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Abstract

This research includes three related parts: Investigation of the effects of Nation
loading in the cathode catalyst layer on the performance of hydrogen fuel cells,
designing a DHE (dynamic hydrogen electrode) reference electrode to resolve cell
performance into individual electrode behaviors, and developing Pt based binary and
ternary catalysts for electro-oxidation of ethanol.
It was found that Nation content and distribution in the cathode catalyst layer had

a strong influence on cell performance. There was an optimum Nation loading for the
best cell performance, which is due to the fact that a balance has to be made between
ionic conductivity and 0 2 transport resistance.
By simulating experimental impedance data, reasonable conductivity profiles and
resistance values for the cathode catalyst layer have been extracted, and they provide
insights into the understanding of cathode behavior.
A novel DHE reference electrode has been designed to analyze cell performance
losses . The special feature of this DHE reference electrode is that it can be
conveniently fitted into a commercial cell without the need of any modifications.
Polarization measurements and impedance spectroscopy have demonstrated that it
was quite stable during measurements.
With the aid of the DHE reference electrode, we have separated cell performance
losses into anode performance losses and cathode performance losses. For hydrogen
fuel cells, it was found that at low current densities, the cell performance was mainly
determined by cathode performance, while at high current densities, the anode

ii

performance contributed significantly to the cell performance. For methanol fuel cells,
it was found that at low current densities, cell performance losses were due to both
cathode performance losses and anode performance losses, while at high current
densities, the rapid decrease of cell performance was mainly due to cathode
performance losses. It was also found that the anode performance was improved at a
higher concentration of methanol, whereas the cathode perfonnance decreased
significantly at a higher concentration of methanol.
In order to develop direct ethanol fuel cells, a variety of Pt based binary and
ternary catalysts have been prepared for electro-oxidation of ethanol. It was found
that carbon supported Pt!Sn (4:1) and carbon supported Pt/Ru/Pb (1:1:0.15) catalysts
have significantly enhanced catalytic activities for electro-oxidation of ethanol
relative to Pt. Preliminary fuel cell tests have shown these two catalysts to be quite
prom1smg.
Finally, a simplified equivalent circuit has been built to simulate the impedance
behavior of PEMFC electrodes. The excellent fit between the experimental data and
simulation data indicates that the circuit is reasonable. Meaningful resistance values
have been extracted by simulation, and these values shed light on understanding cell
performance losses under different operating conditions .
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Figure 7.6c. TEM micrographs of20% Pt on C catalysts. (a) E-Tek;
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(b) Homemade.
Figure 7.7

An EDX spectrum of a carbon supported Pt/Sn (4: 1)
catalyst prepared by method C.

Figure 7.8.

193

Cyclic voltammetry in 1 M H 2 S0 4 (aq) of an E-Tek 20% Pt
on C catalyst and a carbon supported Pt/Sn (4:1) catalyst
prepared by method C. Scan rate: 10 mV/s.
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Figure 7. 9.

Cyclic voltammetry in 1 M H2S0 4( aq) of a carbon supported
Pt/Sn (4: 1) catalyst prepared by method C before and after
electrolysis of 1 M ethanol(aq) for one hour at 0.5 V vs SHE.
Scan rate: 10 mV/s.
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Figure 7.10. Cyclic voltammetry of20% Pt on C catalysts in 1M H 2S0 4(aq) .
Scan rate: 10 mV/s.
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Figw·e 7.11. Cyclic voltammetry in 1 M ethanol(aq) containing
0.1 M H2S04 of a carbon supported Pt/Sn (4:1) catalyst
prepared by method C. Scan rate: 10 mV/s.
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Figure 7 .12a. Linear sweep voltammograms for oxidation of 1 Methanol
in 0.1 M H2S0 4(aq) on different Pt/Sn catalysts prepared
by method C. Scan rate: 10 mV/s.
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Figure 7.12b. Linear sweep v:oltammograms for oxidation of 1M ethanol
in 0.1 M H2S0 4(aq) on different Pt/Sn catalysts prepared
by method A. Scan rate: 10 mV/s.
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Figure 7.13. Linear sweep voltammograms for oxidation of 1M ethanol
in 0.1 M H2S04(aq) on carbon supported Pt/Sn catalysts,
together with that on a E-Tek 20% Pt on C catalyst.
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Scan rate: 10 mV/s.
Figure 7 .14. Linear sweep voltammograms for oxidation of 1 M ethanol
in 0.1 M H2S04( aq) on a carbon supported Pt/Sn (4 : 1) catalyst
prepared by method C and on an E-Tek 20% Pt/Ru ( 1: 1)
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on C catalyst, together with oxidation of 1 M methanol
in 0.1 M H2S04(aq) on these catalysts. Scan rate: 10 mV/s.
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Figure 7.15. Linear sweep voltammograms for oxidation of 1 M ethanol
in 0.1 M H2S04(aq) with different 20% Pt on C catalysts.
Scan rate: 10 m V /s.
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Figure 7 .16. Chronoamperometry for oxidation of 1M ethanol in
0.1 M H2S04(aq) at 0.5 V vs SHE on different catalysts.
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Figure 7.17. Chronoamperometry for oxidation of 1 M ethanol
in 0.1 M H2S04(aq) at 0.5 V vs SHE on a carbon supported

