. Further oxidizing on the leftover Pt black in fresh K2S2Og solution showed 

that all the adsorbed Ruad and some of the surface Pt are oxidized from such surfaces to 

form soluble oxides under these conditions

2.5 Preparation and Operation o f prototype DMFCs

The membrane electrode assemblies were fabricated using the decal transfer 

method developed in Los Alamos National Laboratory.10 The Pt-Ruad black obtained 

from the hydrogenation of 1 was used as the anode catalyst, and Pt black was used as the 

cathode catalyst. To make the catalyst/ionomer ink, the catalyst was suspended in water 

and agitated in an ultrasonic bath for 30 min to thoroughly wet and disperse the catalyst. 

Enough 5% Nafion® solution (ElectroChem. Inc.) was added to the mixture to give a dry 

ink composition of 80 wt% catalyst with 20 wt% Nafion® ionomer. The mixtures were 

ultrasonicated for another 2 h to obtain uniformly dispersed inks. A Nafion®-117 

membrane was cleaned and converted into the acid form by boiling in 3% H20 2 for 1 h, 

followed by boiling in 0.5 M H2S04 for 2 h, and finally boiling in ultra-pure water for 2 h 

with the water being changed every 30 min. The cleaned membrane was stored in ultra- 

pure water, and dried on a heated vacuum table before use. The catalyst inks were 

painted onto 5 cm2 Teflon decals to give a metal loading of approximately 2 mg/cm2. The 

catalyst inks were transferred from the Teflon decals to the Nafion® membrane by hot- 

pressing (125 to 127 °C, 1450 to 1550 psig for ca. 2 min). The membrane electrode 

assembly was then mounted into commercial fuel cell hardware (ElectroChem. Inc.) 

using Teflon-treated carbon papers (ElectroChem. Inc.) as backings/current collectors.

The fuel cell was operated at 90 °C with a 1.0 M aqueous methanol solution 

pumped through the anode compartment at 1 mL/min and zero back pressure, and with
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oxygen passed through the cathode compartment at 400 standard cubic centimeter per 

minute (seem) and 20 psig back pressure. Pure oxygen was used to maximize the activity 

of the cathode so that the differences in cell performance would reflect as much as 

possible the differences in anode catalyst activity. The cell potential-current curves were 

obtained using 890 Series computer controlled fuel cell test load (Scribner Associate 

Inc.). The reported cell potentials are not IR compensated.

3. Results and Discussion

One strategy for a self-poisoning version of the hydrogenation of 2 is to use a Ru 

precursor that contains ligands (L) that do not hydrogenate, but rather remain adsorbed 

on the surface after the Ruad is deposited. The adsorbed ligands L would then block one 

or more sites of the evolving Pt-Ruad surface from further reaction with the remaining Ru 

precursor in solution. Eventually, enough ligands L would adsorb on the evolving Pt-Ruad 

surface to stop further deposition of Ruad (Scheme 2-1). The amount of Ruad deposited on 

the surface when the deposition self-poisons would depend on the nature of L, the 

mechanism of the deposition, and on the ratio of L to Ru in the precursor. Further, unlike 

the hydrogenation of 2, which needed to be carried out under reaction-rate limiting 

conditions (to avoid variations in mass transport to the active sites) to ensure a uniform 

coverage of Pt by Ruad,72,91 self-poisoning depositions can be carried out over longer 

periods of time under mass-transport limiting conditions. Given enough time, all the 

particles or sites will react and be poisoned, regardless of variations in mass transport to 

the sites. The Ru precursor should be easily prepared and maintained in pure form, and 

the poisoning ligands L should be easily removed. We now disclose that the cluster
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compound Ru4(|a-H)4(CO)12 (1, L = CO, R = H) fulfills these requirements. This

compound is a moderately air stable, crystalline compound prepared by reaction of 

Ru3(CO)12 with hydrogen gas.93 The poisoning ligand L in this system is CO, which is 

easily removed after the deposition by either electrooxidation or by exposure to 

atmospheric oxygen. Another Ru carbonyl cluster, Ru3(CO)9(CH3CN)3, has been used to 

deposit Ru-carbonyl species on Pt oxide (Pt/Pt-O, or P t-0/Pt02) surfaces in 

dichloromethane as reported in a recent study.100

h h h h h h h h

pt

Ru(R)x(L)y + H2 -xRH

Ru(R)x(L)y + H2

No Further Reaction

Scheme 2-1. Schematic of self-poisoning deposition of Ruad on Pt
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3.1 Blacked Pt-Ruad Gauze

A blacked Pt gauze, prepared and characterized as described previously72,91 (the 

surface was cleaned and its real surface area was measured by potential sweeping in 

H2S04(aq)) was used as the substrate/promoter for the deposition. The deposition 

reactions were carried out in hexanes solutions. The hexane solvent was rigorously 

purified and all olefin impurities removed by hydrogenation as described previously.72,91 

It was found that the deposition did not occur under 1 atm of hydrogen at room 

temperature. The deposition did occur, however, under 60 atm of H2 (Scheme 2-2).

Ru4(^H)4(CO)1; +

H2(60atm)
hexanes
RT, 3h

RuRu Ru

Scheme 2-2. Self-poisoning deposition of Ruad on Pt using Ru4({i-H)4(CO) 12

Scheme 2-2 shows a cartoon of one of the possible structures of the resulting 

surface (vide infra). Since Pt surfaces are saturated with hydrogen (reduced with no or 

few surface oxides) even under 1 atm of H2, the high pressures of H2 required for this
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deposition probably serve to activate the cluster 1 towards reaction with the Pt-H surface. 

The deposition of 1 self-poisoned after 3 h under 60 atm H2 at room temperature - use of 

longer reaction times (9 and 18 h) did not result in further deposition of Ruad. The 

resulting black Pt-Ruad gauze was characterized and studied using techniques effective 

for Pt-Ruad gauzes prepared by hydrogenation of Ru(COD)(T| 3-C3H5)2 (2): base cyclic

voltammetry, anodic stripping of Ruad, and the potentiodynamic and potentiostatic 

electrooxidation of methanol.72,91

Figure 2-1 shows the voltammograms of a blacked Pt gauze before and 

immediately after the deposition using 1. There are two anodic peaks at ca. 0.46 and 0.58 

V in the first positive-going sweep recorded after the deposition self-poisons (Figure 2- 

lb, short-dashed line). The upper potential of these sweeps was limited to 0.7 V to avoid 

dissolution of Ru. These peaks are similar to those observed using Pt-Ruad gauzes 

prepared by hydrogenation of 2.72,91 Wieckowski and co-workers recently observed two 

peaks for the electrooxidation of CO adsorbed on Pt-Ruad surfaces obtained by 

spontaneous deposition of Ru on Pt black.22,71 To confirm that these peaks arose from 

electrooxidation of adsorbed CO, the surface of the Pt-Ruad gauze was subsequently 

saturated with CO (using a procedure described previously68,80), and then a CV was 

recorded under identical conditions. It was found that the first positive going sweep 

contained two anodic peaks of similar size and shape at ca. 0.53 and 0.58 V. These 

experiments show that CO is adsorbed on the Pt-Ruad surface after the hydrogenation of 1 

self-poisons. It should be noted that more information is required, however, to determine 

how the COs are distributed on the surface, or whether the Pt-Ruad surface retains 

components or fragments of the structure of 1 before the CO is removed.
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Figure 2-1. Cyclic voltammograms of blacked Pt gauze (a) before hydrogenation, (b)

after hydrogenation: first potential sweep( ---- —), stabilized(------------ ). [H2S04] =

1.0 M, T - 25 °C, sweep rate = 5 mV/s, sweep range = 0.00 to 0.70 V.

The stabilized base voltammogram of the Pt-Ruad surface after CO stripping 

(Figure 2-lb, solid line) contains features typical of Pt-Ru surfaces: less resolution in the 

hydrogen region, and an enlarged double layer region when compared to polycrystalline

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pt.36, 37, 40-44 The stabilized voltammogram closely resembles those reported by us 

previously for 0.05 and 0.10 equivalent Pt-Ruad surfaces generated by hydrogenation of 2 

over black Pt gauzes.91 It also resembles that reported by Ross and co-workers for a bulk, 

shiny Pt-Ru alloy with 7% Ru at the surface.43,44 This resemblance in potentiodynamic 

response suggests that the hydrogenation using 1 self-poisons after depositing small 

amounts (0.05 - 0.10 surface equivalents) of Ruad on the blacked Pt gauzes. Notably, 

Wieckowski and co-workers recently reported that voltammograms of Pt-Ruad systems 

prepared by spontaneous deposition of appreciable amounts of Ruad on Pt black contained 

features largely resembling Pt as well as features resembling Ru. This intriguing result 

shows that the nature and therefore the activities of surfaces obtained by Ruad deposition 

is preparation specific.22, 71 To determine, as the voltammetry suggests, whether the 

hydrogenation of 1 over the blacked gauze self-poisoned at low coverages, the exhaustive 

anodic stripping-inductively coupled plasma spectrophotometry (ICP) analysis was 

carried out. This analysis shows that 0.05 surface equivalents Ruad (relative to the number 

of surface atoms initially on the black Pt gauze) were deposited on the surface when the 

hydrogenation self-poisoned by adsorbed CO - consistent with the amounts indicated by 

the base voltammograms.

Assuming that all the CO from Ru4(|i-H)4(CO)12 was adsorbed on the Pt-Ruad

surface, the CO stripping charge will reflect the amount of Ruad deposited on the Pt 

surface. The CO stripping charge was estimated by integrating the current-time curve for 

the second positive going sweep over the voltage range 0.34 to 0.7 V, and subtracting this 

value from the charge measured from the first positive going sweep over the same range. 

As shown by the voltammograms (Figure 2-lb), all or most of the adsorbed CO is
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oxidized by the end of the first positive going sweep. Further, the negative going sweep 

after the first positive sweep is quite similar to all subsequent negative going sweeps, 

showing that the amount of oxides on the surface at the end of the first positive going 

sweep is equal, or nearly equal, to the amount of oxides at the end of all subsequent 

positive going sweeps. Thus the first positive going sweep over this range contains the 

current for oxidation of adsorbed CO and for formation of surface oxides, the second 

positive going sweep contains only the current for formation of surface oxides, which 

was subtracted to estimate the CO stripping charge. Assuming from the stoichiometry of 

1 that three CO molecules are adsorbed by the surface for every Ruad, the measured CO 

stripping charge predicts that ca. 0.10 surface equivalents Ruad were deposited on Pt 

when the deposition self-poisoned. Considering the uncertainties involved in measuring 

CO electrooxidation charges {vide supra), this number is in reasonable agreement with 

the amount (ca. 0.05 equiv) obtained from the exhaustive anodic stripping of Ruad. This 

value also correlates with the low coverage of Pt by Ruad indicated by the voltammetry 

experiments.

Figure 2-2 shows the first, second, and third positive-going sweeps for the 

potentiodynamic oxidation of methanol over the black Pt-Ruad gauze made by the self­

poisoning deposition. Also shown is the stabilized, positive-going sweep measured over a 

blacked Pt gauze. The currents are normalized to the initial real surface areas of the 

blacked Pt gauzes. The first sweep over the blacked Pt-Ruad gauze surface contains the 

well-known anodic peak at ca. 0.2 V observed using polycrystalline Pt-Ru.43,91 101, 102 

Also well-known for Pt-Ru surfaces is the subsequent decrease in currents between the 

first, second, and third positive going sweeps.43'91 The third, stabilized sweep over Pt-
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Figure 2-2. Potentiodynamic electrooxidations of methanol over a blacked Pt gauze

substrate ( " ........ ) and over a blacked Pt-Ruad gauze surface resulting from hydrogenation

of 1: first potential sweep(-------- — ), subsequent   —). Currents are normalized to

real surface area. [MeOH] = [H2S04] = 0.5 M, T = 25 °C, sweep rate = 5 mV/s, sweep 

range = 0.00 to 0.60 V.

Ruad made with the self-poisoning deposition is similar to that over 0.05 equivalent Pt- 

Ru^ made with the hydrogenation of 2 over a blacked Pt gauze.91 These potentiodynamic 

methanol electrooxidations, therefore, also indicate that the deposition using 1 self- 

poisoned at low (0.05 - 0.10 surface equiv.) Ru concentrations.
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Figure 2-3 shows a plot of current versus time for the potentiostatic 

electrooxidation of methanol over the blacked Pt-Ruad gauze made by the self-poisoning 

deposition. Also shown is the curve obtained using a blacked Pt gauze.91 The currents are 

normalized to the initial real surface area of the Pt gauzes. The electrooxidations exhibit 

the well-known, initial rapid decrease in current followed by a region of more stable 

activity, in which the current slowly decreases.41,103 As expected, the normalized activity 

of the surface made by the self-poisoning deposition is between those previously reported 

for 0.05 and 0.10 equivalent Pt-Ruad surfaces prepared by hydrogenation of 2.91 As it is 

reasonable to expect uncertainties in the stoichiometries of 0.05 and 0.10 equivalent Pt- 

Ru^ surfaces made by hydrogenations of 2 over Pt gauzes, the results from the 

potentiostatic oxidations also show that the deposition 1 self-poisons after small amounts 

(< 10 %) of Ruad are deposited on Pt.

3.2 Nanoparticle Pt-Ruad Black

The self-poisoning deposition was carried out over Johnson Matthey fuel cell 

grade nanoparticle Pt black (27 m2/g). Wieckowski and co-workers have recently 

reported the spontaneous deposition of Ruad precursors on fuel cell grade Pt black and use 

of the Pt-Ruad blacks as electrocatalysts for the electrooxidation of methanol.22,71 The 

amount of Ruad deposited on Pt black when the deposition self-poisoned was determined 

by exhaustive oxidative dissolution of Ru by S20 82' in alkaline solution99 followed by ICP 

analysis for Ru ions. The amount of Ru ions in the resulting electrolyte showed the 

deposition self-poisoned after ca. 0.10 surface equivalents Ruad were deposited on the Pt 

black. This result appears to differ from the anodic stripping experiments run after the 

deposition over black Pt gauzes, which showed that ca. 0.05 surface equivalents Ruad are
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Figure 2-3. Potentiostatic electrooxidation of methanol over a blacked Pt-Ruad gauze 

resulting from hydrogenation of 1, and over a blacked Pt gauze. Currents are normalized 

to real surface area. T - 25 °C, E  = 0.4 V, [MeOH] = [H2S04] = 0.5 M.

adsorbed (vide supra). Further investigations are required to determine the origins or 

significance of this difference. Considering factors include surface structure and particle 

size effects. The blacked Pt gauzes and nanoparticle Pt black powder may not behave in 

precisely the same manner.

A DMFC was constructed by hot pressing the nanoparticle Pt-Ru^ black into a

Nafion® membrane using the decal transfer method developed by Gottesfeld and co­
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workers.10 The cathode catalyst was made from the same batch of Pt black that was used 

to make the Pt-Ruad anode catalyst. The catalyst loadings on both sides of the cell were 2 

mg/cm2. The utilization of the cathode catalyst (and presumably also of the anode 

catalyst) was 85 %, obtained by comparing the initial real surface area of the Pt black to 

the real surface area of the cathode Pt black measured in the cell (vide infra) by cyclic 

voltammetry. The fabrication parameters were not optimized to maximize the 

performance of this cell.

Figure 2-4 shows the normalized polarization curves for this cell and for a control 

cell using bare Pt black as anode catalyst. The currents are mass normalized per gram 

anode catalyst (the loadings at the cathode and anode were the same). The normalized 

currents using the Pt-Ruad anode electrocatalyst were substantially higher than those 

using the Pt anode catalyst. The Pt-Ruad cell was operated intermittently for 5 days at 8 h 

per day. Various polarization curves and electrode voltammograms were recorded before 

the cell was disconnected. No decrease in performance was observed during this time.

Figure 2-5 shows the cyclic voltammograms of the anode and the cathode of the 

Pt-Ruad cell after several days of operation at 90 °C. The voltammograms were recorded 

at 25 °C in the fuel cell test block as described by Gottesfeld and co-workers.18 The 

working electrode was placed under purified water, and the opposite electrode was used 

as both counter and reference by placing it under 1 atm of hydrogen gas. The 

potentiodynamic response of the Pt-Ruad anode had less resolution in the hydrogen region 

and a thicker double layer region than that of the Pt cathode. As only ca. 0.10 equivalents 

Ruad were initially present on its surface, it is expected that the performance of this Pt- 

Ruad anode catalyst would be a sensitive probe to loss of surface Ruad - a small loss would
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Figure 2-4. Polarization curves for 90 °C DMFCs with Nafion®-117 membranes. 

Anode: 2 mg/cm2 catalyst, 1.0 M methanol at 1.0 ml/min. Cathode: 2 mg/cm2 Pt-black 

catalyst, 20 psig oxygen at 400 seem.

bring the activity down to that of pure Pt. This expectation, combined with both the 

voltammograms recorded in the cell and with the higher performance of Pt-Ruad than Pt 

as anode electrocatalyst, lead us to conclude that significant surface segregation or 

dissolution resulting in loss of Ruad did not occur during construction and initial (days 

long) operation of this DMFC.
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Figure 2-5. Cyclic Voltammograms of a Pt-Ruad anode and a Pt-black cathode obtained 

in a DMFC at 25 °C, 5 mV/s sweep rate. 2 mg/cm2 catalyst on both sides.

4. Conclusions

Combined, the results from the adsorbed CO stripping charge, from base 

voltammograms, from anodic stripping, and from potentiodynamic and potentiostatic 

electrooxidations of methanol show that the deposition using 1 self-poisoned after ca. 

0.05 surface equivalents of Ruad are deposited on black Pt gauzes. This is the optimum 

surface composition for electrooxidation of methanol over blacked Pt-Ruad gauzes 

prepared by hydrogenation of 2.72,91 The deposition self-poisons when ca. 0.10 surface 

equivalents is deposited on nanoparticle Pt black. This Pt-Ruad black can be used to
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prepare and operate a direct methanol fuel cell. Further investigations are underway in 

our laboratories to study other Ru precursors, as well as to determine the longevity and to 

optimize prototype Pt-Ruad DMFCs.

Although ca. 0.05 surface equivalents Ruad is the optimum composition for 

electrooxidation of methanol over blacked Pt-Ruad gauzes, it may not be the optimum 

composition over nanoparticle Pt-Ruad black powder. Wieckowski and co-workers 

recently reported that the optimum surface composition for the electrooxidation of 

methanol over Pt-Ruad blacks prepared by spontaneous deposition is ca. 0.50 equivalents 

Ruad22, 71 As it is reasonable to assume that the activities and optimum surface 

compositions of Pt-Ruad catalysts will be preparation specific, the optimized surface 

prepared under one set of conditions and reagents may not be of the same composition or 

activity of the optimized surface prepared under another set of conditions and reagents. 

Factors including the distribution of Ruad on the Pt surface (towering, islands, etc) will 

vary between preparation techniques and they will affect the activities of such catalysts. 

The optimum surface composition and activity of nanoparticle Pt-Ruad blacks were 

studied and are reported in chapter 3 and chapter 4.
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Chapter 3

Nanoparticle Pt-Rua(i Catalysts for Direct Methanol Fuel Cells.

Part I: Preparation, Methanol and Pre-adsorbed CO Electrooxidation.^

1. Introduction

The interest in direct methanol fuel cell (DMFC) research has significantly 

increased over the last decade because DMFCs offer several attractive features as an 

alternative to internal combustion engines for transportation and as an alternative to 

batteries in portable electronic devices (see chapter 1). The closest alternatives to DMFCs 

for such applications are H^/air PEMFC systems operating on either reformate (Hh + CO2) 

generated on-board using reformers, or on compressed H2 gas stored on-board (generated 

off-board). Compared with FF/air PEMFC systems operating on reformate, DMFC 

systems have advantages including simple system design, ease of operation, reduced 

weight and volume, and lower cost. Compared with E^/air PEMFC systems operating on 

compressed H2 gas stored on-board, DMFC systems use liquid methanol as the fuel. Liquid 

methanol is easier to handle, to store, and to distribute than H2 gas. In addition, methanol 

has a higher energy density than hydrogen, and methanol is available in large quantities. 