Pt/Sn (4:1) catalyst prepared by method C and on an E-Tek
20% Pt/Ru (1: 1) on C catalyst, together with that for
oxidation of 1 M methanol in 0.1 M H2S04(aq)
on these catalysts.
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Figure 7.18. Chronoamperometry for oxidation of 1M ethanol in
0.1 M H2S04(aq) on a carbon supported Pt/Sn (4:1) catalyst
prepared by method C as a function of potential vs SHE.
A: 0.25 V; B: 0.3 V; C: 0.35 V; D: 0.4 V; E: 0.5 V;
F: 0.6 V. Note: during measurements, two different
potentials were set at each run.
Figure 7.19. Tafel plots for oxidation of 1M ethanol in 0.1 M H2S04(aq)
on a carbon supported Pt!Sn (4: 1) catalyst prepared by method
C at different times of electrolysis. Data were taken
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from Figure 7.18.
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Figure 7 .20. Linear sweep voltammograms for oxidation of
different concentrations of ethanol in 0.1 M H 2S0 4(aq)
on a carbon supported Pt/Sn (4 : 1) catalyst prepared by
method C. Scan rate: 10 mV/s.
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Figure 7 .21. Chronoamperometry for oxidation of different concentrations
of ethanol in 0.1 M H2S04(aq) on a carbon supported Pt/Sn (4:1)
catalyst prepared by method Cat 0.5 V vs SHE.
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Figure 7.22. Cyclic voltammetry of 1M ethanol in 0.1 M H 2S0 4(aq)
on a carbon supported Pt/Sn (4: 1) catalyst prepared by method
C at different temperatures. Scan rate: 10 m V /s.
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Figure 7.23. Chronoamperometry for oxidation of 1 M ethanol in
0.1 M H 2S0 4(aq) at 0.5 V vs SHE on a carbon supported
Pt/Sn ( 4: 1) catalyst prepared by method C at
different temperatures.
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Figure 7.24. Chronoamperometry for oxidation of 1M ethanol in
0.1 M H 2S0 4(aq) at 0.5 V vs SHE on 20% Pt on C based
Pt/Sn (4: 1) catalysts prepared by method C. The catalysts
were prepared at four different times with the same procedure.
Figure 7.25 . Linear sweep voltammograms for oxidation of 1 M ethanol
in 0.1 M H2S04(aq) on Sn on C based Sn/Pt catalysts,

together with that on an E-Tek 20% Pt on C catalyst.
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Scan rate: 10 m V /s.
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Figure 7 .26. Chronoamperometry for oxidation of 1M ethanol in
0.1 M H2S0 4 (aq) at 0.5 V vs SHE on Sn on C based Sn/Pt
catalysts, together with that on an E-Tek 20% Pt on C catalyst.
Figure 8.1.

EDX spectra of20% Pt on C based binary catalysts:
(a) Pt!Mo (5:2); (b) Pt/Pb (4:1); (c) Pt/Rh (9:2); (d) Pt!Ru (7:2).

Figure 8.2.
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XRD patterns of20% Pt on C and binary catalysts
prepared from it: (a) E-Tek 20% Pt on C; (b) Pt/Mo (5:2);
(c) Pt/Pb (4:1); (d) Pt/Ru (7:2); (e) Pt!Rh (9:2).
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Figure 8.3a. TEM micrographs of 20% Pt on C based binary catalysts:
(a) Pt/Mo (5:2), (b) Pt/Pb (4:1).
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Figure 8.3b. TEM micrographs of20% Pt on C based binary catalysts:
(c) Pt/Rh (9:2), (d) Pt!Ru (7:2).
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Figure 8.4a. Linear sweep voltammograms for oxidation of 1M ethanol
in 0.1 M H2S0 4 (aq) on E-Tek 20% Pt on C based binary
catalysts, together with that on an E-Tek 20% Pt on C catalyst
(in the low potential region). Scan rate: 10 mV/s.
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Figure 8.L!·b. Linear sweep voltammograms for oxidation of 1 Methanol
in 0.1 M H 2S0 4 ( aq) on E-Tek 20% Pt on C based binary
catalysts, together with that on an E-Tek 20% Pt on C catalyst
(in the high potential region). Scan rate: 10 mV/s.

Figure 8.5.

Chronoamperometry for oxidation of 1M ethanol in
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0.1 M H2S04 on different catalysts at 0.5 V vs SHE:
(a) E-Tek 20% Pt on C; (b) Pt/Rh (9:2); (c) Pt/Mo (5 :2);
(d) Pt/Pb (4:1 ); (e) Pt/Ru (7 :2).
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Figure 8.6a. Chronoamperometry for oxidation of 1M ethanol
in 0.1 M H 2S0 4(aq) on different 50% Ru on C based Ru/Pt
catalysts, together with that on a commercial 20% Pt/Ru ( 1: 1)
on C catalyst at 0.3 V vs SHE.
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Figure 8.6b. Chronoamperometry for oxidation of 1M ethanol in
0.1 M H2S04(aq) on different 50% Ru on C based Ru/Pt
catalysts, together with that on a commercial
20% Pt/Ru (1 :1) on C catalyst at 0.6 V vs SHE.
Figure 8.7.
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XRD patterns of different catalysts: (a) a 50% Ru on C;
(b) a 50% Ru em C based Ru/Pt (6:3 :1);
(c) an E-Tek 20% Pt on C.

Figure 8.8.
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EDX spectra of20% Pt/Ru (1:1) on C based ternary catalysts:
(a) Pt/Ru/Mo (1:1:0.4); (b) Pt/Ru/Pb (1 :1:0.3);
(c) Pt/Ru/W (1: 1:0.3).

Figure 8.9.
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XRD patterns of different catalysts: (a) 20% Pt/Ru (1: 1)
on C ofE-Tek; (b) Pt/Ru/Mo (1 :1:0.4);
(c) Pt/Ru/W (1 :1:0.3); (d) Pt/Ru/Pb (1:1:0.3).