The main challenges in DMFC research are the poor kinetics of anode methanol 

electrooxidation, and cathode polarization resulting from methanol crossover from the 

anode to the cathode (see Chapter 1). The lack of highly effective, low-cost anode catalysts 

is a key factor limiting the development of practical DMFC systems. This limitation has 

stimulated tremendous research effort towards development of active, cost-effective

 ̂A version o f this chapter has been published. Cao, D. X.; Bergens, S. H. Electrochim. Acta 2003, 48, 
4021-4031.
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electrocatalysts for oxidation of methanol in fuel cells. Although many catalyst systems 

have been investigated, 1 only Pt-Rn nanoparticles demonstrably have the combination of 

high activity and stability in actual prototype DMFCs. The relatively high activity of Pt-Ru 

systems towards methanol electrooxidation is believed to primarily result from the catalyst 

acting through a so-called bi-functional mechanism . 2 The platinum’s role in the 

bi-functional mechanism is to promote the adsorption/dehydrogenation of methanol to 

form adsorbed CO and surface hydrides that are quickly electrooxidized to protons and 

electrons (Eq. 3-1 to 3-5, the dots indicate the atoms bound to the catalyst surface).

Pt + (CH,OH)sol -> Pt{CH,OH)ads (3-1)

Pt(CH,OH)ads -> Pt(»CH2OH) + i f ;  + (3-2)

Pt{*CH2OH) -*• Pt(*CHOH) + H +aq + e (3-3)

Pt(*CHOH) -> Pt(*CHO) + H +aq + e~ (3-4)

Pt(*CHO) -> P t-C O  + H +aq + e (3-5)

Ruthenium’s role in the bi-functional mechanism is to catalyze at low potentials the 

transfer of oxygen (likely as OH) from water to the adsorbed CO poison (Eq. 3-6, 3-7).

Ru + H 20 - > R u - 0 H  + H +aq +e~ (3-6)

Pt -  CO + R u -  OH Pt + Ru + C 02 + + e~ (3-7)

Some researchers have found evidence for electronic effects, that is, the presence of 

ruthenium changes the electronic structure of platinum in a way that weakens the Pt-CO 

bond, thereby promots CO removal.3' 6

In order to maximize the catalytic performance of Pt-Ru systems towards 

methanol electrooxidation, large numbers of studies on effects of surface properties on
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activity have been carried out. These surface properties include surface composition, 

surface structure, and surface chemical state. The majority of these studies were performed

7 1 Ron model Pt-Ru surfaces such as smooth shiny Pt-Ru alloy surfaces ' and Ru decorated 

(by electrodeposition, spontaneous deposition, or chemical vapor deposition) Pt single 

crystal surfaces.19-41 Surfaces of these flat model catalysts are relatively easily 

characterized to obtain information about Ru surface concentration, distribution, surface 

morphology, surface chemical state, and number of surface active sites, thus enabling a 

close look at the dependence of real activities on these surface properties. Some important 

results obtained using these model catalysts are summarized below, and will be further 

discussed in the “results and discussion” section in this chapter. The optimum surface 

composition of Pt-Ru catalysts for electrooxidation of methanol is between 10% and 50% 

Ru.7,9’19,20 The number of surface Pt-Ru neighbor sites appears essential for the activity. 

For example, Pt-Ru alloys, which have a homogeneous distribution of Pt-Ru sites, and 

thereby the largest number of Pt-Ru neighbor sites among all forms of model Pt-Ru 

surfaces, has higher specific activity than single crystal Pt surfaces decorated with Ru 

adatom islands. Among the Ru decorated Pt(M/) surfaces, R u/P t(lll) is the most active, 

showing that methanol electrooxidation over Pt-Ru surfaces is structure sensitive.24’26 It is 

also believed that metallic Pt and Ru are more active than metallic Pt mixed with Ru 

oxides.31 Other types of model catalysts that have been studied are electro-codeposited 

Pt-Ru surfaces3,42-45 and rough, polycrystalline Pt surfaces modified by Ru adatoms.46-53 

These rough polycrystalline catalyst systems do not have near atomically smooth, well 

defined surfaces. As a result, the surfaces of such catalysts are difficult to fully
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characterize. These rough surface model catalysts, however, are one-step closer to 

practical, in-cell Pt-Ru catalysts.

The effects of surface properties on activity for nanoparticle technical-scale Pt-Ru 

catalysts have not been well studied.4,54‘69 This is mainly because surface properties of 

Pt-Ru nanoparticles (i.e., surface composition, number of active surface sites, surface 

structure) cannot be measured with accuracy {vide infra). For example, in the majority of 

the studies on effects of surface composition on activity for Pt-Ru nanoparticles, the bulk 

Pt-Ru compositions instead of surface compositions were used because of the difficulties 

in measurements of surface compositions of Pt-Ru nanoparticles.55,56, 60, 61, 65, 66, 69 

However, the bulk compositions may not represent the surface compositions in case of 

surface segregation occurring.69 Another critical surface parameter, active surface areas 

(number of active sites) of Pt-Ru nanoparticles are also difficult to measure accurately. The 

number of active sites is critical because it provides the inherent (intrinsic, absolute, real) 

activity {current density normalized by the real active surface area o f the catalysts, i. e., 

turnover number) of nanoparticle Pt-Ru surfaces toward methanol electrooxidation. The 

following methods have been used to investigate the number of active sites and/or surface 

compositions of nanoparticle Pt-Ru systems.

BET surface areas have been used to represent the active surface areas of Pt-Ru 

catalysts.55 BET surface areas give the total number of surface sites, including active sites 

(i.e. metallic Pt and Ru surface atoms) and inactive sites (i.e. surface Pt and/or Ru oxides). 

In case of the presence of significant amount of Pt and/or Ru oxides on the surfaces of 

Pt-Ru catalysts, the use of BET surface area will likely over-estimate the metallic active 

surface area. Further, the surface oxidation states of Pt-Ru catalysts may change after the
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catalysts are put into the operating fuel cell. Surface oxides are known to be reduced during 

operation of DMFCs,68’70 and the ex-situ BET surface area might thereby not represent the 

in-situ surface area under real working conditions. Another method to investigate the 

surface area of Pt-Ru nanoparticles is to measure the stripping charge of an adsorbed 

monolayer of CO, and then calculate the number of active sites by assuming that the ratio 

of adsorbed CO to surface metal atoms is 1:1.60,62,64,66 This measurement gives, in 

principle, the metallic surface area instead of the total surface area (metal sites and oxide 

sites), and it has been used for either ex-situ measurements (for catalysts before being put 

into ME As),60’61 or in-situ measurements (for catalysts after being embedded into MEAs 

and operated in prototype cells).68 Some uncertainties are associated with this method. For 

example, it has not been shown that the ratio of adsorbed CO to surface metal atoms is 

always 1:1. Further, measured CO stripping charge generally includes not only the 

Faradaic CO electrooxidation charge but also double-layer charges and charges associated 

with oxide formation.71,72 The measured CO stripping charge may, thereby, not represent 

only the Faradaic charge. From the studies of well-defined, shiny, flat Pt-Ru alloy systems, 

it has been found that the adsorbed CO stripping peak potential is a function of Ru surface 

content.12 This relationship between the peak potential and surface composition has been 

extrapolated by some researchers to evaluate the surface compositions of nanoparticle 

Pt-Ru catalysts.68, 73 This extrapolation remains to be confirmed by independent 

measurement. Another method employed to investigate the specific surface area of Pt-Ru 

nanoparticles is to measure the mean size of the Pt-Ru nanoparticles using TEM or XRD, 

and then calculate the specific surface area by assuming the particle is a sphere and using 

Equation 3-8, where d is the diameter of the particle, p is the density of Pt-Ru alloy.56,69
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S = —  (3-8)
dp

Accuracy of this measurement much depends on the actual shape of the particles and the 

distribution of particle size, as well as the measurement of alloy density. Data obtained 

using this method have proven unreasonable in some cases. For example, a specific surface 

area of 184 m2/g was measured for an unsupported Pt4oRu6o catalyst using XRD. This 

specific surface area corresponds to a dispersion of 54% (dispersion is the ratio of the 

number of atoms on the particle surface to the total number of atoms in the particle), which 

is too high.69

The stripping charge of underpotential deposited (udp) Cu on Pt-Ru surfaces has 

been used to measure the surface area of Pt-Ru nanoparticles by assuming that the 

complete copper monolayer is deposited in a 1:1 ratio of Cu to surface metal atoms 

regardless of the Pt/Ru ratio.74 This measurement gives the metal surface area of Pt-Ru 

systems, because udp copper does not deposit on surface oxides. In addition to the surface 

area, the metallic surface composition of Pt-Ru catalysts can also be determined using this 

technique, because the adsorption energy of Cu on Pt is different from that on Ru. The peak 

associated with udp Cu on Pt and the peak associated with udp Cu on Ru can be resolved. 

This recently developed method has not been independently confirmed by others, and it 

may be difficult to apply to in-cell measurements.

Combinations of spectroscopic techniques such as XPS (X-ray photoelectron 

spectroscopy), AES (Auger electron spectroscopy), EXAFS (extended X-ray absorption 

fine structure spectroscopy) etc. have been used to study the surface properties of Pt-Ru

70 75 77systems, which include surface chemical state, structure, and surface composition. ’

The properties detected using these instruments are better referred to as “surface layer
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properties” because the X-rays employed by these techniques penetrate a few atomic 

distances underneath the surface; they actually examine a thin surface layer, not only the 

outer surface.

Studies on model catalysts have yielded a wealth of data. The fundamental question 

to all model studies in catalysis also applies to Pt-Ru systems: can the results and 

conclusions from model surfaces be directly applied to technical Pt-Ru nanoparticle 

catalysts? It has been known for several systems that catalysis over nanoparticles is

7R 8”}different from that over smooth surfaces. ' Particle size effects have been shown to

1 fid. fi^  S Iinfluence the activity of methanol electrooxidation catalysts. ’ ’ Christensen et al. 

pointed out that extrapolation from bulk to particle electrodes could be dangerous. So it is 

necessary to further investigate methanol electrooxidation behavior on technical scale 

Pt-Ru nanoparticle surfaces to address if any similarities and differences exist between 

model and technical Pt-Ru catalysts.

In this study, nanoparticle Pt-Ruad catalysts of known surface area and of 

reasonably defined surface composition were prepared by a surface reductive deposition of 

Ruad onto nanoparticle Pt black (fuel cell grade). In contrast to other studies on 

nanoparticle Pt-Ru catalysts, in which complicated or uncertain methods were used to 

measure the real active surface areas and surface composition, we use the experimental 

procedure to directly control the specific active surface area, and use a straight-forward 

chemical analysis method to obtain the surface composition of nanoparticle Pt-Ruad 

catalysts. Methanol and adsorbed CO electrooxidation were carried out over these Pt-Ruad 

catalysts. The results were compared with those obtained using model Pt-Ru catalysts.
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2. Experimental

2.1 General

The argon (Praxair, pre-purified), and carbon monoxide (Matheson, ultrahigh 

purity) were used as received. The hydrogen gas was generated by a hydrogen generator 

(Peak™, Scientific). The water was deionized, distilled, and then distilled again from 

alkaline permanganate. The methanol (CH3OH) (Sigma-Aldrich, ACS HPLC grade, 

99.93%), H2SO4 (Alfa Aesar, 99.9999%), H20 2 (ACP Chemicals Inc, Reagent ACS, 30%), 

ruthenium (III) chloride hydrate (RuCfi • xH20 ) (AITHACH Chemical Corp.), KOH (BDH 

Inc. ACS), and K2S20s (Fisher Scientific Company, Certified Reagent) were used as 

received. The Pt black was Johnson Matthey fuel cell grade with a specific surface area of 

27 m2/g (both as quoted by Johnson Matthey and measured independently by us).

All glassware was rinsed in the following sequence: a 1:5 mixture of 30% aqueous 

hydrogen peroxide and concentrated H2S0 4 , water, a 5% mixture of ammonium hydroxide 

in absolute ethanol, absolute ethanol, water again and then dried in an oven. The deposition 

reactor was a 3 dram 21x50 mm vial containing a 4 x 14 mm Teflon-coated magnetic stir

bar and capped with a rubber septum.

Electrochemical experiments were performed in a typical three-electrode 

electrochemical cell using a Pine Bipotentiostat Model AFCBP1 controlled with 

PineChem 2.00 software. Electrolytes were purged with argon for at least 15 min prior to 

use and protected under an atmosphere of argon at bubbler pressure during experiments. 

The reference electrode was a reversible hydrogen electrode. The counter electrode was a 

blacked Pt gauze behind a D-porosity glass frit. A constant temperature bath (Brinkmann,
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Lauda Model RK2Q, ±0.03 °C) was use to maintain the temperature of the electrochemical 

cell. Inductively coupled plasma spectroscopy (ICP) was carried out using a Perkin-Elmer 

Optima equipped with an atomic emission detector.47

2.2 Preparation o f Pt-Ruad Catalysts

Nanoparticle Pt-Ruad catalysts were prepared by surface reductive deposition of 

Ruad onto Pt surfaces using pre-adsorbed H as the reducing agent. Platinum substrates 

were first cleaned with 3% H2O2 and then maintained in the remaining water in the reactor. 

The reactor was flushed with argon for 30 min to remove any oxygen, then flushed with 

argon-diluted hydrogen for 15 minutes, and with pure hydrogen for another 15 minutes to 

reduce the platinum, forming pre-adsorbed H on the Pt surface. The system was then 

flushed with argon to eliminate the excess H2. An argon-purged, freshly-made 0.05 M 

RUCI3 aqueous solution was introduced into the reactor via a cannula. The ratio of Pt to 

RUCI3 aqueous solution is 10 mg:l mL. The solution was stirred under argon for 1 hour to 

complete the deposition. The Pt-Ruad nanoparticles were separated from the liquid by 

vacuum filtration in air, then thoroughly washed with pure water, and dried under vacuum 

in a desiccator for 24 hours. The deposition could be repeated as many times as needed to 

obtain Pt-Ruad with high Ru surface coverage. Drying and cleaning with H2O2 are not 

necessary between each deposition.

To obtain the amount of Ruad deposited on Pt surfaces, the Pt-Ruad was suspended 

in a saturated solution of potassium persulfate in 4.0 M KOH. The ratio of Pt-Ruad (mg) to 

the alkaline solution (mL) is 3:5. The solution was stirred for 1 hour in a sealed container, 

and then it was left overnight without stirring at room temperature. 86 It was found that all 

the adsorbed Ruad and some of the surface Pt are oxidized from such surfaces to form
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soluble oxides under these conditions (chapter 2). UV-Vis spectra of the resulting solutions 

indicated that the ruthenium oxides are primarily ruthenate. ICP analysis was carried out 

on the resulting solution to measure the amount of ruthenium. The amount of ruthenium 

obtained in this way was crosschecked by exhaustive anodic stripping of Ruad from the 

Pt-Ruad surface in 1.0 M aqueous NaOH using a 9 V battery as the power source and 

followed by ICP analysis.46

2.3 Methanol Electrooxidation

To perform methanol electrooxidation over nanoparticle catalysts [e. g. Pt, Pt-Ruad, 

Pt-Ru alloy (Johnson & Matthey) and (Pt-Ru)Ox (E-TEK)], the catalyst was immobilized 

on a surface of a platinum foil (20x10x0.18mm) electrode using the following procedure: 

first, the platinum foil was cleaned with aqua regia, piranha solution, and then pure water; 

second, a catalyst ink was prepared by ultrasonicating a known amount of the catalyst in 

pure water (typically 5 mg/mL) for 30 min; third, an aliquot of the suspension (typically 

200 pL) was placed upon the platinum foil to typically deposit lmg catalyst on the 

electrode; fourth, the suspension was air-dried to yield a uniform thin catalyst layer 

electrode. The amount of catalyst immobilized on the Pt foil surface was obtained by the 

volume of the suspension transferred and was crosschecked by weighing. The immobilized 

nanoparticle catalyst electrodes prepared this way were physically stable enough to 

withstand the operations involved in cyclic voltammetry and electrooxidation reactions. 

The use of bare particle surfaces (without binder like Nafion®) resulted in good contact 

between the particles and the Pt foil conductor, thereby minimizing the diffusion and 

catalyst utilization problems. The surface area and methanol electrooxidation activity of 

the Pt foil were measured and subtracted as background. This background is very small.
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The electrode potential was set to 0.075 V upon immersion into the argon-purged 

electrolyte ([H2SG4] = 1.0 M). Continuous potential sweeps were carried out between 0 

and 700 mV at 10 mV/s. No obvious changes in the CVs were found between the first and 

subsequent scans. The potential was then held at 0.075 V while the deoxygenated methanol 

was added to the cell to bring the final [CH3OH] = [H2SO4] = 1.0 M. The solution was 

stirred for 5 min to ensure the equilibration of both concentration and temperature 

gradients prior to electrochemical data acquisition. The potentiodynamic cycling was 

started after the stirring (sweep rate =10 mY/s, sweep range 0 to 600 mV) with the first 

sweep in the negative direction. The potential was then held at 75 mV for 5 min and then 

the potentiostatic oxidation was started by stepping the potential to 450 mV at room temp 

and 400 mV at 60 °C.

2.4 Adsorbed CO Electrooxidation

CO was adsorbed on catalyst surfaces by bubbling CO at 1 atm through the stirred 

electrolyte (H2SO4, 1.0 M) for 25 min while holding the potential at 0.075 V. The excess 

CO was then flushed from the electrolyte with argon gas for 25 min, the stirring was 

stopped, and the potential was cycled between 0 and 0.70 V at 10 mV/s. The first sweep 

was in the positive direction.

3. Results and Discussion

3.1 Ruthenium Deposition

Surface reductive deposition of a second metal on Pt surfaces using pre-adsorbed
07

hydrogen as reducing agent was first described in a patent three decades ago by Pott,
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who claimed to use this technique to prepare Pt-M “alloy” (M=Sn, Ti, Ta, Re, Ru, Pb, As, 

Sb, Bi) catalysts for the electrooxidation of methanol in sulfuric acid (Eq. 3-9).

4Pt ~ H ads + Sn4+ -» Pt4Sn + 4H + (3-9)

The description “alloy” is likely not correct here because it is unlikely that metal 

alloys will form by this method (the depositions were carried out in aqueous solutions at 

room temperature).88 Instead, the bimetallic catalysts prepared using this method may 

better be described as M-M’ad systems. This methodology was used later by Janssen et al.1, 

89and Szabo et al.9 0 ,91 to prepare Pt-Ruad for methanol electrooxidation. In their studies, 

pre-adsorbed hydrogen on a Pt surface was formed electrochemically by holding the Pt 

electrode potential at 0.05 V vs. RHE in an acid electrolyte; the Pt surface with saturated 

hydrogen was then transferred to an aqueous RUCI3 solution. In the last decade, Barbier,

92 98Sazbo and their co-workers prepared a series of M-M’ad catalysts (e. g., Pt-Auad, 

Pt-Cuad, 99 Pd-Ptad, 100' 103 Pt-Read,104‘109 Rh-Cuad, 110 Pt-Rhad, 111 Pd-Snad, 112 Pt-Pdad, 113 ) 

using a similar methodology for non-electrochemical reactions (Eq. 3-10).