Figure 8.1 0. A TEM micrograph of a Pt/Ru/Mo (1: 1:0.4) catalyst.
Figure 8.11 . Linear sweep voltammograms for oxidation of 1 M
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ethanol in 0.1 M H2S04 on different 20% Pt/Ru (1: 1) on C
based ternary catalysts, together with that on a commercial
20% Pt/Ru (1: 1) on C catalyst. Scan rate: 10 m V /s.
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Figure 8.12. Chronoamperometry for oxidation of 1 Methanol
in 0.1 M H2S0 4 on different 20% Pt/Ru (1:1) on C (E-Tek)

based ternary catalysts at 0.5 V vs SHE, together with
that on a commercial 20% Pt/Ru ( 1: 1) catalyst.
Figure 9.1.
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Polarization curves for a DEFC with different
anode catalysts. The catalysts include 20% Pt on C from
E-Tek, 20% Pt/Ru ( 1: 1) on C from E-Tek, 20% Pt on C
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Polarization curves for a DEFC. The cell was operated
at 80 °C with anode feeds of ethanol(aq) of different
concentrations and a cathode feed of dry air. The anode
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of ethanol(aq) of different concentrations and a cathode
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Figure 9.4.

Polarization curves for a DEFC with an anode feed of0.4 M

xxxiii

259

Chapter 1

1.1

General Review of Fuel Cells

Introduction to Fuel Cells
A fuel cell is an electrochemical device that directly converts the chemical energy of

an externally supplied fuel into electrical energy. In a fuel cell, the anode is fed with a
fuel such as hydrogen and the cathode is fed with air or oxygen. When the cell is put into
use, the fuel is oxidized on the anode, oxygen is reduced on the cathode, and the electrons
flow from the anode to the cathode through the load. The most distinguishing feature of a
fuel cell is that the fuel and oxygen are continuously supplied to the cell externally, rather
than stored in the cell. This endows the cell with much longer life than a battery, since the
life of a battery is limited by the amount of the stored electrochemically active materials.
Because chemical energy is directly converted into electrical energy in fuel cells, fuel
cells have the advantages of high energy efficiency and low emissions over internal
combustion engines. When a fuel cell is operated with hydrogen as the fuel, the only
product is water. Thus, a hydrogen fuel cell can be considered zero emission.
Fuel cells have gone through more than one and a half centuries of development since
Sir William Grove's invention in 1839 [1]. Interestingly, Grove discovered the principle
of fuel cells accidentally when he disconnected the battery from an electrolyzer and
connected the two electrodes together. He observed a current flowing in the opposite
direction and consumption ofhydrogen and oxygen.
Although many famous electrochemists have devoted great effort to the study of fuel
cells, the development of fuel cells was quite slow over the first hundred years due to the
limited knowledge of materials science. In the 1950s, however, a great advance was

achieved by Bacon, who successfully realized the first practical alkaline fuel cell by using
porous electrodes [2]. In the 1960s, fuel cells found historical applications in the NASA
space program, successfully providing electricity for Gemini and Apollo missions. This
opened a new era of fuel cell development by demonstrating their power and advantages
[3-4]. In the 1970s, Kordescb built a car powered by a hybrid of fuel cells and batteries
that operated for three years [4] . In recent years, fuel cells have received tremendous
attention and significant progress bas been made, especially in proton exchange
membrane fuel cells. The impetus of the recent development of fuel cells is due to the oil
crisis of the 1970s and the increasing awareness of environmental protection.
Fuel cells have great potential to be used in a variety of areas, ranging from powering
portable devices such as cellular phones and laptop computers, to powering vehicles and
residential heating and utility systems. Fuel cells have attracted almost all major
automakers in the world to develop fuel cell powered vehicles due to their fascinating
advantages of high efficiency and low emission. Fuel cell powered cars have been
successfully demonstrated and marketed by many car companies. In addition, more than
2500 fuel cell systems have been installed in the world to provide primary power and
backup [5].
At the moment, the widespread application of fuel cells is impeded by high costs.
However, with the advance of technology, the high cost should be greatly reduced and
fuel cells should have a bright commercial future. Theoretically, there are no
insurmountable technical problems [6].
1.2

Proton Exchange Membrane Fuel Cells

1.2.1

Introduction
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Proton exchange membrane fuel cells (PEMFCs), also called polymer electrolyte
membrane fuel cells, have attracted huge attention in recent years. A PEMFC is a type of
thin layer cell with a proton exchange membrane as the electrolyte. The key part of a
PEMFC is the membrane electrode assembly (MEA). The structure of a MEA is shown in
Figure 1.1. It consists of carbon fiber paper (CFP) or carbon cloth backings, catalyst
layers and a piece of membrane.

Generally, a MEA is prepared by hot-pressing the

cathode and the anode onto each side of the membrane. The main advantages of MEAs
are the low resistance and high mass transport rate associated with their thin layer
dimensions, their low weight, and the ease with which they can be scaled up to form
compact fuel cell stacks.

Carbon fiber paper or cloth

Proton exchange membrane

Catalyst

Figure 1.1.