3Pt - H ads+AuCl~ -» Pt3Au + 4Cl~ + 3H + (3-10)

They also found that the substrate metal itself can act as the reducing agent for the 

ions of the second metal. For example, in Equation 3-11, Pt acts as the substrate metal as 

well the reducing agent; AuCLf was reduced by the surface Pt atoms, resulting in the 

formation of Pt-Auad-

3Pt + 2A uC i;  + 4c r  -> 3PtCl2- + 2Au (3-11)

Recently, Adzic and co-workers114-118 applied this technique to the deposition of Pt 

on Ru to prepare Ru-Ptad catalysts for fuel cell applications. In this deposition, Ru acts as 

reducing agent. The driving force for the deposition is in part the difference between the
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potential for [PtCle]2" reduction, and the potential for Ru° oxidation (chapter 1). This 

deposition is not a self-limiting process, i.e., it will, in principle, proceed until all the 

accessible Ru is oxidized. Adzic and co-workers show that the amount and distribution of 

Pt on the surface of Ru(0001) depend on the concentration of [PtCle]2' and the deposition 

time. For example, if a freshly prepared Ru(0001) single crystal is immersed in a 10'4 M 

[P tC y2’ +0.1 M H2SO4 solution for 2 min, about 35% of the Ru surface is covered with a 

great number of Pt nanoparticles. The Pt nanoparticles have a columnar shape and 

relatively uniform size, with heights in the range of 3-5 nm (10-15 monolayer), and with 

diameters between 6  and 10 nm. If the Ru(0001) single crystal is immersed in a 10' M 

[P tC y2' +0.1 M H2SO4 solution for 1 min, the entire Ru surface is covered with 2-6 

nm-sized Pt clusters. This deposition of Pt also occurs on the carbon-supported Ru 

nanoparticles (10 wt% Ru on Vulcan XC-72, E-TEK) reduced in H2 at elevated 

temperatures (e. g. 300 °C). The resulting Ru-Ptad/C (nominal atomic ratio ofPt.Ru is 1:20) 

catalyst has high activity and CO tolerance surpassing those of commercial 1:1 Pt-Ru alloy 

catalyst (E-TEK) as tested outside of a fuel cell.

In this work, we further explored this technique for the preparation of Pt-Ruad 

nanoparticles. Unsupported Pt nanoparticles (fuel cell grade) of known specific surface 

area were used as the substrate. This Pt surface was first saturated with hydrogen, and the 

excess hydrogen was then flushed from the system. The deposition was carried out in 

aqueous RuCfi solution at room temperature. If the reduction goes to completion, three 

surface adsorbed H atoms would be consumed for every Ru adatom deposition (Eq. 3-12).

3 P t - H  + Ru3  + -» Pt3Ru + 3 H + (3-12)
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In this system, Ru3+ can only be reduced by surface-adsorbed hydrogen, since the 

platinum cannot act as a reducing agent because the reduction potential of PtCLj2" | Pt, Cl" 

(0.73 V) and PtCl62" I Pt, C1‘ (0.74 V) are higher than that of Ru3+1 Ru (0.61 V) and 

Ru3+ | Ru2+(0.24 V). Consequently, the deposition is expected to stop after the available 

pre-adsorbed hydrogen was consumed, with a maximum coverage by Ru of 0.33 for each 

deposition. The deposition can, in principle, be repeated as many times as needed to obtain 

high Ru coverage. A series of Pt-Ruad catalysts with various Ru surface concentrations 

were prepared by repeating the deposition. Their Ru surface concentration (Ru%) {defined 

as the ratio o f the number o f total Ru adatoms deposited to the number o f surface atoms 

originally on the Pt substrate, also called surface equivalents Ru) were measured, and the 

results are presented in Table 3-1.

Table 3-1. Nanoparticle Pt-Ruad catalysts prepared by surface reductive deposition 

of Ru on nanoparticle Pt black.

Number of Deposition

(n)
1 2 3 5 7

Ru Surface Concentration 

(Ru%)
18 38 57 85 131

Ru%
n

18 19 19 17 19

Estimated Ru Coverage

(0Ru)
0.18 0.33 0.45 0.63 0.75

It should be pointed out that without knowing the distribution pattern of the Ruad on 

the Pt surfaces, these Ru surface concentrations may not well reflect the true surface 

composition of Pt-Ruad (the surface composition is defined as the ratio o f the number o f 

exposed surface Ru atoms to the number o f surface atoms originally on the Pt substrate,
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this true surface composition will be referred to as ‘Ru surface coverage and denoted as 

6ru during this work). The two extremes of how Ru can deposit on Pt is illustrated in a 

simplified way in Figure 3-1.

Case I Case II

Figure 3-1. Two extreme ways Ruaci may deposit on the surface of Pt.

In case I, all of the Ru atoms are in contact with surface Pt, and the Ru surface 

concentration is identical with the surface composition (Ru surface coverage). In case II, 

all Ru atoms form a three dimensional island on the Pt surface, and the Ru surface 

concentration is more than the real Ru surface coverage. The actual distribution of 

deposited Ru atoms on Pt surface is most likely somewhere between these two cases, 

depending on the Ru surface concentration and the properties of the deposition reactions. 

Now, there is a question to be asked for Pt-Ruad nanoparticles prepared using the surface 

reductive deposition method in this study; that is, how are the Ru adatoms distributed on 

the surface of nanoparticle Pt black after each deposition? In another words, how close is
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the Ru surface concentration (measured) to the real Ru surface coverage? As discussed 

early in this chapter, there isn’t a confirmed technique that can be applied to look at the 

distribution of Ru on nanoparticle Pt surfaces. So the following model was proposed to try 

to address this issue.

The model is based on the following facts: (1) Ru surface concentration (measured 

by oxidation stripping of Ruad, see experimental) divided by the corresponding number of 

depositions gives a nearly constant number of 18% (see Table 3-1) regardless of the 

substrate surface identity (the substrate is Pt for the first deposition, and is Pt-Rua(j for the 

subsequent depositions). This means that the substrate surface mainly acts as an 

adsorbed-hydrogen carrier, and has no significant influence on where the Ru goes. 

Assuming that the Ru deposition reaction actually occurs between Ru and adsorbed H, 

the deposition of Ru on Pt and Ru surfaces may occur at a nearly equal probability. (2) A 

Pt-Ruad with more than 100% Ru surface concentration (131%, Table 3-1) was obtained 

after 7 depositions of Ru. This indicates that Ru atoms deposit not only on Pt surface sites 

but also on Ru surface sites formed in the previous depositions, because if Ru atoms only 

deposited on Pt sites, then the deposition would stop when all Pt sites are covered (near 

1 00% Ru surface concentration), which is not the case. (3) 131% Pt-Ruad is still much more 

active than either pure Pt or pure Ru (vide infra), especially at room temperature (pure Ru 

is inactive at room temperature). This means that the surface of 131% Pt-Ruad is not 

completely covered by Ru; therefore, Ru must deposited on both the Pt and Ru surfaces. (4) 

Results obtained from baseline voltammetric studies in acid, from potentiostatic methanol 

electrooxidation, and from potentiodynamic electrooxidation of adsorbed CO (vide infra) 

all indicate that the coverage of Pt by Ru adatoms favours 2-dimensional growth over
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3-dimensional growth. This assertion has to be investigated further, presumably by 

carrying out the deposition over surfaces of Pt single crystals. Pending the results of such 

single crystal studies, we propose the following crude model for the deposition (Figure 

3-2).

q  Ru from 1st q  Ru from 2nd q  Ru from 3rd
deposition deposition deposition

©
• •  9  • •

o o  o  o o  o o  •  o #  o o  o o  •©  o #  o o
777777/ / / / /   77777/ / / / / /  7777777/ / / /

pt pt pt

One deposition Two depositions Three depositions

Figure 3-2. Schematic of the model for Ru reductive deposition on Pt.

The first deposition produces a near monatomic layer of Ru adatoms on the surface 

of Pt. In each subsequent deposition, Ru is deposited equally on exposed Pt surfaces and 

Ru surfaces, and forms a near monatomic Ru layer on the substrate surface (Pt-Ruad). 

Using this model, the Ru surface coverage 6ru can be estimated. Taking the two-times 

deposition as an example, the estimation is illustrated as follows: After the first deposition, 

18% of the Pt surface was covered by Ruad. 82% of the Pt surface was uncovered. After the 

second deposition, another 18% Ru was deposited on the Pt-Ruad surface, of which, 

18%x82%=l 5% was deposited on uncovered Pt sites. Therefore, 18%+15%=33% of the Pt 

surface was covered after 2 depositions. The results obtained are given in Table 3-1.

The theoretical maximum of 33% Ru is not obtained by these depositions in this 

study. Several factors may account for only 18% deposition versus 33%. These include
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possible blockage of the surface by adsorbed chloride ions, loss of surface-adsorbed 

hydrogen through oxidation by trace oxygen in the system, and not all the surface-adsorbed 

hydrogen may be accessible (contribute, or participate in) to reaction with Ru3+. A more 

likely explanation is that RuCfi • XH2O often contains significant amounts of Ru(IV) 

species, 119 which would decrease the stoichiometry of the deposition from that shown in 

Equation 3-12.

Wieckowski and co-workers2 2 , 23 reported that Ru can be deposited on Pt by 

immersing an electrochemically cleaned Pt surface into an aged solution of RuCfi in 0.1 M 

HCIO4, following by several potential sweeps of the Pt electrode between 0.06 V and 0.8 V 

vs. RHE. This process is referred to as spontaneous deposition by the authors. These 

spontaneous depositions are believed to proceed first by the irreversible chemisorption of
1

the aqua-complex Ru0 [(H2 0 )4] present in the aged RUCI3 solution onto the Pt surface to 

form adsorbed Ru oxides (Eq. 3-13). The adsorbed Ru oxides are reduced during the 

R u0 [ ( H 20 ) 4]2+ Ru02ads + 3H20  + 2H + (3-13)

potential sweeps to form strongly adsorbed ruthenium or RuO islands. Vielstich and 

co-workers20 reported a deposition of Ru on Pt single crystals using freshly prepared RuCfi 

solution (with or without HCIO4). Aging effects were observed on the order ranging from a 

few minutes to hours, which affected the reproducibility of Ru deposits. They concluded 

that the deposition proceeds via prior adsorption of Cl' on the clean Pt, with Ru3+(aq) acting 

as counterions and thereby in a sense being coadsorbed on Pt (Eq. 3-14). The co-adsorbed 

3Pt + RuCl3 -» 3P t ( C n ads + (.Ru3+)coads (3-14)

R u 3+ is then reduced to Ru°, and the Cl' is desorbed during subsequent electrochemical 

reduction. These depositions are two-step processes, adsorption followed by
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electrochemical reduction. The electrochemical reduction has to be performed after the 

spontaneous adsorption in order to obtain strongly adsorbed ruthenium. Vielstich and 

co-workers20 also carried out deposition of Ruad on Pt(l 11) by bubbling excess hydrogen 

gas through aqueous RuCb in the presence of Pt(l 11). In the surface reductive deposition 

studied here, the substrate (Pt or Pt-Rua<j) surfaces were covered by adsorbed hydrogen 

prior to contact with aqueous Ru3+. The Ru3+ was directly reduced on the substrate surface 

in a one-step procedure. Notably, it is possible that, if Eq. 3-14 holds for this system, the Ru 

adatoms reduced by pre-adsorbed hydrogen could serve as surface sites for the adsorption 

of Cf, and co-adsorption of Ru3+; thereby a spontaneous adsorption as described by 

Vielstich will follow the surface reductive deposition. However, we found that each 

deposition added 18% Ru to the surface, less than the 33% maximum predicted by Eq. 

3-14. It, therefore, appears unlikely that a deposition process such as described by Vielstich 

occurs during these depositions.

The deposition of Ru may occur directly between adsorbed hydrogen and Ru3+. It 

may also proceed by an electrochemical mechanism (electroless), as shown in Figure 3-3.

Ru

Ru
Ru'

Figure 3-3. The deposition of Ruad on the surface ofPt based on an electrochemical 

mechanism.
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In this case, Ru3+ could be reduced without direct reaction with adsorbed hydrogen. So it is 

possible that multilayer deposition occurs within each deposition. If this reaction 

mechanism dominates the deposition, then the assumption that a monatomic layer of Ru 

adatoms are formed at each deposition may not be valid.

The proposed model for the surface reductive deposition is based on assumptions 

that must be investigated further. However, the Ru surface coverage estimated using this 

model better represents the real surface composition than does the measured Ru surface 

concentration. Further, the experimental results obtained to date (cyclic voltammograms, 

methanol and adsorbed CO electrooxidation) support this model {vide infra). The activities 

of Pt-Ru^ catalysts prepared in this work are therefore reported using the estimated Ru 

surface coverage; the corresponding surface concentrations are given in Table 3-1. The 

Pt-Ruad samples used in this study will be designated by Pt-Ruad- 0, where <9is the estimated 

Ru surface coverage.

The specific surface areas of Pt-Ruad catalysts were obtained as follows. First, the 

specific surface area of nanoparticle Pt black was measured before deposition of Ruad. This 

measurement gives 27 m2/g as the specific surface area, which is in excellent agreement 

with the manufacturer’s quoted data. Then the specific surface area of nanoparticle Pt 

black after the Ru deposition was measured. To do so, the deposited Ru adatoms were first 

stripped off by electrooxidation of Ru in an alkaline solution (see experimental section in 

chapter 2). It was found that the specific surface area ofPt black did not change during the 

deposition of Ru. This is as expected, because under the deposition conditions used for this 

work (at room temperature in aqueous solution), the surface area ofPt black is in our hands 

stable. Further, the deposition of only submonolayers of Ru adatoms on Pt surfaces does
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not change the surface area of Pt significantly. The mass of Pt-Ruad is nearly the same as 

that of the Pt substrate because the amount of Ruad is negligible relative to the mass of Pt. 

Therefore, it can be concluded that the specific surface area of nanoparticle Pt-Ruad (m2/g) 

is the same as that of nanoparticle Pt black (27m2/g).

Figure 3-4 shows the cyclic voltammograms (CV) for Pt (a) and Pt-Ruad (b-f) 

nanoparticles obtained in 1.0 M aqueous H2SO4 . The CV for Johnson Matthey Pt-Ru black 

(HiSPEC-6000®, 50:50 Pt:Ru)(g) is also shown for comparison. The currents were 

normalized to the real surface area of the catalysts (obtained using specific surface areas of 

27 m2/g for Pt-Ruad and 70 m2/g, vide infra). As Figure 3-4 shows, the CV of the 

nanoparticle Pt black displays two well-resolved peaks in the “hydrogen region” (ca. 

0.05-0.375 V) and small currents in the “double layer region” (ca. 0.4-0. 6  V). As the 

coverage of the Pt surface by Ruad increases, peaks in the “hydrogen region” become less 

resolved, and currents in the “double layer region” increase. These are typical features of 

Pt-Ru surfaces.7 ,9 ’ 48 These features are attributed to formation and reduction of surface Ru 

oxides, which occur at potentials ranging from 0.2 to 1.2 V. Notably, the CV of the 

Pt-Ruad-0.45 (Figure 3-4d) closely resembles that of Johnson Matthey 50:50 Pt-Ru black 

(Figure 3-4g). Cyclic voltammetric profiles for Pt-Ruad-0.63 and Pt-Ruad-0.75 are more 

characteristic of that for pure polycrystalline Ru .7 , 54 These observations suggest the 

estimated Ru coverage obtained using the deposition model fairly reflects the real surface 

composition.

In a recent study on nanoparticle Pt-Ruad prepared by their spontaneous deposition

f t }ofRuad on nanoparticle Pt black, Wieckowski and co-workers observed, in contrast to our 

results, that the change in the voltammetric morphology in the hydrogen range upon Ru
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Figure 3-4. Cyclic voltammograms of (a) Pt, (b-f) Pt-Rnad with different Ru coverage, and 

(g) 50:50 Pt-Ru from Johnson Matthey. The voltammograms were recorded in 1.0 M 

H2SO4 at 10 mV/s and room temperature.
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deposition from that of clean platinum is much less than the corresponding difference 

between the clean platinum and the Pt-Ru alloys (see Figure 1 in reference 62). 

Wieckowski and co-workers proposed two reasons that may be responsible for this unique 

feature they observed: (1) that hydrogen adsorbs on top of Ru deposited on Pt, and (2) that 

Ru islands are transparent to protons undergoing reduction to atomic hydrogen on the Pt 

surface, and hydrogen adsorption occurs underneath the Ru adlayer. Besides these two 

reasons, if Ru atoms deposited on Pt surfaces are highly packed at some locations of the Pt 

surface (e. g., the more active positions for the adsorption of Ru species) as large multilayer 

Ru islands, and not uniformly spread over the Pt surface (see Figure 3-4), then the actual 

Ru surface coverage will be much smaller than the measured Ru surface concentration. 

Therefore, even at high Ru surface concentrations (e. g., 40% Ru), the majority of the 

Pt-Ruad surface is uncovered Pt (e. g., 80%), which will lead to the observation of less peak 

resolution change in the “hydrogen region” at high Ru surface concentration. Our surface 

reductive deposition seems to deposit Ruad more evenly on Pt surfaces, so the CV of our 

Pt-Ruad-0.45 closely resembles that of the Johnson Matthey 50:50 Pt-Ru alloy surface. 

These results show that the surface reductive deposition used in this work and the 

spontaneous deposition used by Wieckowski and co-workers produce Pt-Ruad with 

different surface structures. The CVs of surfaces made by reductive deposition appear 

more like Pt-Ru alloys, with a more uniform distribution of Ru on nanoparticle Pt surfaces 

than spontaneous deposition. Studies using Pt single crystal substrates have shown that 

spontaneous deposition of Ru on P t( lll)  is homogeneous, with no observed preferential 

deposition on step edges or surface defect sites, 29 and high Ru surface coverage (e.g., 

30-35% STM after four depositions) can be obtained over P t ( l l l ) . 32 However, the
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question still remains as to how well conclusions made using P t( l l l)  apply to nanoparticle 

surfaces. Another difference is evident between surface reductive deposition and 

spontaneous deposition. For surface reductive deposition, each deposition stops after about 

18% Ru was deposited on the substrate surface, no matter if it is the first deposition (Pt 

substrate) or subsequent depositions (Pt-Ruad substrate). For spontaneous deposition, the 

first deposition stops at about 20% Ru surface concentration, and each subsequent 

deposition adds only ca. 5% Ru surface concentration.3 2 ,62

Except those features typical of Pt-Ru alloy systems, a sharp peak at ca. 0.07 V was 

observed in CVs of Pt-Ruad catalysts prepared by more than one reductive deposition. The 

intensity of this sharp peak increases as more depositions were carried out. This peak has 

been observed on Ru decorated P t( l l l)  single crystal surfaces prepared by direct reduction 

of Ru on Pt by bubbling hydrogen through a perchloric acid solution of RuCE in the 

presence of Pt(l 11) . 20 The peak has also been observed on the surfaces of polycrystalline 

Ru120 and Ru (0001) . 121' 125 In these studies, the authors related this peak to the surface 

adsorbed hydrogen on 3-D Ru. Very recently, Brankovic et al. challenged the above 

conclusion by pointing out that the peak is due to the oxidation of several top atomic layers 

o f Ru to RuOH126. Even though there is no general agreement on the assignment of this 

sharp peak, one thing these authors agreed with is that the sharp peak is related to multiple 

atomic layers in the Ru structure. Accordingly, the sharp peak feature observed on our 

nanoparticle Pt-Ruad catalysts suggests the presence of 3-D multilayer Ru islands on 

Pt-Ruad surfaces. This result agrees with our deposition model, i. e., Ru not only deposited 

on Pt but also on Ru; thus, multilayer Ru islands were formed on Pt-Ruad surfaces, when the 

deposition was performed for more than one cycle. Wieckowski’s group reported recently
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that the multiple spontaneous depositions of Ru on Pt single crystal surfaces result in the 

formation of pseudo 3-D multilayer Ru islands. 32

3.2 Methanol Electrooxidation

Current-time curves for potentiostatic electrooxidation of methanol on Pt and 

Pt-Ruad nanoparticles were measured in 1.0 M H2 SO4 + 1.0 M MeOH at 22 °C (.E -  0.45 V) 

and 60 °C (E = 0.40 V). Figure 3-5 shows typical curves with the current normalized to the 

real surface area. It is seen that all nanoparticle Pt-Ruad prepared in this work display much 

higher activities than nanoparticle Pt. Pt-Ruad-0.33 is the most active at both 22 °C and 60 

°C, and represents a factor of 6  and 45 enhancement versus the pure Pt at 22 °C and 60 °C, 

respectively. We noticed that Pt-Ruad-0.18 is more active than Pt-Ruad-0.64, followed by 

Pt-Ruad-0.75, at 22 °C, but becomes the least active at 60 °C. This behavior agrees, to some 

extent, with the reaction mechanism suggested by Gasteiger and co-workers based on their 

temperature dependence studies on bulky Pt-Ru alloy model catalysts. 9 They proposed that 

the rate-determining step (rds) for methanol electrooxidation on Pt-Ru alloy surfaces at 

room temperature is methanol adsorption/dehydrogenation (Eq. 3-1 to 3-5). These 

reactions occur only at threefold Pt ensembles because three neighbor Pt atoms are needed 

for complete dehydrogenation of one methanol molecule (Figure 3-6). Therefore, Pt-Ru 

catalysts with lower Ru surface content (more threefold Pt ensembles) show higher activity 

at low temperature (e. g., 10% Ru is the best at 25 °C). As the temperature increases from 

25 °C to 60 °C, the rate-determining step shifts to the bimolecular surface reaction between 

surfaced adsorbed CO and OH (Eq. 3-7). Since adsorbed OH primarily forms at Ru sites 

(Eq. 3-6), Pt-Ru catalysts with higher Ru surface content provide higher surface 

concentration of adsorbed OH, and thereby exhibit higher activity at high temperature.
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Figure 3-5. Potentiostatie electrooxidation of methanol ([MeOH] = 1.0 M, [H2SO4] -  1.0 

M) over Pt-Ruad with Ru coverages of (a) 0, (b) 0.18, (c) 0.33, (d) 0.45, (e) 0.63, and (f)

0.75.
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According to the above mechanism, Pt-Ruad-0.18 has more threefold Pt ensembles than 

Pt-Ruad-0.63 and Pt-Ruad-0.75, so it exhibits higher activity than Pt-Ruad-0.63 and 

Pt-Ruad-0.75 at room temperature. On the other hand, Pt-Ruad-0.63 and Pt-Ruad-0.75 have 

more Ru sites than Pt-Ruad-0.18, so Pt-Ruad-0.63 and Pt-Ruad-0.75 are more active than 

Pt-Ruad-0.18 at 60 °C. Pt-Ruad-0.33 has the optimal combination of the number of threefold 

Pt ensembles and Ru sites, thereby showing the highest activity at both room temperature 

and 60 °C. The relatively good agreement between the behavior of nanoparticle Pt-Ruad 

and the smooth Pt-Ru alloy for methanol electrooxidation suggests that no significant 

fundamental difference in the methanol electrooxidation mechanism over technical scale 

and model Pt-Ru catalysts. Notably, Pt-Ruad-0.75 (Ru surface concentration of 131%) 

displays a higher activity than pure Pt at 22 °C. This observation indicates that the surface 

of Pt-Ruad-0.75 is not completely covered by Ruad despite the Ru surface concentration
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being more than 100%, because pure Ru is inactive for methanol electrooxidation at this 

temperature.7,9 This conclusion strongly suggests that the proposed deposition model is 

reasonable.