A schematic diagram of a MEA.
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1.2.2

Electrochemical Processes

The primary electrochemical processes occurring m a PEMFC are hydrogen
oxidation on the anode, oxygen reduction on the cathode, hydrogen and oxygen transport
in the backing and catalyst layers, water transport in the cell, and hydrogen ion transport
in the catalyst layers and the electrolyte.
Hydrogen oxidation on the anode (Equation 1.1) is generally considered as reversible,
and therefore, little attention has been paid to this reaction in the fuel cell study.
H2

=

2H+ + 2e-

(1.1)

However, recently, Andreaus and coworkers [7] have found that there is a significant
overpotential for hydrogen oxidation on the anode at high current densities. This was
explained by the authors as being due to dehydration of the catalyst layer caused by the
electro-osmotic drag of water from the anode to the cathode.
Oxygen reduction on the cathode is quite complex. It involves both electron and
proton transport as expressed in Equation 1.2.
02 + 4H+ + 4e- = 2H 20

(1.2)

Compared with hydrogen oxidation, the kinetics of oxygen reduction are much
slower. The exchange current for oxygen reduction is ca. 1o- 5 of that for hydrogen
oxidation on Pt catalysts [8]. Also, oxygen reduction on Pt is a 4 electron multi-step
process and it involves several pathways [9-10].
The slow kinetics of oxygen reduction is the main factor that limits the performance
of a PEMFC [ 11]. Therefore, a great deal of effort has been devoted to study the reaction
mechanism of oxygen reduction. Several models have been proposed to depict the
reaction mechanism [ 12-16]. Figure 1.2 shows one of the proposed mechanisms [ 16]. It is
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generally agreed that the first step of oxygen reduction on a Pt catalyst is the adsorption
of oxygen on the catalyst surface. Therefore, the structure and size of the catalyst can
strongly influence the kinetics of oxygen reduction [17-18].

z

Pt~OH

Pt~

0

P{+ 0 2

Ptz
4e-

2H+

+ 2H 2 0

2H+

I

0

p{~OH

Ptv

Ptz

Figure 1.2. The bridge model of oxygen reduction on a Pt catalyst, where z
represents the oxidation state of surface Pt sites.

Water and proton transport also play an important role in the performance of a
PEMFC [18, 19]. In an operating cell, protons migrate from the anode to the cathode,
which drags water from the anode to the cathode. This can result in dehydration of the
anode catalyst layer and the membrane. As a consequence, hydrogen gas must be
humidified before entering the cell to compensate for the dehydration of the anode
catalyst layer and the membrane. However, too much water in the cathode can cause
cathode flooding which increases the resistance to oxygen transport to the cathode
catalyst. In addition, water can diffuse back from the cathode to the anode. All these
processes make management of water content and distribution in a cell a key issue for
obtaining high performance [20]. Several models have been proposed to model water
transport in a cell [21-23].
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1.2.3

Proton Exchange Membranes

The proton exchange membrane (PEM) is a crucial part of a PEMFC. It serves both
as the electrolyte and a separator between the fuel and oxidant. Although many kinds of
membranes have been developed, Nation membranes invented by DuPont in the 1970s
are still the most widely used membrane [24].
Figure

1.3

shows

the

general

structure

of Nation.

It

consists

of a

polytetrafluoroethylene (PTFE) backbone and short perfluorinated side chains with
terminating sulfonic acid groups (-S0 3H). The Teflon-like backbone endows Nation
membranes with excellent chemical, thermal, and mechanical stability, while the sulfonic
acid groups (-S0 3H) provides them with relatively high proton conductivity when well
hydrated [25].

[(CF2 Cf2) x(CF 2 ~F)]y
0

I

Nation

IF

2

CFCF3

I

-

O-CF 2 CF2 S03 H

+

Figure 1.3. The general structure ofNafion.

The detailed configuration and geometry of Nation are still not very clear [26],
although there have been many studies [27-30]. It is generally believed that there are two
6

phases at a nanometer scale in a Nation membrane: one is a hydrophobic phase consisting
of the PTFE backbone, and the other is hydrophilic clusters consisting of the sulfonate
groups and water which are involved in the proton transport [31].
The proton conductivity of a Nation membrane strongly depends on its water content.
In the dry state, Nation is a poor proton conductor. This dependence greatly limits the

operational temperature of a Nation membrane. When the temperature exceeds 100 °C,
water evaporates very fast, resulting in dehydration of the Nation membrane.
Consequently, the proton conductivity of the membrane decreases significantly.
Therefore, Nation membranes are regarded as not suitable for use at temperatures above
100 °C. Another drawback ofNafion membranes is that they are very expensive.
Considerable effort has been made to develop new membranes that can be used at
elevated temperatures. The approaches include designing Nation-based composite
membranes [32-33] and making other new kinds of membrane [34-36]. Savinell and
coworkers [37] have developed a phosphoric acid doped polybenzimidazole membrane
which can be used at temperatures up to ca. 150 °C. This membrane also has a zero
electro-osmotic drag number for water.
1.2.4

Electrodes

A PEMFC electrode is essentially a kind of gas diffusion electrode. It consists of a
porous carbon fiber paper (or carbon cloth) backing and a catalyst layer. It is also reported
that inserting a diffusion layer between the backing and the catalyst layer can increase the
catalyst utilization by preventing the catalyst entering too deeply into the pores of the
backing [38].
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A PEMFC electrode can be prepared by directly applying a catalyst ink onto the
backing or by applying the catalyst ink onto the membrane and then pressing the backing
onto the membrane during cell assembly [39-40]. Catalyst inks are generally prepared by
dispersing a carbon black supported catalyst and Nafion solution in iso-propanol by
sonication. Several techniques such as screen printing, spraying, brush painting, and
rolling have been developed to prepare a PEMFC electrode [41].
The structure of the catalyst layer is crucial to the performance of an electrode and is
quite complex [4]. The catalyst layer is a heterogeneous four-phase mixture, including the
carbon support, the catalyst, the recast Nafion, and gas filled pores. The catalyst layer
must have hydrophobic channels to allow gas access to the catalyst and inhibit water
condensation. It must also have good electronic and ionic conductivities. Electronic
conductivity is provided by the carbon support, while ionic conductivity is due to the
recast Nafion. Optimization of the structure of PEMFC electrodes and the composition of
their catalyst layers for the best electrode performance has been the subject of intensive
study [3,42-44].
1.2.4.1 Anodes