The optimum surface composition of Pt-Ru systems toward methanol 

electrooxidation has been extensively investigated using model catalysts and 

technical-scale catalysts. The results are summarized in Table 3-2. It is clear that, even 

though numerous studies have been carried out, the subject remains controversial. The 

optimum surface compositions obtained using model catalysts are not quite consistent 

except that the optimum surface composition is never more than 50%. For practical Pt-Ru 

nanoparticle catalysts, it appears that 30~50% Ru surface contents tend to give the highest 

activity toward methanol electrooxidation over a wide range of temperature and potential. 

Possible origins of the discrepancy between the experimental data of different groups 

include: (1 ) the uncertainty in the measurement of surface composition; (2 ) the difference 

in the surface structure of these catalysts studied in different research groups. The surface 

structure includes surface Ru atom distribution, surface morphology, and surface oxidation 

state, which are catalyst preparation dependent.

In order to check if there is any difference in the intrinsic activity between practical 

and model Pt-Ru catalysts, the real activity of our nanoparticle Pt-Ruad and some other 

practical Pt-Ru alloy catalysts are compared with that of some model Pt-Ru catalysts. 

Before this study, a few measurements on the real activity of technique-scale Pt-Ru 

catalysts have been made. However, most of these reported data are questionable because 

the surface area measured in these studies may not be accurate enough (see the following 

discussion and the discussion about the measurement of surface area of practical Pt-Ru
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Table 3-2. The optimum surface composition of Pt-Ru catalysts toward methanol

electrooxidation.

Pt-Ru system Measuring
condition

Optimum
composition Catalyst description Reference

(Ru%)
25 °C, 0.4-0.5 V ca. 1 0 % 7,9

Pt-Ru alloy 60 °C, 0.4-0.5 V 
25-60 °C, 0.5 V

ca. 30% 
10-15%

Polycrystalline smooth 
flat surface 13

R.T., 0.5 V 10-40% 19

Pt(l 11)-Ruad R.T., 0.5 V 15-50% P t( ll l)  decorated by 
Ru adatoms 19, 20,21

Pt film decorated by
Pt-RUad R.T., 0.55 V ca. 2 0 % electrodeposited Ru 

adatoms
53

Pt-Ru alloy R.T., 0.48 V ca. 15% Co-electrodeposited
Pt-Ru 42

Pt-RUad 40 °C, 0.5 V 
150 °C, 0.45 V

ca. 50% 
ca. 50%

Pt wire decorated by 
electrodeposited Ru 

adatoms

51
50

Pt-Ruad 25 °C, 0.4 V 5-10%
Polycrystalline Pt 

gauze decorated by Ru 
adatoms

48

Pt-Ru alloy 25 °C, 0.4 V 
60 °C, 0.5 V

ca. 50% 
ca. 50%

Pt-Ru alloy 
nanoparticle (15-62 

nm), 50% is the bulk 
composition

55

Pt-Ru/C 60 °C, 0.4 V ca. 50%

Carbon supported 
Pt-Ru alloy 

nanoparticle (3-4 nm), 56
50% is the bulk 

composition
Carbon supported 

Pt-Ru alloy
Pt-Ru/C 60 °C, 0.4-0.5 V ca. 50% nanoparticle (3.1-3.4 

nm), 50% is the bulk 
composition

60

Pt-Ruad
R.T., 0.3 V 
R.T., 0.4V

ca. 40% 
ca. 50%

Nanoparticle Pt black 
decorated by Ru 
adatoms, 2 0  m2/g

62, 63

Pt-Ru alloy 130 °C, 0.2-0.3 V ca. 40% Pt-Ru alloy 
nanoparticles 69
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Pt-RUad
R.T., 0.45 V 
60 °C, 0.4V

Nanoparticle Pt black
decorated by Ru This work
adatoms, 27 m /g

catalysts in the introduction section of this chapter). In contrast, our results have no such 

problems because we have accurate specific surface area for our Pt-Ruad catalysts. Of these 

studies on practical Pt-Ru catalysts, only two were performed under similar conditions as

and 60 V  over a Pt-Ru/C catalyst (0.5 M H2SO4 , 1 M CH3OH). The data were taken after 

30 min reaction. The bulk composition of this Pt-Ru/C is 50% Ru 50% Pt. The surface

using the adsorbed CO stripping method (see the introduction of this chapter for the 

uncertainties of this method). Under the same conditions as Takasu’s work (i. e., 0.4 V and 

60 U), we found a maximum activity of 38 pA/cm2 on Pt-Ruad-0.33 (1.0 M H2 SO4 , 1.0 M

a nanoparticle Pt-Ruad catalyst prepared by spontaneous deposition (0.5 M H2 SO4 , 0.5 M 

CH3 OH). The Pt-Ruad of maximum activity had a Ru packing density of ca. 0.5 (the 

packing density is equivalent to the surface concentration), and a specific surface area of 2 0  

m2/g. We found a maximum activity of ca. 8  pA/cm2 on Pt-Ruad-0.33 at 0.45 V and 22 ‘C. 

Our results are, therefore, in good agreement with those of Wieckowski and co-workers.

As to the real activity obtained using well-characterized model Pt-Ru catalysts, 

Gasteiger and co-workers observed that the smooth bulk Pt-Ru alloy with a surface 

composition of 33% Ru exhibits a real activity of 200 pA/cm2 at 0.4 V and 60 CC (0.5 M 

H2 SO4 , 0.5 M CH3 OH) . 9 Vielstich and co-workers20 found that, at 0.5 V and at room

this study. Takasu and co-workers6 0 ,61 observed a maximum activity of 23 pA/cm2 at 0.4 V

composition is unknown. The catalyst has a specific surface area of 48 m /g measured

62CH3 OH). This current was recorded after 20 min reaction. Wieckowski and co-workers 

recently reported a maximum activity of ca. 8  pA/cm at 0.4 V and room temperature over
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temperature, the maximum real activity of smooth Pt-Ru alloy is ca. 120 pA/cm2 (10-40% 

Ru), while the maximum real activity of Pt(l 11)/Ru prepared by spontaneous adsorption of 

Ru is ca. 34 pA/cm2 (Ru coverage 0.15-0.5). The much higher real activity of Pt-Ru alloys 

than Ru-decorated P t ( l l l )  surfaces was attributed to the difference in the surface structure 

between these two model catalysts. Pt and Ru atoms are homogenously distributed on the 

Pt-Ru alloy surface, resulting in the highest number of Pt-Ru neighbor sites. Ruad is present 

as islands on the surface of Pt(l 11)/Ru. The above data are summarized in Table 3-3.

Table 3-3. The real activity of Pt-Ru system toward methanol electrooxidation.

Pt-Ru system Catalysts
character

Measuring
condition

Real activity 
(pA/cm2) Reference

Carbon

Pt-Ru/C

supported Pt-Ru 
alloy 

nanoparticle, 
50% Ru, 48

m2/g

0.5 M H2S0 4 

I.OM CH 3OH 
T = 60 °C
E = 0.4 V

23 60,61

I.OM H 2SO4

Pt-Ruad

Nanoparticle Pt 
black decorated 
by Ru adatoms, - 

33% Ru, 27
m2/g

I.OMCH 3OH 
T = 60 °C 
E = 0.4 V

38 This work

I.OMH2SO4 

I.OMCH3OH 
R.T 

E = 0.45 V

8 This work

Pt-Ruad

Nanoparticle Pt 
black decorated 
by Ru adatoms, 
ca. 50% Ru, 20

0.5 M H2SO4

0.5 M CH3OH 
R.T.

E = 0.4 V

8 62

m2/g
Polycrystalline 

smooth 
flat surface,

0.5 M H2SO4 

0.5 M CH3OH
T = 60 °C 2 0 0 9

Pt-Ru alloy 33% Ru E = 0.4 V
Polycrystalline 

smooth 
flat surface, 
10-40 % Ru

0.5 M H2S04

0.5 M CH3OH 
R.T 

E = 0.5 V

1 2 0 19, 20
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Pt( l l l )  0.5 M H2SO4

pt(m)-Ruad dec“ ‘f by R“ 0 .5 MCH3OH 34
v 7 adatom, R.T

15-50% E = 0.5 V

It appears that the maximum real activities of nanoparticle Pt-Ruad and nanoparticle 

Pt-Ru alloy catalysts are smaller than those of smooth Pt-Ru alloy model catalysts at both 

room temperature and 60 °C. The P t(lll)/R uad model catalysts, having a comparable 

surface Ru distribution with our Pt-Ruad catalyst also shows a higher maximum real 

activity than our nanoparticle Pt-Ruad catalyst. This comparison is interesting because it 

illustrates that the activity of practical Pt-Ru catalysts can, in principle, be improved 

significantly by optimizing the surface structure.

The real activities of the homemade Pt-Ruad nanoparticles toward methanol 

electrooxidation were compared with that of commercial nanoparticle Pt-Ru alloy catalyst 

(Johnson Matthey, HiSPEC-6000® 50:50 Pt:Ru) under identical reaction conditions 

(Figure. 3-7). This commercial Pt-Ru catalyst may be considered as the state-of-the-art 

industrial benchmark catalyst. The specific surface area of this Johnson Matthey Pt-Ru 

catalyst was taken from the literature. The BET surface area of this Pt-Ru black is 70 m2/g 

quoted by the manufacturer, and 67 m2/g measured by the Los Alamos National 

laboratory.68 The electrochemically active surface area of this Pt-Ru alloy is 69 m2/g 

measured by CO stripping, and 74 m2/g by Cu stripping. 74 Notice that the as-received 

Pt-Ru black contains hydrous Ru oxides and/or Pt oxides as shown by XRD analysis.68 

These oxides are, however, reduced during conditioning and operation of fuel cells. 6 8 ,7 0 ,74 

The good agreement between the BET surface areas and electrochemically active surface
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areas indicates that nearly 100% of the surface of the Johnson Matthey Pt-Ru black is 

reduced to metallic Pt-Ru during operation of the fuel cell or during electrochemical 

measurement. 70 m2/g was used as the specific surface area for the Johnson Matthey 

Pt-Ru black in this study. This value should fairly represent the specific active surface area 

under methanol electrooxidation conditions.

It can be seen from Figure 3-7 that the Pt-Rua(j-0.33 catalyst has a specific activity

1.3 times that of the Johnson Matthey catalyst at 22 °C (0.45 V), and 1.6 times as active as 

the Johnson Matthey catalyst at 60 °C (0.40 V). Similar results were reported recently by

fiiJWieckowski in their study of nanoparticle Pt-Ruaci prepared by spontaneous deposition 

with the exception that their most active Pt-Ruad has 50% Ru.

So far we don’t have a convincing explanation for this observation. Surface 

composition could be a factor, but Pt-Ruad-Q.45, which has a surface composition similar to 

the Johnson Matthey Pt-Ru, also shows higher specific activity than the Johnson Matthey 

catalyst. Particle size may be a factor in this case due to the relative large particle size 

difference between Pt-Ruad (ca. 10 nm) and Johnson Matthey Pt-Ru (ca. 5 nm). The 

particle size used here is calculated using the specific surface area by Equation 3-8. Indeed, 

size effects of Ptso-Ruso nanoparticles on the electrooxidation of methanol have been 

observed by Takasu and coworkers. 61 They found that the real activity for the 

electrooxidation of methanol on Ptso-Ruso decreases with decreasing particle size from 3.5 

nm to 1.9 nm. Surface structure likely contributes more than the other factors in causing the 

activity difference. There is a better chance of finding more low-coordinated surface Ru 

atoms on Pt-Ruad surfaces than on a Pt-Ru alloy. These low-coordinated Ru atoms may be
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more active for water dissociation, and in part account for the enhanced activity.62 In a 

recent study using Ru-decorated P t ( l l l )  prepared by Ru vapor deposition in UHV as a 

model catalyst, Vielstich and co-workers19 found that if the surface adsorbed Ru islands are 

alloyed into a smooth P t ( l l l )  surface by annealing at 820 K, the activity significantly 

declined. This observation illustrates the importance of low-coordinated Ru sites to 

methanol electrooxidation.

It should be pointed out that the per gram activity of the commercial Johnson 

Matthey Pt-Ru black and of the E-TEK (Pt-Ru)Ox catalyst are higher than those of Pt-Ruad 

catalysts due to the high specific surface areas of these commercial catalysts (Figure 3-8). 

The BET surface area of the E-TEK (Pt-Ru)Ox powder is 112 m2/g . 127 This catalyst 

contains Pt oxides and Ru oxides, as the formula indicates, and it is unclear if these surface 

oxides could be completely reduced to active metal Pt-Ru during methanol 

electrooxidation. Hence the real active surface area of this catalyst is unknown.

3.3 Adsorbed CO Electrooxidation

Carbon monoxide is the major poisoning intermediate in the electrooxidation of 

methanol. It strongly adsorbs to the electrocatalyst surfaces, blocking the surface active 

sites from the adsorption of methanol, and poisoning the catalysts.2 The removal of 

surface-adsorbed CO is tremendously significant in methanol oxidation electrocatalysis. 

The electrooxidation of surface adsorbed CO on Pt-Ruad nanoparticles with various Ru 

surface coverages was investigated. Figure 3-9 shows the CO stripping voltammograms 

recorded in 1.0 M H2SO4 at 22 °C. The upper potential limit was set to 0.7 V in order to 

avoid the dissolution of Ru. 128' 130 The first sweep was in the positive-going direction. A
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saturated monolayer of CO is formed on the catalyst surfaces, indicated by the complete 

blocking of the hydrogen adsorption peaks in the potential region below ca. 0.4 V.

As Figure 3-9 shows, two CO stripping peaks were observed on Pt-Ruad-0.18 (a), 

but only a single peak was observed as the Ru surface coverage surpasses 0.33. The peak 

width decreases as Ru coverage increases up to 0.45, and then increases with further 

increase of the Ru coverage. This CO stripping result agrees very well with the CO 

stripping voltammetry from dynamic Monte Carlo simulation for Pt-Ru alloy surfaces. 131 

The two-peak feature observed on the nanoparticle Pt-Rua<j-0.18 surface in this work was 

also found on the Pt-Ruad gauze with 0.05 equiv of Ruad in a previous study in this group, 48 

and on Ru decorated Pt (111) . 3 3 ,3 6 ,1 3 2 ,133 Recently, Wieckowski and co-workers reported 

the observation of two CO stripping peaks on the nanoparticle Pt-Ruad with a surface Ru 

packing density of 0.14 to 0.52 at a very slow potential scan rate (10mV/min) . 63 A two CO 

domain model was proposed to explain this observation in their studies, as summarized 

below. The low-potential CO stripping peak is assigned to CO electrooxidation on Pt sites 

next to the edge of Ru islands and on the Ru islands themselves (Pt/Ru pair domain). The 

peak at high potential is attributed to the electrooxidation of CO on Pt sites further away 

from Ru islands. Diffusion between the two domains is slow enough to enable the 

observation of the two CO stripping peaks. This model was supported by NMR, 63 IR 

studies, 35,134 and by theoretical calculations. 135 We have found that this model is successful 

for the interpretation of our observations; on the low Ru coverage Pt-Ruacj surfaces, there 

exists a certain number ofPt sites far away from Ruad. CO bonded to these Pt sites needs to 

migrate over a long path to reach the Pt/Ru edge domain. Due to the long path and the 

relatively slow diffusion, two CO stripping peaks were observed on the Pt-Ruad-0.18
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surface. The one at low potential corresponds to CO oxidation on Pt/Ru domain; the other 

at high potential corresponds to the oxidation of CO on Pt sites remote from Ru adatoms. 

The number of Pt sites far away from Ru adatoms on Pt-Ruad surfaces decreases with an 

increase in Ru surface coverage. Therefore, the high-potential peak disappeared as the Ru 

coverage increased above 0.33; only the low-potential peak corresponding to CO oxidation 

the on Pt/Ru domain was observed.

In order to compare the activity of adsorbed CO electrooxidation over various 

Pt-Ruad catalysts, the CO stripping peak potential is plotted as a function of Ru surface 

coverage in Figure 3-10. It is clear from this figure that Pt-Ruad nanoparticles with a Ru 

surface coverage of 0.33 and 0.45 yield the lowest oxidation peak potential of 0.525 V at 

10 mV/s scan rate, which is around 90 mV lower than pure Pt black. This result is in good 

agreement with those obtained by Lamy, Gasteiger, and their coworkers. 1 2 ,13 for the study 

of smooth Pt-Ru alloy surfaces, but differs with those obtained in a previous study in this 

group on Pt-Ru^ gauzes. Lee and co-workers found the maximum shift in the CO 

stripping peak potential between Pt gauze and Pt-Ruad gauze occurs at 0.05 Ru equivalents, 

and deposition of more Ruad on Pt gauze did not cause significant further shift in the CO 

stripping peak potential. Similar results to those of Lee were reported by van Veen and 

co-workers in their study on the CO oxidation over Pt-Ruad surfaces prepared by 

electrodeposition of Ruad on a Pt film electrode. We believe the divergence in activities 

toward adsorbed CO electrooxidation on various Pt-Ru samples is primarily caused by the 

difference in surface structures, more specifically, the distributions of Ru atoms on the 

surfaces of Pt-Ru. Nanoparticle Pt-Ruad prepared in this work may more resemble a Pt-Ru 

alloy in terms of the distribution of surface Ru atoms, i. e., Ru adatoms are relatively
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uniformly distributed on Pt black surfaces. In contrast, Ru atoms deposited on Pt surfaces 

by electrodeposition may form large islands.35 Indirect evidence for the uniform 

distribution of Ruad on nanoparticle Pt-Ruad surfaces is that the two CO stripping peaks 

were only observed on low Ru coverage Pt-Ruatj surfaces.
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Figure 3-10. Dependence of CO stripping peak potential and charge on Ru coverage for 

Pt-Ruad.