PEMFC anodes employ platinum (or Pt based alloys) as the catalyst. Platinum has
been shown to be the best catalyst for hydrogen oxidation [45-46]. The kinetics of
hydrogen oxidation on Pt are very fast and the mechanism of hydrogen oxidation on Pt
involves the two steps expressed in Equations 1.3 and 1.4 [4]. The first step includes
chemisorption of hydrogen on the Pt catalyst, followed by the dissociation of the Hz
molecules.
2 Pt +Hz~ Pt-Hads + Pt-Hads

(1.3)
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Pt-Hacts ~ H+ + e· + Pt

(1.4)

Unfortunately, there is no natural pure hydrogen resource on the earth. Thus,
hydrogen must be produced by electrolysis, or by reforming other resources such as
natural gas, methanol and gasoline [4 7]. The reformed hydrogen normally contains small
amounts of CO, which can poison the Pt catalyst readily by blocking its active sites for
hydrogen adsorption. It is reported that less than 25 ppm CO in hydrogen can result in a
large decrease in cell performance [48]. Several approaches have been taken to address
this issue: one is to use an "air bleed" that involves mixing reformed hydrogen with small
amounts of oxidants such as air or hydrogen peroxide to oxidize the adsorbed CO so that
the Pt active sites are available for hydrogen adsorption [49-50]. The problem with this
method is that it wastes fuel. The more intensively studied method is to develop CO
tolerant catalysts. A number of Pt based Pt/M (M represents the second metal) alloy
catalysts have been shown to be more CO tolerant than Pt alone. These catalysts include
Pt/Ru [51-55], Pt/Sn [56-62], Pt/Mo [63-65] and other Pt based binary catalysts. In
addition, Pt based ternary catalysts have also been investigated. Pt/Ru/WOx was reported
more active than Pt/Ru for oxidation of reformed hydrogen [66].
Several mechanisms have been proposed to explain the promotion effect of the
second metal. The most accepted mechanism is the bifunctional mechanism [64]. It is
believed that the additional metal can activate water to form adsorbed OH at lower
potentials compared with Pt [59, 67], and that OHad can oxidize COact to C02, and
therefore, release Pt active sites for hydrogen oxidation. It is also reported that the
additional metal can have electronic promotion effects for hydrogen oxidation on Pt [68].
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1.2.4.2 Cathodes

The performance of a PEM fuel cell cathode is mainly limited by the slow kinetics of
oxygen reduction on the Pt catalyst. In addition, proton and oxygen transport in the
electrode also play important roles in the cathode performance. A great deal of effort has
been devoted to improve the performance of cathodes. Some researchers have focused on
developing new and more active catalysts, while others have endeavored to optimize the
compositions and structures of cathodes.
Platinum is the most commonly used catalyst for oxygen reduction. However, oxygen
reduction on the platinum catalyst is far from satisfactory. Also, platinum is a precious
metal and earth's resource is quite limited [69]. Two strategies have been taken to address
these issues: one is to develop non-precious metal catalysts for oxygen reduction; another
is to modify platinum with other metals to increase its activity for oxygen reduction. It is
reported that iron (II) produced by high temperature pyrolysis of its organic compounds
shows good catalytic activity for oxygen reduction [69, 70]. A number of researchers
have found that platinum based alloys such as Pt/Cr, Pt/Ni, and Pt/Co show enhanced
catalytic activities for oxygen reduction compared with Pt alone [71-73].
Oxygen reduction on the cathode takes place at the three-phase interface of the
catalyst, gas, and the recast Nafion [74]. High performance cathodes not only require
highly active catalysts but also require good electronic and ionic conductivities. Because
catalytic activities, electronic conductivities, and ionic conductivities are provided by
different materials, the structure and composition of the cathode is crucial to its
performance [75]. Increasing the ionic conductivity of the cathode catalyst layer has been
shown to be an effective way to improve cathode performance. Pickup and coworkers
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[76-77] have found that cathode performance can be improved by increasing the
hydrophilic properties of the carbon support. Also, cathode performance is improved
significantly by introducing recast Nafion into the catalyst layer to increase its ionic
conductivity [78-80]. In addition, optimization of the composition and structure of the
cathode can also result in Pt loading being decreased without lowering cell performance
[80].
Because the transport of oxygen, water, and protons influence each other within the
catalyst layer, the picture of how they work together and their integrated effects on cell
performance is still not very clear. A number of models have been developed to describe
the operation of PEMFC catalyst layers over the past decade [21 , 81-88]. The most
accepted model is the thin-film flooded agglomerate model [89]. According to this model,
catalyzed carbon particles flooded with the electrolyte form agglomerates covered with a
thin film of electrolyte. The catalyst layer consists of macro-micro porous interconnected
hydrophobic regions to allow the reactant gas access to the surface of agglomerate
regions, then the reactant gas diffuses through the electrolyte film to the catalyst, where
the redox reaction takes place. The thin-film flooded agglomerate model is very
successful in explaining oxygen diffusion in PEMFC electrodes.
Treatments by Perry and coworkers [88] and Jaouen and coworkers [90] have
provided useful diagnostic criteria. They concluded that cathodes controlled by either
Tafel kinetics and oxygen diffusion in the agglomerate regions or Tafel kinetics and
proton transport in the catalyst layer result in a double Tafel slope. If controlled by Tafel
kinetics, oxygen diffusion, and proton transport together, a quadruple Tafel slope will
appear. The total current density due to Tafel kinetics and oxygen diffusion is
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proportional to the catalyst layer thickness and relatively insensitive to the humidity of
the oxygen. However, in the Tafel kinetics and proton transport region it is independent
ofthickness and much more sensitive to humidity.
Recently, Passalacqua and coworkers [91] developed a quite intuitive percolation
model. According to this model, if the N afion content is too low, there will not be good
ionic conductivity in the catalyst layer, therefore the performance of the cathode will be
poor. On the other hand, too much Nation will cut off the percolation path for electron
transfer between catalyst particles resulting in worse electronic conduction, and also
hinder gas access to the reactive sites. So there is an optimum Nation content for best
cathode performance. Although the percolation model is simple and intuitive, the
drawback of this model is that it can not yet provide kinetic information.
The classical models all consider the composition of the catalyst layer to be uniform
and then take the whole layer into account. However, Bultel and coworkers [87] have
developed a model at the discrete nano-particle level. They confirmed that the discrete
distribution of the catalyst as isolated nano-particles could have an important influence on
mass and charge transport in the catalyst layer.
1.3