The adsorbed CO stripping voltammetry on commercial Johnson Matthey 50:50 

Pt-Ru alloy and E-TEK (Pt-Ru)Ox (1:1 a/o Pt:Ru) (Figure 3-9g and f) display a single 

sharp peak at 0.510 V, which is 15 mV lower than that for Pt-Ruad-0.33/0.45. Unlike 

methanol electrooxidation, these commercial nanoparticle alloy Pt-Ru catalysts 

demonstrate a slightly higher activity toward adsorbed CO electrooxidation than
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nanoparticle Pt-Ruad catalysts. This is because the 1:1 Pt-Ru alloys provide the maximum 

number of Pt/Ru pairs. Notably, the optimum surface composition for the electrooxidation 

of methanol and adsorbed CO over nanoparticle Pt-Ruad catalysts is the same, between ca. 

30-50% Ru coverage.

The CO stripping charges were estimated by subtracting the background charge 

from the charge measured from the CO stripping peaks between the relevant potential 

limits. Errors are unavoidable for such estimation due to the overlap of the Faradaic CO 

electrooxidation charge with charges associated with the formation of oxygen-containing 

species on bare metal surface sites exposed upon the oxidative removal of adsorbed CO. In 

addition, the upper limit potential (0.7 V) of the sweeps was not high enough to oxidize all 

the adsorbed CO for high Ru coverage Pt-Ruad catalysts due to the shift of the CO oxidation 

peak to high potential. The charge was normalized to the real surface area and presented in 

Figure 3-10. It was found that the per unit surface area CO stripping charge depends on 

surface Ru coverage. The most active Pt-Ruad catalyst (Pt-Ruad-0.45) for CO 

electrooxidation displays the maximum charge per unit surface area (325 pC/cm2). The 

increase of CO stripping charge with Ru coverage up to 45% Ru is likely due to an increase 

in the contribution of double-layer charge with Ru surface concentration. Recently, Behm 

and co-workers66 reported that, for adsorbed monolayer CO stripping, the contribution of 

double-layer charge increases with Ru content, reaching up to 50% of the total stripping 

charge at approximately 40% Ru. The other explanation is that the ratio of CO to Ru is 

more than 1:1. Some researchers suggested that the ratio of CO to Ru can be as high as 

2:1 ! 36 No matter what the reason, the non-linear relationship between CO stripping charge 

and real surface area certainly suggests that measurements of specific surface areas of the
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Pt-Ru system using the CO stripping charge may not be accurate. One should be very 

careful when applying CO stripping charge to the measurement of Pt-Ru surface area.

4. Conclusions

Nanoparticle Pt-Ruad catalysts can be prepared by surface reductive deposition of 

Ru onto nanoparticle Pt using pre-adsorbed hydrogen on a Pt surface as reducer. The 

deposition is self-limited; it stops after around 18 % of the substrate surfaces was covered 

at each deposition, and it can be repeated over and over to obtain high Ru surface coverage. 

Such Ru deposition does not significantly modify the Pt substrate surface area, which can 

be measured accurately before the deposition. This enables us to investigate the real 

activity of the technical-scale Pt-Rua(j catalysts toward methanol electrooxidation.

Several nanoparticle Pt-Ruad catalysts with an estimated Ru surface coverage 

ranging from 18% to 75% were prepared. Their activities toward methanol 

electrooxidation were evaluated in a standard three-electrode electrochemical cell. 

Electrochemical measurements demonstrated that methanol electrooxidation is dependent 

on Ru surface coverage. The best activity was obtained for Pt-Ruad with around 33% Ru 

coverage at both 22 °C and 60 °C between 0.4 V and 0.45 V. The bifunctional mechanism 

well explained the catalytic behavior of Pt-Ruad nanoparticles, suggesting no significant 

fundamental difference as to methanol electrooxidation over technical scale and model 

Pt-Ru catalysts. However, real activities measured on Pt-Ru^ nanoparticles are much 

smaller than those observed on model Pt-Ru catalysts. The real activity of Pt-Ruad 

exceeded that of the start-of-the-art Johnson Matthey Pt-Ru catalyst. The activity observed 

on Pt-Ruad-0.33 is around 1.5 times of that measured on the Johnson Matthey 50:50 Pt-Ru 

alloy catalyst. The higher activity of nanoparticle Pt-Ruad catalysts than nanoparticle Pt-Ru
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alloy catalysts may suggest the importance of low-coordinated Ru sites for methanol 

electrooxidation.

For the electrooxidation of adsorbed monolayer CO, the dependence of oxidation 

potential on Ru surface coverage was also observed. CO is oxidized at lower potential over 

Pt-Ruad with Ru coverage of 30~50%. In contrast to methanol electrooxidation, Pt-Ruad 

nanoparticles display lower activity than commercial nanoparticle Pt-Ru alloy catalysts for 

CO oxidation, which is the result of the smaller number of Pt/Ru pair sites on Pt-Ruad 

surfaces than on Pt-Ru alloy surfaces.

The performance of Pt-Ruad as an anode catalyst in liquid feed PEM-DMFCs has 

been investigated; the results will be discussed in chapter 4.
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Chapter 4

Nanoparticle Pt-Ruad Catalysts for Direct Methanol Fuel Cells 

Part I I : Performance as Anode Catalysts for Direct Methanol Fuel Cells

1. Introduction

Direct methanol fuel cells (DMFCs) based on polymer electrolyte membrane 

(PEM) technology consist of a proton exchange membrane (e.g. Nation®-! 17) 

sandwiched between two porous electrodes containing electrocatalysts. Methanol is 

delivered to the anode where it is oxidized directly to carbon dioxide over the anode 

electrocatalyst (Eq. 4-1). Oxygen (from air) is supplied to the cathode where it is reduced 

by electrons and combined with protons to form water (Eq. 4-2). Carbon dioxide and 

water are the products of the overall cell reaction (Eq. 4-3).M

DMFCs are best suited for road transportation applications as an alternative to the 

internal combustion engine (ICE), and for portable power applications (cell phones,

closest alternatives to DMFCs for such applications are H2/air PEMFC systems operating 

on either reformate (H2 + C 02, generated on-board using reformers), or on compressed 

H2 gas stored on-board. As pointed out in Chapter 1, compared with H2/air PEMFC 

systems operating on reformate, DMFC systems have advantages including simple

CH,OH  + H 0O -> CO, + 6 H + + 6e~ (4-1)

- 0 2 + 6 / T  6 e~ -> 3H ,0  
2 2

(4-2)

(4-3)

laptops, military communication equipment etc.) as an alternative to batteries.3 , 4 The
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system design, ease of operation, reduced weight and volume, and lower cost. Compared 

with H2/air PEMFC systems operating on high pressure H2 gas stored on-board, DMFC 

systems use liquid methanol as fuel. Liquid methanol is easier to handle, to store, and to 

distribute than high pressure (5000-10000 psi) H2. In addition, methanol has a higher 

energy density than hydrogen and it is available in large quantities. It is worthwhile to 

point out that the reforming process and compression of H2 gas require energy that must 

be subtracted from the net energy value of the fuel before it is combusted in the fuel cell.

On the other hand, there are distinct disadvantages to use of DMFCs. The major 

disadvantage is that the performance is poor and the power density is low compared to 

H2/0 2-PEMFCs. The poor performance and the low power density are the result of the 

sluggish kinetics of methanol electrooxidation at the anode, and of cathode polarization 

resulting from methanol crossover. ’■ 3 Methanol crossover also results in loss of fuel by 

evaporation from the cathode. These key issues have hindered the development of 

practical DMFCs since they were devised, and they remain largely unresolved despite 

much effort by researchers over the last 40 years. Some of the limitations can be 

overcome by using large amounts of electrocatalyst (Pt based). But the cost of Pt makes 

this solution impractical. The development of highly effective, and economical methanol 

electrooxidation catalysts has, therefore, been a topic of intense research efforts. 5 Pt- 

based binary, 6 ternary, 7 and quaternary 8 catalysts are active toward methanol 

electrooxidation, and they are stable in acid media. Of the catalysts developed, Pt-Ru 

remains the state-of-the-art methanol electrooxidation catalyst in the anodes of prototype 

DMFCs.4 In recent studies, it has been found that nanoparticle Pt-Ruad catalysts, prepared 

either using the self-limiting surface reductive deposition method by us (Chapter 3), or
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using the spontaneous deposition technique by Wieckowski and co-workers, 9 , 10 are 

almost twice as active (in terms of real activity) as the state-of-the-art commercial Pt-Ru 

alloy catalysts (e.g. Johnson Matthey HiSPEC-6000™) as measured in H2S04. The 

superior activity of Pt-Ruad nanoparticle catalysts may be due to the large number of low- 

coordinated surface Ru sites, one of the main characteristics of adatom systems. Also 

Wieckowski and co-workers showed recently by NMR spectroscopy that the presence of 

Ruad on Pt surfaces decreases the back-donation of Pt to CO (electronic effects), 

weakening the Pt-CO bond, and thereby increasing the CO electrooxidation rate. They 

also revealed that the presence of Ruad substantially enhances the rate of CO surface 

diffusion. They suggested that, in addition to the conventional bi-functional mechanism, 

surface dynamic effects (CO mobility) may play a much more important role in 

enhancing CO tolerance than previously thought. 10 ,11 The performance of nanoparticle Pt- 

Ru^ catalysts in actual prototype DMFCs has not been well studied. 12 Whether such 

adatom catalysts can survive incorporation and operation in a fuel cell has been 

questioned.5, 13 ’ 14 Wasmus and co-workers state that neither chemisorbed nor 

electrosorbed foreign metals on Pt are a practical way to make fuel cell catalysts because 

variations in cell voltages during fuel cell operation may lead to desorption of the foreign 

metal into the electrolyte.5 Further, surface segregation of Pt-Ru systems has been 

observed under certain conditions. For example, Ross and co-workers13 observed a strong 

surface enrichment in Pt for Pt-Ru alloys annealed at 800 °C in UHV. The bulk 

composition of a sample was 70.2 % Pt, but the annealed surface had a composition of

92.1 % Pt. Arico and co-workers15 recently reported that Pt enrichment occurs in 

practical nanoparticle Pt-Ru alloy catalysts, particularly those with low bulk Ru content

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

alloys. For example, a sample with a bulk composition of Pt72Ru28 (XRD-derived) had a 

surface composition of Pt90Ru10 (XPS-derived). This composition was measured prior to 

the implantation of Pt-Ru nanoparticles into MEA. These studies suggest that surface 

segregation of Pt-Ruad systems during the preparation (hot-pressing) and operation of 

DMFCs may occur and it may limit times and activities of Pt-Ruad nanoparticle catalysts. 

In order to evaluate the performance of Pt-Ru^ nanoparticles as anode catalysts in 

DMFCs, and in order to address if Pt-Ruad systems can survive the fabrication and 

operation of DMFCs, an “w situ” investigation of the electrocatalytic activity and 

stability of nanoparticle Pt-Ruad catalysts in prototype PEM-DMFCs under variable 

operation conditions was carried out.

2. Experimental

2.1 Materials

See Chapter 3.

2.2 Preparation o f Pt-Ru ad Catalysts

The nanoparticle unsupported and carbon supported Pt-Ruad catalysts were 

prepared by the self-limiting surface reductive deposition method described in Chapter 3. 

The samples used in this study are shown in Table 4-1, and designated Pt-Ruad-0 

(unsupported), 0 is the estimated Ru surface coverage*, or PtRuad/C-q> (carbon 

supported), <p is the surface Ru concentration**. The measurements of Ru surface 

concentration and the estimation of Ru surface coverages were described in Chapter 3.

2.3 Fabrication o f Membrane Electrode Assemblies

The membrane electrode assemblies (MEAs) of geometrical area 5 cm2 were
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Table 4-1. Pt-Ruad catalysts prepared by surface reductive deposition of Ru onto

nanoparticle Pt and Pt/C.

Unsupported Pt-Ruad Carbon supported Pt-Ruad

Pt Substrates Pt black Pt/C

2 0 wt 2 0 wt 2 0 wt 40wt
% Pt % Pt % Pt % Pt

Deposition
1 2 3 5 7 1 2 3 2

Ru Surface 

Concentration
0.18 0.38 0.57 0.85 1.31 0.58 0.74 0.85 N/A

Estimated Ru
Surface 0.18 0.33 0.45 0.63 0.75 N/A N/A N/A N/A

Coverage

* Ru coverage (0Ru): the ratio of the number of exposed surface Ru atoms to the number 

of surface atoms originally on the Pt substrate.

** Surface Ru concentration (cp): the ratio of the number of total Ru atoms deposited to 

the number of surface atoms originally on the Pt substrate.

fabricated using the decal transfer method developed at the Los Alamos National 

Laboratory. 1 6 ,17 Fuel cell grade Johnson Matthey Pt black (27 m2/g) was used as the 

cathode catalyst and the loading at the cathode was maintained at ca. 2  mg/cm2 in all the 

cells. For the unsupported nanoparticle catalysts, a catalyst/ionomer ink was prepared by 

suspending the catalyst in water (e.g.,13 mg catalyst in 150 mg H20), and ultrasounding 

(Branson, Model 1210 ultrasonic bath) for 30 min to thoroughly wet and disperse the 

catalyst. Enough 5% Nafion® solution (ElectroChem. Inc.) was then added to the mixture 

to give a dry ink composition of 80 wt.% catalyst with 20 wt.% Nafion® ionomer. The 

mixtures were ultrasounded for another 2  h at room temperature to obtain uniformly
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dispersed inks. For carbon supported catalysts, the catalyst/ionomer ink was prepared by 

suspending the catalyst in 5% Nafion® solution diluted with 2-propanol (e.g. 200 mg 

Nafion® solution in 65 mg 2-propanol) to give a dry ink composition of 70 wt.% catalyst 

with 30 wt.% Nafion® ionomer. The mixtures were stirred and ultrasounded alternately (1 

h stirring, 1 h ultrasounding) for a total of 6  h. The catalyst inks were painted onto 5 cm2 

Teflon® decals at around 70 °C, and then baked in an oven at 135 °C for 5 min to cure the 

catalyst/Nafion® composite. Nafion®-117 membranes were cleaned and converted into 

the acid form by boiling in 3% H20 2 for 1 h, in 0.5 M H2S0 4 for 2 h, and in ultra-pure 

water for 2 h with the water being changed every 30 min. The cleaned membranes were 

stored in ultra-pure water, and dried on a vacuum table at 60 °C for 45 min right before 

use. The catalyst layers were transferred from the Teflon decals to the Nafion® 

membranes by hot-pressing (125 to 127 °C, 1450 to 1550 psig for ca. 2.5 min).

2.4 Operation o f Direct Methanol Fuel Cells

The membrane electrode assemblies were mounted into commercial fuel cell 

hardware (ElectroChem. Inc. FC05-01SP). The current collectors of the hardware were 

made of low porosity, high purity graphite blocks with serpentine flow fields. The cell 

was held between two gold-plated copper contact plates using a set of retaining bolts 

positioned around the periphery of the cell. Electrical heaters were placed behind each of 

the copper plates. Separate voltage connectors and thermocouple wells were in each cell 

block to provide accurate measurement and temperature control. Teflon®-treated carbon 

paper (ElectroChem. Inc. 30 wt.% polytetrafluoroethylene (PTFE)) was used as backing 

layers to allow for even distribution of reactants. PTFE gaskets were inserted to prevent 

the cell from leaking. The fuel cells were operated by pumping 1.0 M aqueous methanol
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(Sigma-Aldrich, ACS HPLC grade, 99.93%) through the anode compartment at 4.0 

mL/min, with zero back pressure, from a reservoir at ambient temperature, and by 

flowing dry oxygen (Praxair) through the cathode compartment at 400 standard cubic 

centimetres per minute (seem) at 20 psig back pressure. Pure oxygen was used to 

maximize the activity of the cathode so that the differences in cell performance would 

reflect as much as possible the differences in anode catalyst activity. Prior to taking 

polarization data, the fuel cells were conditioned for 3 days using the following 

procedure: the DMFC was heated to 60 °C at open circuit with methanol solution 

circulating through the anode, and with oxygen flowing through the cathode. The cell 

was then run at 20 mA/cm2 for 4 h. The cell temperature was raised to 90 °C, and the cell 

was operated at 100 mA/cm2 for another 4 h. The cell was then shut down by turning off 

the load, heat, methanol and oxygen supply, and left overnight at room temperature. 

Fresh methanol solution was used at the following day. The performance of the DMFCs 

stabilized after such conditioning. The cell potential-current curves were obtained using 

an 890 Series computer-controlled fuel cell test load (Scribner Associate Inc.). The 

reported cell voltages are not IR compensated.

2.5 Cyclic Voltammetry

Cyclic voltammetry on the anode and cathode catalyst layers in the assembled, 

stabilized fuel cells was performed using a Pine Bipotentiostat Model AFCBP1 

controlled with Pinechem 2.00 software. 18"20 The cyclic voltammograms were recorded in 

the fuel cell blocks at ambient temperature, with the working electrode under purified 

water flowing at 8  mL/min, and the other electrode was used as the counter and reference 

electrode by supplying it with humidified H2 at 100 mL/min at zero back pressure. The
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temperature of the hydrogen humidifier was 35 °C. The potential was scanned from 0 to 

700 mY versus the counter/reference electrode at 10 mV/s.

3. Results and Discussion

3.1 Unsupported Pt-Ruad Anode Catalysts

The study on the optimum surface composition of Pt-Ruad nanoparticle

catalysts for methanol electrooxidation carried out in a typical 3-electrode

electrochemical cell showed that Pt-Ruad nanoparticles with 0.33 Ru surface coverage

were the most active at both 22 °C and 60 °C (Chapter 3). In order to investigate the

optimum surface composition of Pt-Ruad as anode catalyst in actual DMFCs, membrane

electrode assemblies were fabricated using Pt-Ruad nanoparticles with various Ru surface

coverages as the anode catalyst. Pt black was used as the cathode catalyst, and Nafion®-

117 was used as the solid electrolyte membrane. The catalyst loadings were 2 mg/cm2 in

both anode and cathode, and the DMFCs were operated at 60 °C and 90 °C. The cell

polarization curves are shown in Figure 4-1. It can be seen that at 60°C, the best

performance was obtained using Pt-Ruad-0.33, followed in decreasing order by Pt-Ruad-

0.45, 0.63, 0.75, 0.18, and 0. This activity sequence is consistent with that obtained in the

3-electrode experiments carried out in 1.0 M H2S04 +1.0 M CH3OH at 60°C (Chapter 3,

Figure 3-5). As expected, the DMFC performance improved as the temperature was

increased. More interestingly, the order of DMFC performance as a function of surface

composition of Pt-Ruad anode catalyst also changed upon increasing the temperature. At

90 °C, Pt-Ruad-0.33, 0.45, and 0.63 had nearly the same cell performance. This result

supports those observations on the dependence of the optimum surface composition of

Pt-Ru catalysts on temperature (see Chapter 3) . 21,22 Specifically, the optimum surface
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Figure 4-1. Polarization curves for a series of DMFCs operating with Pt-Ruad anode 

catalysts of differing surface composition. Anode: 2 mg/cm2 Pt-Ruad catalyst, 1.0 M 

methanol at 4.0 ml/min, and zero back pressure. Cathode: 2 mg/cm2 Pt-black catalyst, 20 

psig dry oxygen at 400 seem.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

composition of Pt-Ru catalysts shifts from low to high Ru coverages with increases in

temperature. Therefore, it can be predicted that for a PEM-DMFC operating over a wide

temperature range, use of an anode catalyst composed of a mixture of Pt-Ru catalysts 

with variable surface compositions (e g., from 10% to 50% Ru) may benefit the overall 

cell performance. The optimum Ru surface coverage for the DMFCs operating at 90 °C 

was ca. 50%. This result can be interpreted by the well-known bifunctional mechanism.21 

According to this mechanism, at high temperature, methanol dehydrogenation to 

adsorbed CO (Eq. 4-4), as well as water dissociation to adsorbed OH (Eq. 4-5) are rapid 

relative to the rate of reaction between surface adsorbed CO and OH, which is rate- 

determining (Eq. 4-6). A Pt-Ru surface ratio of 1:1 will maximize the product of the 

surface coverage of adsorbed CO and OH, thereby maximizing the rate-determining step 

for methanol electrooxidation (Chapter 1).

Pt + CH2OH P t -  CO + 4 H + + 4e~ (4-4)

Ru + H 2O ^ R u - O H  + H + +e~ (4-5)

P t - C O  + R u -  OH — r-^—>Pt + Ru + C 02 + H 20  + e~ (4-6)

To the best of our knowledge, there is only one other report regarding the investigation of 

the optimum surface composition of practical Pt-Ru nanoparticles as anode catalysts in 

prototype PEM-DMFCs. In this study, Arico and co-workers15 prepared unsupported 

nanoparticle Pt-Ru alloy catalysts of various compositions. They used these alloy 

nanoparticles as anode catalyst in DMFCs, and the cells were evaluated at 130 °C. The 

optimum surface composition, as determined by XPS, was found to be ca. 40 %.

As discussed in Chapter 3, Pt-Ruad nanoparticles exhibited higher inherent activity 

toward methanol electrooxidation in H2S0 4 than commercial Johnson Matthey Pt-Ru
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nanoparticles (HiSPEC-6000™, 1:1 a/o Pt:Ru). For example, Pt-Ruad-0.33 is 1.6 times 

more active than Johnson Matthey Pt-Ru at 60 °C and 0.4 V in terms of the per surface 

site activity (see insert in Figure 4-2a). In order to compare the performance of Pt-Ruad 

nanoparticles with commercial Pt-Ru alloy nanoparticles as anode catalyst in prototype 

PEM-DMFCs, a membrane electrode assembly was fabricated using Johnson Matthey Pt- 

Ru black (HiSPEC-6000™, 1:1 a/o Pt:Ru, ca. 70 m2/g) as the anode catalyst. This MEA 

was manufactured, conditioned, and operated using the identical procedure as for Pt-Ruad 

anode catalysts. Under such conditions, the cathodes should have approximately equal 

activities, and the differences in cell performance should be due to anode effects. To 

check for experimental errors that may have occurred during fabrication of the MEAs, 

two MEAs were fabricated and evaluated for each type of anode catalyst. The results 

showed that polarization data are reproducible. Figure 4-2 shows the polarization curves 

measured at 60 °C and 90 °C. The currents are normalized to the total surface area of the 

anode catalyst, which was obtained using the specific surface area of the catalyst and the 

anode catalyst loadings. It can be seen that in the kinetically controlled (low current) 

region, the Johnson Matthey Pt-Ru catalyst is more active than Pt-Ruad-0.33. This is 

contrary to the results obtained using the 3-electrode cell (1.0 M H2SO4+1.0 M MeOH), 

which shows that the Johnson Matthey Pt-Ru nanoparticles are less active than Pt-Ruad- 

0.33 nanoparticles (insert, Figure 4-2a). This inversion of the real activity of Johnson 

Matthey Pt-Ru versus Pt-Ruad observed between PEM-DMFCs and 3-electrode cells 

suggests that the Johnson Matthey Pt-Ru anode structure is different from the Pt-Ruad
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Figure 4-2. DMFC polarization curves with currents normalized by the total surface area 

of the anode catalysts. Anode: 2 mg/cm2 catalyst, 1.0 M methanol at 4.0 ml/min. 

Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry oxygen at 400 seem. The insert is the 

potentiostatic methanol oxidation current densities normalized by the real surface area of 

the catalysts. The currents were measured in a 3-electrode cell containing 1.0 M MeOH + 

1 .0MH 2SO4.
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anode structure. Catalyst layer structures determine the catalyst utilization and methanol, 

C0 2 mass transport.23,24 Some catalyst particles, which are isolated from other particles 

(no electronic conductivity) and/or from Nafion® (no ionic conductivity), will not 

contribute to the cell performance. Others, which have good electronic and ionic 

conductivity but are less accessible to methanol, will only have a limited catalytic 

efficiency. 25 ’ 26 For example, if particles locate at a hydrophobic microenvironment 

formed by the backbone chain of Nafion®, they will not be readily accessible to 

hydrophilic methanol; or if C 0 2 formed on the catalyst surfaces is trapped around the 

catalyst particles in some micropores, it will prevent the catalysts from contacting with 

methanol.27' 29 The perfect anode layer structure should be that all catalyst particles are 

exposed to three-phase reaction zones (catalyst/electrolyte/methanol)(Chapter 1), and 

with no limitations to transport of methanol and C 0 2 anywhere inside the electrode layer. 

In this study, the Johnson Matthey Pt-Ru anode may have a better structure, thus higher 

catalyst utilization, than the Pt-Ruad anode. In addition, the Johnson Matthey catalyst may 

be activated during the fabrication of the MEA and/or the conditioning of the DMFC 

because this catalyst contains certain amounts of metal oxides in the as-received form, 

these oxides could be reduced during the conditioning of the DMFC, resulting in surface 

reconstruction.30 Pt-Ruad does not appear to change much. As a result, the higher activity 

of Pt-Ruad over Johnson Matthey Pt-Ru alloy measured in the 3-electrode cell was 

overcome in the PEM-DMFC by the difference in electrode structure and, probably, in 

surface reconstruction of the catalysts. This study demonstrates that a good catalyst must 

be highly active after incorporation, conditioning, and it must generate a suitable 

electrode structure.
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It should be pointed out that the better performance observed on Pt-Ruad-0.33 than 

that measured on the Johnson Matthey Pt-Ru in the high cell current density (low cell 

voltage) region does not suggest that Pt-Ruad-0.33 is more active than Johnson Matthey 

Pt-Ru. This is simply because that in the high current region, methanol and/or C 0 2 mass 

transport dominates the cell performance.

It was found (Chapter 3) that the mass activities (currents per mg catalyst) of 

Johnson Matthey Pt-Ru alloy and E-TEK (PtRu)Ox (at 60 °C, 0.4 V, 1.0 M H2S04, and

1.0 M CH3OH) were nearly the same (ca.18 mA/mg). They were higher than that of Pt- 

Ruad-0.33 (ca.10 mA/mg) because the specific surface areas of these commercial catalysts 

are quite high (see insert of Figure 4-3a). Figure 4-3 shows the cell polarization curves 

with currents normalized to per mg anode catalysts. In contrast with the 3-electrode 

experiments, the mass activity of the E-TEK (PtRu)Ox catalyst, measured in the PEM- 

DMFC is lower than that of the Johnson Matthey Pt-Ru, and even lower than that of the 

Pt-Ruad-0.33. The poor performance of the E-TEK (PtRu)Ox catalyst in the DMFC can be 

explained from two aspects. First, the structure of the anode made of the E-TEK 

(PtRu)Ox is poor, which results in a significant loss in catalyst utilization. Second, 

surface restructuring of (PtRu)Ox catalyst may have occurred during the fabrication and 

operation of the DMFC. This surface restructuring may have resulted in a loss in activity 

of (PtRu)Ox. This needs to be investigated further. Nevertheless, the importance of 

electrode structures and catalyst reconstruction during the fabrication and operation of 

DMFCs should not be underestimated.

Figure 4-4 shows plots of power density versus current density for these DMFCs. 

Also included in this graph are the cell polarization curves. The peak power output for
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Figure 4-3. DMFC polarization curves with currents normalized by the mass of the 

anode catalyst. Anode: 2 mg/cm2 catalyst, 1.0 M methanol at 4.0 ml/min. Cathode: 2 

mg/cm2 Pt-black catalyst, 20 psig dry oxygen at 400 seem. The insert is the potentiostatic 

methanol oxidation current densities normalized by the mass of the catalysts. The 

currents were measured in a 3-electrode cell containing 1.0 M MeOH + 1.0 M H2S04.
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catalyst, 1.0 M methanol at 4.0 ml/min. Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry 

oxygen at 400 seem. Currents are normalized to the geometrical area of the electrodes.
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the Pt-Ruad cell approaches 125 mW/cm2 at ca. 400 mA/cm2 and at 90 °C. This maximum 

power is about 70% that of the Johnson Matthey Pt-Ru cell (175 mW/cm2 at ca. 450 

mA/cm2), and is comparable to that of the E-TEK (PtRu)Ox cell (130 mW/cm2 at ca. 450 

mA/cm2). The operating temperature has a significant effect on the power output. For 

example, increasing the operating temperature from 60 °C to 90 °C increased the power 

density of the Pt-Ruad cell from 50 mW/cm2 to 125 mW/cm2. In another literature 

example, 400 mW/cm2 peak power density has been reported for a Nafion®-112 DMFC 

(2.2 mg/cm2 Pt-Ru on anode, 2.2 mg/cm2Pt black on cathode) operating at 130°C on 5 

atm oxygen. 17 However, the anode fuel must be pressurized to keep the fuel in a liquid 

state if a cell is operated over 100 °C. The design of such a high temperature liquid feed 

PEM-DMFC is complex, and was not pursued for this investigation. Vapour operation 

without anode compartment pressurization seems less attractive than liquid feed due to 

the requirement for a sophisticated heat exchanger to remove C 0 2 from the gaseous cell 

exhaust stream (gaseous methanol, water, and C 0 2) . 4 It should be pointed out that cell 

designs (e.g., flow fields, cell shape and sizes, current collectors) affect the performance 

of DMFCs. 27’ 31' 33 Our DMFCs are not optimized for that.

3.2 Supported Pt-Ruad Anode Catalysts

In order to reduce the loading of precious metals, noble metal catalysts are often 

dispersed on high specific surface area supports. The use of supports substantially 

increases the specific surface area of the catalysts, providing more active sites per gram 

of precious metal. Vulcan™ XC-72 (BET area ca. 250 m2/g) is the most common support 

used for the preparation of DMFC catalysts because it has a relatively small amount of 

micropores (allowing more homogeneous distribution of catalyst particles), and it has a
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reasonably high specific surface area (sufficient to accommodate high loadings of metal 

nanoparticles) . 4 We prepared a series of carbon-supported PtRuad using Vulcan™ XC- 

72R supported Pt nanoparticles (20 wt.% Pt, 112 m2/g, E-TEK) ■ as substrate by the 

surface reductive deposition technique (see Table 4-1 in experimental section). It should 

be pointed out that, during the deposition of Ruad onto Pt/C, Ru3+ was not only reduced by 

Pt-H leading to the formation of Ruad on Pt surfaces, but it was also adsorbed on the 

carbon support surfaces. This is suggested by the high Ru surface concentration obtained 

after a single deposition (58% Ru). As pointed out in Chapter 3 (Eq. 3-12), the maximum 

Ru surface concentration obtained after a single deposition is 33% Ru if the Ru only 

deposited on Pt. It is likely that the Ru3+ adsorbed by the carbon support was reduced by 

methanol during operation of the DMFC, resulting in a (Pt-Ruad + Ru)/C catalyst. The Ru 

deposited on carbon surfaces may contribute to the activity toward methanol 

electrooxidation at elevated temperatures. Unfortunately, it is not possible to discriminate 

between the Ru on Pt surfaces and on carbon surfaces with the data obtained during this 

study. A TEM analysis will be carried out in the future to address this issue. The surface 

concentration of the PtRuad/C (defined as the ratio of the number of total Ruad deposited 

to the number of surface atoms of Pt substrate) does not reflect the actual surface 

concentration of the Pt-Ruad phase, but it serves as an indication of the total amount of Ru 

deposited. MEAs were fabricated using PtRuad/C as anode catalyst, unsupported Pt black 

as cathode. The cathode catalyst loading was maintained at 2 mg/cm2 to remain 

consistent with MEAs using unsupported Pt-Ruad anode. The anode catalyst loading was 

ca. 0.65 mg/cm2 for PtRuad/C with 20 wt. % Pt. Smotkin and co-workers34 reported that 

MEAs prepared using PtRu/C (20 wt.% metal loading, 1:1 a/o Pt:Ru) as anode catalyst
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showed no improvement in cell performance with anode loadings above ca. 0.5 mg/cm2. 

We found that it is difficult to transfer (PtRuad/C)/Nafion® composite layers containing 

high metal loading to Nation®-! 17 membranes from Teflon® decal by hot-pressing 

without increasing the content ofNafion® ionomer in the catalyst layer. It appears that the 

decal transfer technique used in this study does not work well for the fabrication of high 

catalyst loading MEAs using carbon supported Pt-Ru catalysts, particularly for those Pt- 

Ru/C with low metal content (e.g., 20 wt.% Pt-Ru).

Figure 4-5 shows the cell polarization curves measured at 60 °C and 90 °C. It can 

be seen that PtRuad/C-0.74 (after two depositions) performs the same as PtRuad /C-0.85 

(after three deposition cycles), and slightly better than PtRuad/C-0.58 (after a single 

deposition). This trend is similar to that observed for unsupported Pt-Ruad The 

performance of the commercial carbon supported Pt-Ru alloy nanoparticles (E-TEK, 20 

wt.% Pt-Ru on Vulcan™ XC-72R) was also tested as anode catalyst in a PEM-DMFC, 

and the result is included in Figure 4-5. The PtRuad/C was as active as the commercial Pt- 

Ru/C (E-TEK) at all temperatures studied (note that the specific surface area of PtRuad/C 

and E-TEK Pt-Ru/C are similar, ca. 112 m2/g). These results show that the supported Pt- 

Ruad systems have performances similar to supported Pt-Ru alloy systems in PEM- 

DMFCs. This result may suggest that Ru-Ptad/C, prepared by the deposition of Pt on 

Ru/C, may work as well as the state-of-the-art commercial alloy form Pt-Ru/C as anode 

catalyst in PEM-DMFCs. The use of adatom form Ru-Ptad/C to replace alloy form Pt- 

Ru/C would significantly reduce the cost of anode catalysts, because the more expensive 

Pt ($512/g) is only deposited on the surface of the less expensive Ru ($72/g) 

nanoparticles in submonolayer amounts. Adzic and coworkers35' 39 investigated the
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Figure 4-5. Polarization curves for DMFCs with carbon supported Pt-Ruad anode 

catalysts. Anode: 0.65 ± 0.2 mg/cm2 PtRuad/C (20 wt.% Pt) catalyst, 1.0 M methanol at

4.0 ml/min. Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry oxygen at 400 seem. 

Currents are normalized to the geometrical area of the electrodes.
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activity of Ru-Ptad/C prepared by spontaneous deposition of Ptad onto Ru/C for 

electrooxidation of H2 and CO. They reported that, despite the several times lower Pt 

loading, Ru-Ptad/C catalysts have activities and CO tolerance surpassing those of 

commercial Pt-Ru/C alloy catalysts (50-50 Pt-Ru). No attempts have been reported so far 

to explore the activity of Ru-Ptad/C toward methanol electrooxidation or as anode catalyst 

in PEM-DMFCs.

A 40 wt.% metal loading PtRuad/C catalyst was prepared by the surface reductive 

deposition method using 40 wt.% Pt/C (E-TEK) as the substrate. The relatively high 

metal content in this 40 wt.% PtRuad/C catalyst allows the fabrication of a MEA with 

relatively high anode catalyst loading without a significant increase in the thickness of 

the catalyst layer. A MEA with anode metal loading of 1 mg/cm2 was fabricated using 

this catalyst. The cell polarization curves are presented in Figure 4-6. Also included in 

this figure is the performance of a MEA containing the unsupported Pt-Ruad anode. 

Figure 4-6 shows that the performance of the 1 mg/cm2 PtRuad/C (after two depositions) 

anode is equal to the performance of the 2 mg/cm2 unsupported Pt-Ruad catalyst (after 

two depositions). This result shows that the use of high specific surface area supported 

Pt-Ruad improves the per gram performance of the catalyst. Therefore, high specific 

surface area catalysts can be used to reduce the amount of precious metal catalysts and 

still maintain performance.

3.3 Stability o f Pt-Ru ad and Catalyst Utilization

The Pt-Ruad nanoparticle catalysts prepared in this study may be subject to surface 

reconstruction (Ru segregation, redistribution, and/or dissolution) during the fabrication 

of MEAs and the operation of DMFCs. This reconstruction may occur because Ru atoms
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Figure 4-6. Comparison of carbon supported and unsupported Pt-Ruad as anode catalyst 

in a PEM-DMFC. Anode: 1.0 M methanol at 4.0 ml/min. Cathode: 2 mg/cm2 Pt-black 

catalyst, 20 psig dry oxygen at 400 seem. Currents are normalized to the geometrical area 

of the electrodes.
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are only adsorbed onto the Pt surface under our preparation conditions. These Ru 

adatoms may be low-coordinated, have high surface energy, and thereby have a tendency 

to undergo surface redistribution in order to minimize surface energy. The stability of the 

surface structures is therefore a general issue for Pt-Ruad systems and deserves to be 

addressed here.5 Due to the lack of direct techniques to characterize the distribution of 

Ruad on highly dispersed nanoparticle Pt-Ruad surfaces, cyclic voltammetry and fuel cell 

performance were used to obtain rough information about possible surface changes. It is 

well known that cyclic voltammograms of Pt-Ru surfaces are dependant on Ru surface 

coverage and distribution. For example, the peak resolution in the “hydrogen region” 

decreases, and currents in the ‘double layer region” increase with increase in Ru surface 

coverage (Chapter 3) . 40' 43 Further, it appears that if Ru^ forms 3-D islands on Pt surfaces, 

a peak at ca. 100 mV will appear in the cyclic voltammogram, which is related to the 

formation and stripping of surface adsorbed hydrogen from Ru islands (Chapter 3) , 44-50 or 

to the oxidation of Ru.35 In Chapter 3, we reported the cyclic voltammograms of various 

freshly prepared Pt-Ruad catalysts (Figure 3-4). These cyclic voltammograms were 

measured in 1.0 M H2S0 4 at ambient temperature. In this study, we measured the cyclic 

voltammograms of these Pt-Ruad nanoparticles after they have been incorporated in the 

anode layer of MEAs and the MEA-DMFCs have been conditioned and operated for 

several days. The measurements were carried out in the fuel cell test block at room 

temperature. The anode served as the working electrode by circulating Ar-purged, 

purified water. The Pt black cathode was used as counter and reference electrodes by 

supplying it with humidified H2 (1 atm). The potentials were reported versus this 

reference electrode. Typical CVs are shown in Figure 4-7. Currents are normalized to per
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Figure 4-7. Cyclic voltammograms of anode catalysts recorded in PEM-DMFCs at 25 

°C, 10 mV/s sweep rate. The anode catalyst loading is 2 mg/cm2.
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gram catalysts. It can be seen that, with increasing Ru coverage, the peak resolution in 

the “hydrogen region” decreases, and currents in the “double layer region” increase. A 

sharp peak at ca. 120 mV appears when the Ru coverages are higher than 0.33, and its 

intensity increases with Ru coverage. All these features closely resemble those 

previously observed on freshly prepared Pt-Ruad in H2S0 4 (Chapter 3 Figure 3-4). By 

comparing the individual CV recorded in MEA to that recorded in H2S 04 for the same Pt- 

Ruad, it was found that no significant changes occur before and after hot-pressing and 

running. Cyclic voltammetry, therefore, indicates that no significant surface 

reconstructions (Ru redistribution and dissolution) were observed for Pt-Ruad during the 

fabrication of the MEAs.

The stability of a PEM-DMFC with PtRuad/C-0.58 (20 wt.% Pt) anode catalyst 

was tested at 60 °C and 90°C. The data are shown in Figure 4-8. The cell was run for 20 

total days at 8  hour per day. A typical day operation procedure is as follows. First, the 

cell was heated to 60 °C at open circuit (ca. 10 min) with 1.0 M aqueous methanol 

circulating through the anode compartment at 4.0 mL/min, and oxygen flowing through 

the cathode at 400 seem and 20 psig back pressure. The cell was then operated at 20 

mA/cm2 (ca. 0.45 V) for 1.5 h, at 50 mA/cm2 (ca. 0.4 V) for 1 h, and at 100 mA/cm2 (ca. 

0.35 V) for another hour. The cell was then polarized by sweeping the cell potential back 

and forth from open circuit to 0.1 V several times until a reproducible polarization curve 

was obtained (ca. 10 cycles). After the sweeps, the cell current was held at 100 mA/cm2, 

and the cell was heated to 90°C (ca. lOmin). The cell was then operated at 100 mA/cm2 

(ca. 0.45 V) for 1.5 h, and 200 mA/cm2 (ca. 0.35 V) for another 1.5 h. Potential sweeps 

were performed again. Finally, the electronic load and heating were turned off, and the
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Figure 4-8. Durability test for the PEM-DMFC with PtRuad/C anode catalyst. Anode: 

0.68 mg/cm2 PtRu^/C-Q.SS (20 wt.% Pt) catalyst, 1.0 M methanol at 4.0 ml/min. 

Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry oxygen at 400 seem. Currents are 

normalized to the geometrical area of the electrode.
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methanol and oxygen supply were shut down. The cell was left off overnight with the 

anode under aqueous methanol solution and the cathode under air. Fresh methanol was 

used the following day. As Figure 4-8 shows, no loss in performance was observed over 

20 days operation. This result indicates that no Ru dissolution and/or redistribution occur 

that is large enough to affect the catalytic activity. This encouraging result implies that 

Pt-Ruad catalysts can survive normal cell operation and load changes. Surface 

reconstruction doesn’t seem to be a serious issue for these Pt-Ruad nanoparticle catalysts.

The catalyst utilization in the cathodes of DMFCs, as expressed by Equation 4- 

7, 18' 20 was estimated in this study. The electrochemically active surface areas of Pt 

nanoparticles in the cathodes were measured using the cyclic voltammograms of Pt 

nanoparticles recorded in the fuel cells. The electrochemically active surface areas reflect 

the total surface areas of Pt nanoparticles that are effectively accessed by protons and 

electrons in the cathode layers. The total surface area was calculated using the Pt loading 

(2 mg/cm2) and specific surface area of Pt nanoparticles (27 m2/g). It was found that ca. 

80-85% utilization was attained for the nanoparticle Pt cathode catalysts. The utilization 

of nanoparticle Pt-Ruad anode catalysts should presumably be the same as that of Pt 

cathode catalysts due to their similar properties, such as identical particle size. 

Noticeably, not all electrochemically active surface areas can be utilized for electrode 

reactions because of the inaccessibility of reactants to some of these surface sites. 

Therefore, the actual catalyst utilization is always smaller than the estimated.

electrochemically active surface area
catalyst utilization = -------------------------------------------------  (4-7)

total surface area
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4. Conclusions

Unsupported and carbon supported nanoparticle Pt-Ruad catalysts have been 

prepared using the surface reductive deposition technique. The performance of these 

nanocomposites as anode catalysts in liquid feed PEM-DMFCs has been evaluated. It 

was found that the surface composition of unsupported Pt-Ruad nanoparticles has a 

significant influence on their activities as anode catalysts in DMFCs. The optimum Ru 

surface coverage was ca. 35% for DMFCs operating at 60 °C, and ca.30-60% for DMFCs 

operating at 90 °C. Carbon supported Pt-Ruad catalysts display higher mass activities than 

unsupported Pt-Ruad. Comparable cell performance can be obtained using carbon 

supported Pt-Ruad with much lower metal loading than unsupported. The maximum 

power density measured on Pt-Ruad approaches 70 % of that obtained on the state-of-the- 

art commercial Pt-Ru alloy catalyst from Johnson Matthey, despite the specific surface 

area of Pt-Ru^ being only 40 % that of the Johnson Matthey Pt-Ru catalyst.

Cyclic voltammetry showed that no obvious surface restructuring of Pt-Ru^ 

occurred during the fabrication and operation of the DMFCs. A PEM-DMFC using 

PtRuad/C anode catalyst was operated for 20 days on an intermittent basis with no 

obvious deterioration in the cell performance. This result suggests that Pt-Ruad 

nanoparticle catalysts can be used in practical DMFCs.

References

(1) Hogarth, M. P.; Hards, G. A. Plat. Met. Rev. 1996, 4 0 ,150-159.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



146

(2) Cameron, D. S.; Hards, G. A.; Harrison, B.; Potter, R. J. Plat. Met. Rev. 1987, 31, 

173-181.

(3) Ren, X.; Zelenay, P.; Thomas, S.; Davey, J.; Gottesfeld, S. J. Power Sources 2000, 

8 6 ,111-116.

(4) Arico, A. S.; Srinivasan, S.; Antonucci, V. Fuel Cells 2001,1, 133-161.

(5) Wasmus, S.; Kuver, A. J. Eectroanal. Chem. 1999, 461, 14-31.

(6 ) Watanabe, M.; Motoo, S. J. Electroanal. Chem. 1975, 60, 267-273.

(7) Ley, K, L.; Liu, R.; Pu, C.; Fan, Q.; Leyarovska, N.; Segre, C.; Smotkin, E. S. J. 

Electrochem. Soc. 1997,144, 1543-1548.

(8 ) Reddington, E.; Sapienza, A.; Gurau, B.; Viswanathan, R.;Sarangapini,S.; Smotkin, 

E. S.; Mallouk, T. E. Science 1998, 280, 1735-1737.

(9) Waszczuk, P.; Solla-Gullon, J.; Kim, H. S.; Tong, Y. Y.; Montiel, V.; Aldaz, A.; 

Wieckowski, A. J. Catal. 2001, 203, 1-6.

(10) Tong, Y. Y.; Kim, H. S.; Babu, P. K.; Waszczuk, P.; Wieckowski, A.; Oldfield, E.

J. Am. Chem. Soc. 2002,124, 468-473.

(11) Tong, Y. Y.; Oldfield, E.; Wieckowski, A. Faraday Discuss. 2002,121, 323-330.

(12) Cao, D.; Bergens, S. H. J. Electroanal. Chem. 2002, 533, 91-100.

(13) Gasteiger, H. A.; Ross, P. N., Jr.; Cairns, E. J. Surf. Sci. 1993, 293, 67-80.

(14) Markovic, N. M.; Ross, P. N. Surf. Sci. Rep. 2002, 45, 121-229.

(15) Arico, A. S.; Antonucci, P. L.; Modica, E.; Baglio, V.; Kim, H.; Antonucci, V. 

Electrochim. Acta 2002, 47, 3723-3732.

(16) Wilson, M. S.; Gottesfeld, S. J. Appl. Electrochem. 1992,22, 1-7.

(17) Ren, X.; Wilson, M. S.; Gottesfeld, S. J. Electrochem. Soc. 1996,143, L12-L15.

(18) Thomas, S. C.; Ren, X.; Gottesfeld, S. J. Electrochem. Soc. 1999,146,4354-4359.

(19) Dinh, H. N.; Ren, X.; Garzon, F. H.; Zelenay, P.; Gottesfeld, S. J. Electroanal. 

Chem. 2000, 491, 222 - 233.

(20) He, C. Z.; Qi, Z. Q.; Hollett, M.; Kaufman, A. Electrochem. Solid-State Lett. 2002, 

5, A181-A183.

(21) Gasteiger, H. A.; Markovic, N.; Ross, P. N.; Caims, E. J. J. Electrochem. Soc. 1994, 

141, 1795-1803.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



147

(22) Neergat, M.; Leveratto, D.; Stimming, U. Fuel Cells 2002,2, 25-30.

(23) Gottesfeld, S. (with Zawodzinski, T.), Polymer electrolyte fuel cells, in: Tobias, C.; 

Gerischer, H.; Kolb, D.; Alkire, R. (Eds.), Advances in Electrochemistry and 

Electrochemical Engineering, Wiley/VCH, New York, 1997, 5, 195.

(24) Metha, V.; Cooper, J. S. J. Power Source 2003,114, 32-53

(25) Arico, A. S.; Creti, P.; Poltarzewski, Z.; Mantegna, R.; Kim, H.; Giordano, N.; 

Antonucci, V. Mater. Chem. Phys. 1997, 47, 257-262.

(26) Arico, A. S.; Creti, P.; Giordano, N.; Antonucci, V.; Antonucci, P. L.; Chuvilin, A. 

J. Appl. Electrochem. 1996, 26, 959-967.

(27) Argyropoulos, P.; Scott, K.; Taama, W. M. Electrochim. Acta 1999, 44, 3575-3584.

(28) Argyropoulos, P.; Scott, K.; Taama, W. M. J. Appl. Electrochem. 1999, 29, 661- 

669.

(29) Scott, K.; Taama, W. M.; Argyropoulos, P.; Sundmacher, K. J. Power Sources 

1999, 83, 204-216.

(30) Dinh, H. N.; Ren, X.; Garzon, F. H.; Zelenay, P.; Gottesfeld, S. J. Electroanal. 

Chem. 2000, 491, 222 - 233.

(31) Scott, K.; Argyropoulos, P.; Yiannopoulos, P.; Taama, W. M. J. Appl. Electrochem. 

2001, 31, 823-832.

(32) Scott, K.; Taama, W. M.; Argyropoulos, P. J. Power Sources 1999, 79, 43-59.

(33) Amphlett, J. C.; Peppley, B. A.; Halliop, E.; Sadiq, A. J. Power Sources 2001, 96, 

204-213.

(34) Liu, L.; Pu, C.; Viswanathan, R.; Fan, Q.; Liu, R.; Smotkin, E. S. Electrochim. Acta 

1998, 43, 3657-3663

(35) Brankovic, S. R.; Wang, J. X.; Zhu, Y.; Sabatini, R.; McBreen, J.; Adzic, R. R. J. 

Electroanal. Chem. 2002, 524, 231-241.

(36) Brankovic, S. R.; McBreen, J.; Adzic, R. R. J. Electroanal. Chem. 2001, 503, 99- 

104.

(37) Brankovic, S. R.; McBreen, J.; Adzic, R. R. Surf. Sci. 2001, 479, L363-L368.

(38) Brankovic, S. R.; Wang, J. X.; Adzic, R. R. Electrochem. Solid-State Lett. 2001, 4, 

A217-A220.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



148

(39) Brankovic, S. R.; Wang, J. X.; Adzic, R. R. J. Serb. Chem. Soc. 2001, 66, 887-898.

(40) Lee, C. E.; Bergens, S. H. J. Phys. Chem. B 1998,102,193-199.

(41) Gasteiger, H. A.; Markovic, N.; Ross, P. N., Jr.; Cairns, E. J. J. Phys. Chem. 1993, 

97, 12020-12029.

(42) Iwasita, T.; Hoster, H.; John-Anacker, A.; Lin, W. P.; Vielstich, W. Langmuir 2000, 

16, 522-529.

(43) Ticanelli, E.; Beery, J. G.; Paffett, M. T.; Gottesfeld, S. J. Electroanal. Chem.

1989,258, 61-77.

(44) Krausa, M.; Vielstich, W. J. Electroanal. Chem. 1994, 379, 307-314.

(45) Iwasita, T.; Hoster, H.; John-Anacker, A.; Lin, W. F.; Vielstich, W. Langmuir 2000, 

16, 522-529.

(46) Lin, W. P.; Christensen, P. A.; Hamnett, A. Phys. Chem. Chem. Phys. 2001, 3, 

3312-3319.

(47) Wang, W. B.; Zei, M. S.; Ertl, G. Phys. Chem. Chem. Phys. 2001, 3, 3307-3311.

(48) Lin, W. F.; Zei, M. S.; Kim, Y. D.; Over, H.; Ertl, G. J  Phys. Chem. B 2000,104, 

6040-6048.

(49) Lin, W. F.; Christensen, P. A.; Hamnett, A.; Zei, M. S.; Ertl, G. J  Phys. Chem. B 

2000,104, 6642-6652.

(50) Lin, W. F.; Christensen, P. A.; Hamnett, A. J  Phys. Chem. B 2000,104,12002- 

12011.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Chapter 5

A Direct 2-Propanol Polymer Electrolyte Fuel Cell1"

1. Introduction

Direct methanol fuel cells (DMFCs) using Pt-Ru anode electrocatalysts are the 

most studied type of direct alcohol fuel cell. 1' 3 The most imminent commercial 

application for such cells is likely as power sources for portable electronic devices.4 , 5 

The challenges associated with developing practical DMFCs include poisoning of anode 

electrocatalysts by CO or related species obtained from methanol, crossover of methanol 

from the anode to the cathode, and cathode poisoning by methanol.2 , 6 One approach to 

address these issues is to use alcohols that are less prone to crossover and electrocatalyst 

poisoning than methanol, and preferably are more feasible toward electrooxidation than 

methanol.

The electrooxidation of 2-propanol over platinum-based electrodes was studied by 

several groups during the 1990's.7'10 The major oxidation product is acetone at low 

potentials (< 0.4 V vs. RHE), CO2 is negligible. A proposed mechanism for the

O Q
electrooxidation of 2-propanol over Pt surfaces is given in Scheme 5-1. ’ The interaction 

of 2-propanol with Pt surfaces leads to the formation of physisorbed 2-propanol species. 

These species undergo a dehydrogenation at the oc-C atom, yielding the adsorbate A, 

which is bound to Pt surface through the a-C atom. Adsorbate A undergoes a further 

dehydrogenation forming adsorbate D, which can be attached to the surface through a n-

f
A version o f this chapter has been published. Cao, D. X.; Bergens, S. H. J. Power Sources 2003 ,124, 12-

17.
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bonding interaction with Pt (71-bonded rj2 acetone species). This bond would be weak; 

therefore, the displacement of adsorbate D by 2-propanol is likely to occur, generating 

free acetone. Meanwhile, hydrogenolysis of adsorbate A can occur to produce adsorbates 

B and C. Adsorbates A, B, C, and D may be oxidized at high potentials to CO2 . The 

dehydrogenation of 2-propanol to acetone is the dominant and fastest path.1

OH

(H 3C CH CH3 ) so1

10

o

(H 3C CH CH3 ) sol

OH

(H 3C CH CH3 )P t

-H

O

D (H 3C C CH3 )P t

Pt(O) 

(C02)sol

-H

Pt(O)

Pt(O)

Pt(O)

OH

( H3C C CH3 ) Pt A

Pt(H)
-H20

Pt(H)

H

Scheme 5-1. Reaction scheme of 2-propanol oxidation on a platinum electrode in acidic 

solution.

Wang et al.11 reported the first fuel cell to operate directly on 2-propanol as fuel 

(DPFC). Their cell consisted of a Pt-Ru nanoparticle anode (4 mg/cm2), a Pt black
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cathode (4 mg/cm2), and an HbPC^-doped polybenzimidazole (FBI) membrane 

electrolyte. The cell was operated at 170 °C using methanol, ethanol, 1-propanol, and 2- 

propanol as fuel. 2-Propanol provided the worst cell performance as fuel of the alcohols 

tested. The cell voltage operating on 2-propanol at 200 mA/cm2 was low, less than 0.2 V. 

During the course of our investigations, Qi and co-workers1 2 , 13 reported operation of a 

direct 2-propanol fuel cell using Pt-Ru and Pt blacks as anode and cathode catalysts, 

respectively, Nafion®-112 as membrane electrolyte, and air at the cathode. They found 

that the direct 2 -propanol fuel cell shows much higher performance than a direct 

methanol fuel cell, especially, at current densities lower than ca. 200 mA/cm2. The better 

performance of 2 -propanol than methanol is attributed to the faster electrooxidation 

kinetics and lower crossover of 2 -propanol than methanol.

In this study, we report and compare our results using 2-propanol and methanol as 

fuel in the same polymer electrolyte membrane direct alcohol fuel cell. The cell contained 

one of the most active commercially available methanol anode catalysts (Johnson 

Matthey HiSPEC™-6000, 50-50 Pt-Ru, specific surface area ca. 70 m2/g), a relatively 

thick Nafion®-l 17 membrane, and high surface area unsupported Pt black cathode 

catalyst (specific surface area ca. 27 m2/g). The cell was operated at relatively high 

temperatures (90 °C) using pure oxygen as oxidant to maximize the activity of the 

cathode in order to study the limitations of the anode.

2. Experimental

The membrane electrode assemblies were fabricated using the decal transfer 

method developed at the Los Alamos National Laboratory. 14 Unsupported Pt-Ru black of
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nominal 1:1 atomic ratio (Johnson Matthey, HiSPEC™-6000, specific surface area ca. 70 

m /g) and unsupported Pt black (Johnson Matthey, fuel cell grade, specific surface area 

ca. 27 m /g) were used as the anode and cathode catalysts, respectively. Catalyst/ionomer 

inks were prepared as follows. A suspension of catalyst in water was ultrasonicated for 

30 min (to wet and disperse the catalyst), enough 5% Nafion® solution (ElectroChem. 

Inc) was then added to give a dry ink composition of 80 wt.% catalyst and 20 wt.% 

Nafion® ionomer, and the mixture was ultrasonicated for 2 h further to obtain an 

uniformly dispersed ink. A Nafion®-! 17 membrane was cleaned and converted into the 

acid form by boiling in 3% H2O2 for 1 h, followed by boiling in 0.5 M H2SO4 for 2 h, and 

finally boiling in ultra-pure water for 2 h with the water being changed every 30 min. The 

cleaned membrane was stored in ultra-pure water and dried on a heated vacuum table 

before use. The catalyst inks were painted onto 5 cm2 Teflon® decals to give a metal 

loading of approximately 2 mg/cm2 unless stated otherwise in the text. The catalyst inks 

were transferred from the Teflon® decals to the Nafion® membrane by hot-pressing (125 

to 127 °C, 1450 to 1550 psig for ca. 2.5 min). The membrane electrode assemblies were 

then mounted into commercial fuel cell hardware (ElectroChem. Inc.) using Teflon®- 

treated carbon papers (ElectroChem. Inc.) as backings/current collectors. Aqueous 

solutions of 2-propanol (Fisher Scientific, certified ACS grade) or methanol (Sigma- 

Aldrich, ACS HPLC grade, 99.93%) were pumped through the anode flow field at 4 

mL/min, zero back pressure, and circulated back to the fuel reservoir. The temperature of 

the reservoir was maintained below 40 °C to condense the vapor and release gaseous 

products. Dry oxygen (Praxair, UHP) was supplied from a cylinder to the cathode at 600 

standard cubic centimeter per minute (seem) at 2 0  psig back pressure unless specified

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

otherwise in the text. Pure oxygen was used to maximize the activity of the cathode. All 

experiments were carried out at 90 °C cell temperature. The polarization curves were 

obtained using the 890 Series computer-controlled fuel cell test load (Scribner Associate 

Inc.). All reported cell potentials are not IR compensated. Each fuel cell was conditioned 

for 3 days before recording any polarization data as follows. The fuel cell was heated 

from ambient temperature to 60 °C at open circuit with 1.0 M methanol solution 

circulating through the anode compartment and oxygen flowing through the cathode 

compartment. The cell was then operated under a constant, low load (20 mA/cm2) for 4 h, 

the temperature was raised to 90 °C, and the cell was operated at 100 mA/cm2 for another 

4 h. The cell was then shut down by switching off the load, heating, methanol, and 

oxygen, and was left overnight at room temperature. This procedure was repeated two 

more times each using fresh methanol solutions. It was found that the performances of 

DMFCs conditioned this way were both maximized and stable.

The cell was switched from operation on methanol to operation on 2-propanol as 

follows. After the methanol polarization data were recorded, pure water was pumped 

through the anode and cathode compartments of the cell for 4 h each to wash the 

methanol out of the cell and the Nafion® membrane. Oxygen was then passed through the 

cathode compartment, and the cell was short-circuited for 1 0  s to bum off any traces of 

adsorbed methanol on the cathode and anode catalyst surfaces. A 2.0 M solution of 2- 

propanol was then fed to the anode compartment, the cell was heated to 90 °C within 30 

min at open circuit, and the electronic load was applied. The voltage-current polarization 

data were recorded from zero current (open circuit) to high currents in 0.05 A current
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increments. The current was held for 30 s after each increment before the cell voltage was 

recorded.

3. Results

Figure 5-1 shows typical voltage-current polarization curves of the same fuel cell 

operating on 2.0 M 2-propanol and 1.0 M methanol as fuel. The performance of the cell 

operating on 2 -propanol is substantially higher than the cell operating on methanol at 

current densities lower than ca. 200 mA/cm2. For example, the cell voltage at 120 

mA/cm is ca. 200 mV higher operating on 2-propanol than on methanol. Similar 

observations were made by Qi and co-workers. 1 2 ,13 These performances are the highest 

we are aware of for a direct alcohol fuel cell. Unfortunately, the high performance of the 

cell operating on 2 -propanol rapidly drops when the current density exceeds ca. 2 0 0  

mA/cm2. The cell voltage oscillates around 0.2 V at current densities higher than 200 

mA/cm2.