Direct Alcohol Fuel Cells

1.3.1

Introduction

The principle of direct alcohol fuel cells (DAFCs) is much like that of PEMFCs, both
using a proton conducting membrane as the electrolyte. In a DAFC, a low molar mass
alcohol, rather than hydrogen, is used as the fuel. Several alcohols such as methanol [92],
ethanol [93-94], ethylene glycol [95-96], and propanol [97-98] have been studied as fuels
for DAFCs. Among them, methanol is the most studied fuel.
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Compared with hydrogen fuel cells, DAFCs have many advantages such as ease of
storage and transport of fuel, high energy densities, simple systems, and low cost. In
addition, the existing gasoline transport system can be easily adapted to deliver alcohols
[99]. Moreover, low molar mass alcohols can be easily produced from a variety of
resources such as natural gas and biomass. DAFCs are therefore drawing increasing
attention [100].
Although DAFCs are very promising as power sources for portable devices and
vehicles, currently, there are two major hurdles that impede their commercialization: one
is the slow kinetics of electro-oxidation of alcohols on state-of-the-art catalysts; another is
the crossover of alcohols from the anode to the cathode. Their slow anode kinetics limit
the power and efficiency of DAFCs, while alcohol crossover not only wastes fuel but also
causes depolarization of the cathode, resulting in poor performance of the cell [101]. To
address these two issues, considerable effort has been devoted to developing highly active
catalysts for electro-oxidation of alcohols and to developing membranes that have less
permeability to alcohols.

1.3.2

Direct Methanol Fuel Cells (DMFCs)

1.3.2.1 DMFC Anodes
In a DMFC, aqueous methanol is pumped into the anode compartment and oxidized

on the anode. The thermodynamic equilibrium potential for methanol oxidation on the
anode (Equation 1.5) is ca. 0.02 V vs SHE, very close to that of hydrogen oxidation [102].
However, the kinetics of electro-oxidation of methanol are very sluggish compared with
those of hydrogen oxidation.
CH30H + H20 ~ C02 + 6 H+ + 6e-
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(1.5)

Pt has been shown to be the most active and stable catalyst for adsorption of
methanol and breaking of the C-H bonds in acid media at low temperatures [100,103].
However, it is found that Pt is quickly poisoned by the reaction intermediates, particularly
CO, when potentials are below 0.6 V vs SHE, and therefore, becomes inactive for
methanol oxidation in the potential region of fuel cell interest. In order to increase the
activity of the Pt catalyst, other metals are added. A number of Pt based binary and
ternary alloy catalysts such as Pt/Ru, Pt/Sn, Pt/Mo, and Pt/Ru/W have shown enhanced
activities for methanol oxidation compared with Pt alone. To date, the Pt/Ru binary
catalyst has been shown to be the best catalyst for methanol oxidation [ 104].
The promoting effect of Ru on methanol oxidation on Pt catalysts has been explained
by the bifuntional mechanism plus ligand effects [105-106]. The bifunctional mechanism
proposed by Watanabe and Motoo [67] (Equations 1.6 to 1.8) proposes that Ru can
activate water at lower potentials (ca. 0.2 V vs SHE) than Pt does, and that the activated
water can oxidize adsorbed CO and therefore liberate Pt active sites for methanol
oxidation; while the ligand effect proposes that the addition of Ru can change the
electronic structure of Pt, resulting in weakening of the Pt-CO bond.
CH 30H + Pt ~ Pt-CO + 4 H+ + 4e-

(1.6)

HzO + Ru ~ Ru-OH + H+ + e-

(1.7)

Pt-CO + Ru-OH ~ COz+ Pt + Ru + H+ + e- (1.8)
There is controversy in the literature concerning the optimum ratio of Pt to Ru for the
best performance. Some believe that 30% Ru is optimum, while others claim that 50% Ru
is best [ 100, 107]. Also, there is inconsistency in the literature regarding which oxidation
state of Ru is better for the oxidation of methanol on Pt catalysts. Rolison and coworkers
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[108] reported that hydrous ruthenium oxide, rather than ruthenium, plays an important
role in the oxidation of methanol on Pt/Ru catalysts, while other researchers believe that
alloys of Pt and Ru are best for methanol oxidation [ 109].
1.3.2.2 DMFC Membranes

Currently, most DMFCs employ Nation membranes as the electrolyte. However,
Nation membranes are permeable to methanol, resulting in high methanol crossover,
which is a serious problem for DMFCs. Another limitation of Nation membranes is that
they cannot be used at temperatures over 100 °C which are needed for efficient methanol
oxidation. Obviously, new kinds of membranes with low methanol permeability are
greatly needed.
Many alternative membranes have been developed in recent years. For example,
sulfonated poly( ether ketone) and poly(ether sulfone) based membranes [110-111] have
been shown to be less permeable to methanol than Nation membranes. Recently, polyaryl
type membranes have been reported to have excellent chemical and thermal stability,
good proton conductivity, and promising performances in DMFCs [112]. Another
approach is to modify Nation membranes so that they have lower methanol permeability
or can be used at elevated temperature. Pickup and coworkers [113-114] have developed
polypyrole modified Nation composite membranes. These membranes show much less
methanol crossover compared with unmodified Nation membranes. Incorporation of
silica into Nation membranes has also been shown to be an effective way to reduce
methanol crossover and to increase water retention in the membrane at temperatures as
high as 150 °C [115-117].
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1.3.2.3 DMFC Cathodes
The performance of cathodes in DMFCs is much lower than in PEMFCs due to
methanol crossover [118]. To address this issue, a number of methanol tolerant catalysts
have been developed. For example, a Mo2RusSs catalyst shows superior activity to Pt for
oxygen reduction in the presence of methanol [4]. Also, the performance of cathodes can
be significantly improved by operating the cell at optimum conditions. Thomas and
coworkers [119] claimed that the performance of Pt cathodes in DEFCs was not much
lower than in PEMFCs when the cell was operated at optimum conditions. In addition,
water management also takes a critical role in the performance of cathodes. Every effort
has been made to prevent cathode flooding.

1.3.3

Direct Ethanol Fuel Cells (DEFCs)

Ethanol is another attractive fuel and it has many advantages over methanol [ 100,
120]. First, ethanol is much less toxic than methanol. Second, ethanol can be considered
as a renewable fuel since it can be easily produced in large quantity from fe1mentation of
biomass. Third, ethanol can be called a green fuel because the C02 produced by DEFCs is
consumed by biomass growth. In addition, the thermodynamic data for electro-oxidation
of ethanol are quite promising. For example, the thermodynamic equilibrium potential for
ethanol oxidation is 0.084 vs SHE, close to that of hydrogen. Also, the theoretical energy
density for ethanol oxidation is ca. 8.0 kWh/kg, comparable to that of gasoline [100].
However, the kinetics of electro-oxidation of ethanol are quite slow and more
complex than those of methanol, involving many steps. Many products such as carbon
dioxide, acetaldehyde, and acetic acid have been detected during electro-oxidation of
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ethanol [121] . The complete oxidation of ethanol to carbon dioxide is preferred for high
energy efficiency and involves the transfer of 12 electrons as expressed in Equation 1.9.
C2HsOH + 3H20 ~ 2C02 + 12H+ + 12e- (1.9)
The key to electro-oxidation of ethanol is to find active catalysts to break the C-C
bond. To date, Pt has been found to be the best catalyst for electro-oxidation of ethanol in
acid media [122]. However, Pt catalysts are readily poisoned by reaction intermediates
such as CO and become inactive in the potential region of fuel cell interest. Thus, a
number of Pt based catalysts have been investigated for electro-oxidation of ethanol.
Pt/Ru [121 , 123-126] and Pt/Sn [122,126,127-128] have exhibited significantly enhanced
catalytic activity for ethanol oxidation compared with Pt alone.
Although electro-oxidation of ethanol has drawn considerable attention, only a few
attempts have been made to realize DEFCs. Wang and coworkers [93] claimed that there
was no significant difference between the performance of DEFCs and DMFCs at a high
operating temperature of 170 °C when Pt/Ru was used as the anode catalyst, while Arico
and coworkers [94] reported that the performance of DEFCs was not as good as that of
DMFCs at a operating temperature of 145 °C with Pt/Ru as the anode catalyst. It is also
reported that Pt/Sn was more active than Pt/Ru when they were used as the anode catalyst
in DEFCs [126,129]. Obviously, with such a promising fuel, more research effort should
be made to realize DEFCs.

1.4

Other Types of Fuel Cell
Besides PEMFCs and DAFCs, four other types of fuel cell have been developed and

they are generally classified according to the electrolyte used. They are alkaline fuel cells
(AFCs), phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), and
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solid oxide fuel cells (SOFCs) [4, 130-131]. The main characteristics of these cells are
summarized in Table 1.1.

Table 1.1. Characteristics of four types of fuel cell
Type

AFC
Aqueous
solution of KOH
soaked into a
matrix
90-100 °C

PAFC
Liquid H3P04
Soaked into a
matrix

MCFC
Liquid solution
ofLi2C03,
Na2C03 soaked
into a matrix
600-1000 °C

SOFC
Solid yttria
stabilized
zirconia

Anodes and
reactions

Pt!C or Pt/Ni
H2 + 20H- ---+
2H20 + 2e-

Ni/YSZ
H2 + 0 2----+
H20 +2e-

Cathodes and
reactions

Pt!C or Pt/Ag
02 + 2H20 + 4e---+ 4 OH-

Fuels

H2

Advantages

High
performance

Ni/Al or Ni/Cr
H2 + co3 2- ---+
H20 + C02 +
2ePt/C
NiO
02 + 4H+ + 4e----+ 02 + 2C02 +
4e2H20
---+ 2C03 2H2 and reformate H2 and natural
gas
gas
The most
Cheap catalysts
commercially
and various
advanced systems fuels
Need Pt catalysts, Corrosion of
large size
cell
components
Electric utility,
Electric utility
transportation