Figure 5-2 compares the electrical efficiency (approximated here as t| = Eceii/E°, 

where E° = 1.097 V for 2-propanol, 15 and 1.18 V for methanol1,3) and power density of 

the cell operating on 1.0 M methanol and 2.0 M 2-propanol. It can be seen that the 2- 

propanol cell displays an electrical efficiency nearly 1.5 times that of the cell operating 

on methanol at power densities below 125 mW/cm2. The maximum power density of the 

cell operating on 2-propanol approaches 75 % of that operating on methanol. Further, the 

maximum power density of the cell operating on 2-propanol was achieved at 59% 

electrical efficiency, whereas the maximum power density with methanol was achieved at 

only 32% electrical efficiency.
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Figure 5-1. Performance of a direct 2-propanol fuel cell versus a direct methanol fuel. 

Anode: 2 mg/cm2 Pt-Ru black catalyst (Johnson Matthey), 2.0 M iPrOH or 1.0 M MeOH 

at 4.0 mL/min. Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry oxygen at 600 seem.
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Figure 5-2. Plots of electrical efficiency versus power density for a direct 2-propanol fuel 

cell and a direct methanol fuel cell. Anode: 2 mg/cm2 Pt-Ru black catalyst (Johnson 

Matthey), 2.0 M iPrOH or 1.0 M MeOH at 4.0 mL/min. Cathode: 2 mg/cm2 Pt-black 

catalyst, 2 0  psig dry oxygen at 600 seem.

The effects of electrocatalyst loading, of 2-propanol concentration, and of oxygen 

pressure on cell performance were investigated to gain insight into the origins of the 

performance drop at high current densities. Figure 5-3 and Figure 5-4 show the effects of 

cathode and anode electrocatalyst loading on cell performance, respectively. At constant 

anode loading, increasing the cathode loading from 2 to 3.2 mg/cm2 Pt black did not 

significantly improve either the cell voltage at low current densities, nor did it decrease 

the voltage drop at high current densities (Figure 5-3). This result shows that the cathode
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loading is not a major limiting factor in the performance of these cells operating on 

oxygen, and it suggests that cells operating on 2 -propanol require lower cathode loadings 

than cells operating on methanol. At constant cathode loading, increasing the anode 

electrocatalyst loading from 2 to 4 mg/cm2 results in an increase in the limiting current 

density, but it has no significant effect on the cell voltages at current densities lower than 

ca. 200 mA/cm2 (Figure 5-4). This result strongly implies the voltage drop at high current 

densities is an anode phenomenon.

0
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Figure 5-3. Effect of cathode catalyst loading on performance of a direct 2-propanol fuel 

cell. Anode: 2 mg/cm2 Pt-Ru black catalyst (Johnson Matthey), 2.0 M iPrOH at 4.0 

mL/min. Cathode: Pt-black catalyst, 20 psig dry oxygen at 600 seem.
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Figure 5-4. Effect of anode catalyst loading on performance of a direct 2-propanol fuel 

cell. Anode: Pt-Ru black catalyst (Johnson Matthey), 2.0 M iPrOH at 4.0 mL/min. 

Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry oxygen at 600 seem.

Figure 5-5 shows how the performance of two cells with different anode loadings 

changes upon increasing the concentration of 2 -propanol in the fuel feed from 1 . 0  to 2 . 0  

M. The cell voltage was found to be largely independent of this change in concentration 

of 2-propanol when operating at current densities less than 200 mA/cm2. For both cells,
'j

however, the limiting current increased by ca. 80 mA/cm upon the increase in 2- 

propanol concentration. This result is in contrast with those of Qi and co-workers, who 

found the performance using 1.0 M was higher than when using 2.0 M 2-propanol. They 

proposed the performance drop at higher concentrations of 2 -propanol resulted from 

crossover and cathode poisoning. We believe the increase in performance of our cell with 

2-propanol concentration results from use of a thicker Nation® membrane (117 vs 112),
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Figure 5-5. Effect of 2-propanol concentration on performance of a direct 2-propanol 

fuel cell. Anode: (a) 4 mg/cm2, (b) 2 mg/cm2 Pt-Ru black catalyst (Johnson Matthey), 

iPrOH aqueous solution at 4.0 mL/min. Cathode: 2 mg/cm2 Pt-black catalyst, 20 psig dry 

oxygen at 600 seem.
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from use of an oxygen cathode, and perhaps from use of a more active anode catalyst 

(Johnson Matthey HiSPEC™-6000, 50-50 Pt-Ru). Use of higher concentrations (e.g. 3.0 

~ 4.0 M) of 2-propanol further increased the limiting current of the cells, but at the 

expense of weakening the membrane electrode assembly. Specifically, exposure to higher 

concentrations of 2 -propanol under these operating conditions apparently dissolved the 

recast Nafion® ionomer in the catalyst layer, resulting in delamination of the catalyst 

from the membrane. Further, we observed excessive swelling of the Nafion® membrane 

after disassembling cells that had operated on high concentrations of 2 -propanol over a 

period of several hours. These results do imply, however, that direct 2-propanol fuel cells 

can, in principle, operate at high concentrations of 2 -propanol provided dissolution and 

swelling of the membrane can be avoided.

Figure 5-6 shows the effect of reducing the oxygen pressure on cell performance. 

Reducing the oxygen pressure from 20 to 0 psig decreased the performance of the cell. 

For example, the open circuit voltage decreased by ca. 80 mV, and the voltage at 200 

mA/cm2 decreased by ca. 120 mV. This decrease in cell voltage is substantially larger 

than the decrease in Nemst cathode potential calculated for this pressure change

RT &p0
( AE th ie   ln(— -p) = ~ 5 m V  ). This result implies that 2 -propanol crossover

nF p

occurs to some extent, that the presence of 2 -propanol decreases the cathode potential, 

and that cathode poisoning by 2-propanol is less severe than by methanol. The cathode 

appears less susceptible to poisoning by 2 -propanol at higher oxygen pressures.
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Figure 5-6. Effect of oxygen pressure on performance of a direct 2-propanol fuel cell. 

Anode: 4 mg/cm2 Pt-Ru black catalyst (Johnson Matthey), 2.0 M i-PrOH at 4.0 mL/min. 

Cathode: 2 mg/cm Pt-black catalyst, dry oxygen at 600 seem.

In accordance with the results of Qi and co-workers, we also found that operation 

of the cell under constant load at current densities less than 200 mA/cm2 results in rapid 

drops in cell voltage to nearly 0 V that abruptly occur after ca. 30 minutes of run time. 

However, the performance is restored by either short-circuiting the cell for brief periods 

of time, or by leaving the cell at open-circuit until the cell voltage is restored (ca. 15 s). 

That short- circuiting the cell restores performance may explain the oscillation observed 

at current densities higher than ca. 200 mA/cm (Figure 5-1).
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2-Propanol dehydrogenates over Pt and other catalysts at moderately elevated 

temperatures to generate acetone and hydrogen. The reaction can be driven by removing 

hydrogen or acetone from the system, and it has been investigated as a method to upgrade

16 23heat. ' This process apparently also occurs during operation of the 2-propanol fuel cell 

at 90 °C. Hydrogen gas evolution at the anode is observed at low current densities. This 

evolution slows to a stop as the current density is increased, and it resumes as the current 

density is then reduced. Thus it appears that some 2-propanol is internally reformed to 

acetone and hydrogen. The amount of hydrogen consumed by electrooxidation in the fuel 

cell increases with increasing current density. This hydrogen evolution was not reported 

by Qi and co-workers.

4. Discussion

The performance of the cell at different oxygen pressures indicates that 2- 

propanol crossover occurs, and that the presence of 2 -propanol reduces the cathode 

potential, but to a lesser extent than does methanol. It appears that cells can operate on 2- 

propanol with lower cathode loadings than cells can operate on methanol. Qi and co­

workers reached a similar conclusion by reversing the connections of their cell and 

driving the current with an external power source.

The observation that increasing the cathode loading had little effect on the cell 

performance, combined with the observations that increasing either the anode loading or 

the 2 -propanol concentration increased the maximum current density before the rapid 

voltage drop, indicates that the voltage drop is an anode phenomenon. We propose the
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following four reactions occur at the anode operating on 2-propanol fuel at 90 °C. First is 

the direct electrochemical oxidation of 2-propanol to acetone (Eq. 5-1). As per the kinetic

CH3 - CHOH- CH, -> CH3- C O -C H 3 + 2H + + 2e (5-1)

and mechanistic studies of Pastor, Sun and their co-workers,8 , 10 this reaction is rapid, and 

it is the predominant electrooxidation reaction of 2 -propanol at low anode potentials. 

Second is the non-electrochemical catalytic dehydrogenation of 2-propanol to acetone 

(Eq. 5-2).

CH3 -  CHOH -  CH} -> CH3 - C O -  CH3 +H2 (5-2)

Hydrogen evolution at the anode operating at current densities less than ca. 100 mA/cm2 

indicates the rate of this reaction is greater than the rate of electrooxidation in this current 

range. Third is electrooxidation of hydrogen. Fourth is deep oxidation of 2-propanol or 

perhaps acetone. This deep oxidation appears to be the slowest of the four reactions at 

current densities less than ca. 200 mA/cm , and it may lead to poisoning of the anode, as 

proposed by Qi and co-workers. Another possibility is that a build up of acetone at the 

membrane/anode interface blocks mass transport to the anode. More investigation is 

required to determine the extent that these processes poison the anode. Increasing either 

the anode loading or the 2 -propanol concentration had little effect on cell performance at 

current densities less than ca. 200 mA/cm . This unusual result requires further 

investigation, but it does indicate that cells can operate on 2 -propanol fuel with lower 

anode and cathode loadings than cells operating on methanol. Increasing either the anode 

loading or the 2 -propanol concentration did increase the maximum current that could be 

obtained before the rapid voltage drop. These results suggest that the rapid voltage drop 

occurs after a certain ratio of acetone to anode active sites of acetone to 2 -propanol is
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reached in the anode-Nafion® assembly, and that acetone causes a rapid increase in the 

anode voltage, either by deep oxidation leading to poisoning, or by some sort of mass 

transport process. Again, further investigations are required to determine the origins of 

these observations.

5. Conclusions

The performance of a polymer electrolyte membrane direct 2-propanol fuel cell 

was investigated at 90 °C operating temperature. The cell consisted of a Pt-Ru (atomic 

ratio of 1:1) black anode, a Pt black cathode, and a Nafion®-! 17 membrane electrolyte. 

The cell was operated with aqueous 2-propanol as fuel and with oxygen as oxidant. The 

performance of the cell operating on 2 -propanol is substantially higher than when it was 

operating on methanol at current densities lower than ca. 200 mA/cm2. The electrical 

efficiency of the direct 2-propanol fuel cell is nearly 1.5 times that of direct methanol fuel 

cells at power densities below 125 mW/cm2. Studies on the effects of electrocatalyst 

loading, of 2 -propanol concentration, and of oxygen pressure on cell performance 

indicate that the cells operating on 2 -propanol require lower anode and cathode loadings 

than cells operating on methanol. Cathode poisoning by 2-propanol is less severe than by 

methanol. Hydrogen gas evolution observed at the anode at low current densities 

indicated that catalytic dehydrogenation of 2 -propanol occurred over the anode catalyst. 

A rapid voltage drop occurred at high current densities and after operating the cell for 

extended periods of time at constant current. The rapid voltage drop is an anode 

phenomenon.
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These results, along with those of Qi and co-workers indicate that 2-propanol is a 

promising fuel candidate for a direct alcohol fuel cell. One of the more attractive features 

of such a system is the high operating efficiency at moderate current densities. The major 

challenges of this approach are anode poisoning by deep oxidation and by acetone 

buildup, and 2-propanol crossover. The development of anode catalysts and anode 

structures that are immune to these deficiencies is the more consequential to these 

challenges. The results presented here also suggest that internal reforming of 2-propanol 

to acetone and hydrogen in Nafion®-based fuel cells at temperatures greater than 80 °C is 

a promising approach. These issues and further investigation of the proposals presented 

in this study are under further investigation in this laboratory.
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Chapter 6  

Conclusions

Pt-Ru nanoparticles are the state-of-the-art anode catalysts for direct methanol 

fuel cells. The evaluation of these nanoparticle Pt-Ru catalysts is difficult because there 

are no proven methods to measure their specific surface areas (number of active sites) 

and their surface ratios of Pt to Ru. In this study, we developed two methods to prepare 

known surface area of Pt-Rua<i (adatoms) nanoparticles by depositing a submonolayer of 

Ruad onto known surface area Pt nanoparticles. The surface ratios of Pt to Ruad of these 

nanoparticle Pt-Ruad catalysts were estimated by measuring the amounts of Ruad 

deposited. These nanoparticle Pt-Ruad catalysts with known surface area and known 

surface composition were studied for methanol electrooxidation in typical 3-electrode 

electrochemical cells and in prototype direct methanol fuel cells.

The first method developed is the organometallic deposition of Ruad onto Pt. 1 This

deposition uses a fairly air-stable, easily prepared Ru4(p,-H)4(CO)i2 as Ru precursor. The

deposition was carried out under 60 atm H2 and at room temperature in a hexanes

solution. During the deposition, CO from Ru4(fl-H)4(CO)i2 adsorbed and remained

adsorbed on the evolving Pt-Ru^ surface. The adsorbed CO blocked one or more sites of 

the evolving Pt-Ruad surface from further reaction with the remaining Ru precursor in the 

solution; therefore, the deposition self-poisons by adsorbed CO at a specific surface Ru 

concentration. The adsorbed CO is easily removed from the Pt-Rua(j surface by exposure 

to air or by electrooxidation after deposition. The deposition self-poisons when ca. 0.05
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surface equivalents Ruacj are deposited on blacked Pt gauze, and when ca. 0.10 surface 

equivalents R u ad are deposited on nanoparticle Pt black.

This self-poisoning deposition overcomes the drawbacks suffered by the

'l
deposition using Ru(COD)(r| -€ 3115)2 (COD is 1,5-cyclooctadiene) as Ru precursor, a 

method previously developed in this group by Lee and co-workers.2 ,3 Ru deposition by 

hydrogenation of Ru(COD)(r|3-C3Hs)2  over Pt imposed the following requirements. First,

the specific surface area of the Pt substrate must be known in order to determine the 

stoichiometry of the hydrogenation. Second, it is necessary to monitor the stoichiometry 

of the hydrogenation (by monitoring the amount of cyclooctane produced in solution 

using gas chromatography) at low temperatures and to physically remove the Pt-Rua(j 

surface from the hydrogenation mixture when the desired surface stoichiometry is 

reached. Third, it is necessary to maintain reaction-rate limiting kinetics (not mass- 

transport limiting) during the hydrogenation to ensure uniform coverage of Pt by Ruad. 

The self-poisoning deposition developed in this study eliminated all these requirements. 

In addition, although Ru(COD)(r|3-C3H5)2 is relatively easy to prepare in slightly impure 

form, it is difficult to prepare and maintain in rigorously pure form as needed, whereas 

Ru4 (jj,-H)4(CO)i2 is easy to make and to handle.

The second method investigated is the surface reductive deposition of Rua(j onto 

Pt.4 ' 8 Nanoparticle Pt surfaces were first saturated by adsorbed hydrogen by reacting 

with hydrogen gas. The Pt surfaces saturated with adsorbed hydrogen were then exposed 

to aqueous RuCh at room temperature. Ru was reduced by pre-adsorbed hydrogen to 

form Pt-Ruad nanoparticles with ca. 0.18 surface equivalents Ruad. The deposition was 

repeated several times, with each reaction depositing ca. 0.18 surface equivalents more
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Ru^ onto the Pt-Ruad nanoparticles. This deposition is a self-limiting, one-step, non­

electrochemical deposition. It was carried out at room temperature in aqueous medium 

using the most common R u C h  as R u  precursor. We believe that this surface reductive 

deposition is one of the most convenient methods to prepare nanoparticle Pt-Ruad-

A series of nanoparticle Pt-Ruad catalysts with estimated Ru coverage between 

0.18 and 0.75 were prepared using this surface reductive deposition. The activities of 

these nanoparticle Pt-Ruad catalysts for methanol electrooxidation were studied in typical

3-electrode cells (1.0 M H2SO4 + 1.0 M CH3OH) and in DMFCs. It was found that the 

Pt-Ruad with Ru surface coverage of ca. 0.33 (Pt-Ruad-0.33) is the most active for 

methanol electrooxidation in H2SO4 at both 22 °C (0.45 V) and 60 °C (0.4 V), and it also 

shows the best performance in prototype DMFCs operating at 60 °C. Pt-Ruad 

nanoparticles with Ru coverages between 0.33 and 0.63 show similar activities in 

DMFCs operating at 90 °C.

Pt-Ruad-0.33 is found to be ca. 1.5 times more active than the state-of the-art 

commercial Pt-Ru catalyst (Johnson Matthey HiSPEC™-6000, 50-50 Pt-Ru) in terms of 

the real activity measured in 3-electrode cells in H2SO4. But Johnson Matthey Pt-Ru 

performs better than Pt-Ruad-0.33 in prototype DMFCs. This is an interesting observation 

that needs to be further investigated. One possible reason is that the structure of the 

electrode fabricated using these commercial Pt-Ru nanoparticles is different from that 

fabricated using Pt-Ruad nanoparticles.

The stability of Pt-Ruad as fuel cell catalysts has been questioned because Pt-Ruad 

may be subject to surface reconstruction (Ru segregation, redistribution, and/or 

dissolution) during the fabrication and operation of DMFCs. 9 However, no obvious
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surface restructuring of the Pt-Ruad nanoparticles occurred during the fabrication and 

operation of the DMFCs in this study. A DMFC using PtRua(j/C anode catalyst was 

operated for 20 days. No deterioration in cell performance was observed, suggesting that 

Pt-Ruad nanoparticle catalysts are stable enough to be used in practical DMFCs.

A liquid feed, polymer electrolyte membrane based direct 2-propanol fuel cell 

was investigated. 10 The cell consisted of a Pt-Ru (atomic ratio of 1:1) black anode catalyst 

(Johnson Matthey, HiSPEC™-6000), a Pt black cathode (Johnson Matthey), and a 

Nafion®-117 membrane electrolyte. The cell was operated at 90 °C with aqueous 2- 

propanol as fuel and with oxygen as oxidant. The performance of the cell operating on 2- 

propanol is substantially higher than operating on methanol at current densities lower 

than ca. 200 mA/cm . The electrical efficiency of the direct 2-propanol fuel cell is nearly 

1.5 times that of direct methanol fuel cell at power densities below 125 mW/cm2. Studies 

on the effects of electrocatalyst loading, of 2 -propanol concentration, and of oxygen 

pressure on cell performance indicate that cells operating on 2 -propanol require lower 

anode and cathode catalyst loadings than cells operating on methanol. Cathode poisoning 

by 2-propanol is less severe than by methanol. Hydrogen gas evolution was observed at 

the anode at low current densities, indicating that catalytic dehydrogenation of 2 -propanol 

occurred over the anode catalyst along with the electrooxidation of 2 -propanol to acetone. 

The much higher performance of the direct 2-propanol fuel cell than the direct methanol 

fuel cell is mainly attributed to the faster kinetics of electrooxidation of 2 -propanol to 

acetone than electrooxidation of methanol to CO2 . A rapid voltage drop occurred at high 

current densities and after operating the cell for extended periods of time at constant 

currents. The rapid voltage drop is likely due to deactivation of the anode catalyst
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resulting from the poisoning by deep oxidation of 2 -propanol and by acetone buildup. 

Therefore, anode catalysts with high selectivity for electrooxidation of 2-propanol to 

acetone are needed. The promising results obtained by this exploratory study on direct 2- 

propanol fuel cells imply that direct 2 -propanol fuel cells could become a very attractive 

member in the fuel cell family. Much more work is needed because this is a very new 

research area.

Production of CO-free hydrogen for fuel cells by selective catalytic 

dehydrogenation of 2 -propanol to acetone (internally or externally) should be 

investigated. This H2 production route would provide an alternative to the conventional 

hydrogen generation processes (steam reforming, partial oxidation, and autothermal 

reforming), in which CO-containing H2 is produced. CO must be removed because it 

poisons the anode catalyst in the low temperature PEMFC.
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