Electrolyte

Operating
temperature

Disadvantages Need for
removal of C02
Applications

Space, military

175-200 °C

Pt!C
H2 ---+ 2H+ + 2e-

1.5
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600-1000 °C

Sr/LaMn03
02 + 4e----+
20 2H2 and natural
gas
Cheap catalysts
and various
fuels
Corrosion of
cell
components
Electric utility

A fuel cell is a type of galvanic cell. The electrochemistry of the cell involves both
charge transfer and mass transport. The voltage that a cell can provide is given by
Equation 1.10 as follows:
L1G =

( 1.1 0)

-nFEcell

where n is the number of moles of electrons involved in the reaction per mole of the fuel,
F

is the Faraday constant, and E cell is the cell voltage.
The cell voltage is determined by the potential of the cathode

E carhade,

potential of the

anode E anode, and cell resistance R as expressed in Equation 1.11:
E cel/ = E cathode- Eanode -

iR

(1.11)

The potential of an individual electrode is determined by the equilibrium potential of
the electrode

E eq ,

the kinetic overpotential

the concentration overpotential

77canc

77kinetic

(representing kinetic polarization), and

(representing concentration polarization) as given in

Equation 1.12:
E individual

where

Eindividual

represents

E cathode

or

= E eq -

(1.12)

7lkinetic - 7lconc

E anode, E eq

is the equilibrium potential of the cathode

or the anode, which is governed by the Nernst equation. For example, the equilibrium
potential of 0 2 reduction on the cathode (Equation 1.2) is expressed as follows:
E = g + (RT/4F)

t)

ln(Poxygen [all+

(1.13)

Where g is the standard potential of 02 reduction, P oxygen is the partial pressure of 02, and
a11+ is the activity of hydrogen ions.
The kinetic polarization of an electrode is due to the resistance of charge transfer at
the electrode and can be represented by the Tafel equation as follows.
77kinetic =

a + b log(j)
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(1.14)

where a is a constant, b is the Tafel slope, and j is the current density. A typical Tafel
slope is 118 mV/n at room temperature. From the Tafel equation we can see that a b mY
increase of overpotential can result in ten fold increase of current density. This means that
the rate of charge transfer can be greatly increased by increasing the overpotential.
However, this will result in significant decrease in the cell voltage.
Concentration polarization is due to the mass transport resistance of the fuel or
oxygen in the cell and it is significant at large current densities.
An Ohmic polarization (iR) also plays an important role in the performance of a cell.

The higher the resistance R, the lower is the cell performance. The Ohmic resistance
polarization is due to the electrolyte resistance, electronic resistances, and cell contact
resistances, but is mainly determined by the electrolyte resistance. Obviously, an
electrolyte with a smaller resistance is preferred.
1.5.2

Polarization Measurements

Polarization measurements (V vs j curves) are the most common way to evaluate a
cell's performance. The kinetic polarization, Ohmic resistance polarization, and
concentration polarization are reflected in different regions of a polarization curve as
shown in Figure 1.4. Generally, the kinetic information is reflected in the low
overpotential region and can be analyzed with the Tafel equation. The Ohmic resistance
polarization is reflected in the medium current density region and it is governed by Ohm's
law. The concentration polarization is reflected in the high current density region and the
typical feature of concentration polarization is that the cell voltage drops sharply in the
high current density region, eventually reaching a limiting current.
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The Tafel kinetic parameters in the lower overpotential region and Ohmic resistance
m the linear region of the polarization curve can be evaluated by fitting the
polarization curve to Equation 1.15 until the end of the linear region in the polarization
curve [132].
E = Eo- b log i - Ri

( 1.15)

where b is the Tafel slope, R is the approximately Ohmic resistance responsible for the
linear variation of the polarization curve, and Eo is a constant and is given by Equation
1.16:
(1.16)

Eo = Emax + b log i0

where Emax is the theoretical open circuit cell voltage, and i0 is the exchange current at the
equilibrium potential.

Kinetic
polarization
Ohmic resistance
polarization

I

~

Concentration
polarization

/

u

Current density (A/cm 2)

Figure 1.4. A typical polarization curve for a cell.
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With the aid of a reference electrode (RE), the cell polarization curve can be resolved
into the individual electrode polarization curves as shown in Figure 1.5. Separate
polarization information for the anode and the cathode is crucial to improving the cell
performance and optimizing the cell's operating conditions.

-e-cell
--+-anode vs. RE
- i r - cathode vs. RE

Current density

Figure 1.5. A polarization curve for a fuel cell, together with the polarization
curves of the anode vs RE and the cathode vs RE.

1.5.3

Impedance Spectroscopy

Impedance Z can be regarded as a kind of generalized resistance. It consists of the
resistance Rand the capacitive reactance X c as expressed in Equation 1.17:
Z=R- )Xc

(1.17)
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The capacitive reactance of a capacitor is analogous to the resistance of a resistor.
However, it is frequency dependent as expressed in Equation 1.18:

Xc = 11(2nfC)

(1.18)

where f is the frequency in Hz and C is the capacitance. At extremely high frequencies, Xc
approaches zero and a capacitor essentially becomes a conductor. In contrast, at very low
frequencies, a capacitor is actually an insulator. The dependence of capacitive reactance
on frequency indicates that impedance also changes with frequency.
An electrochemical cell can be considered as a kind of impedance, when a small ac

excitation is applied. The study of variatio~ of the impedance of an electrochemical cell
with the frequency is termed electrochemical impedance spectroscopy (EIS) [133].
Compared with steady-state techniques, EIS is dynamic and it can provide more
information than steady-state techniques. This dynamic method can also provide
diagnostic criteria for evaluating cell performance [134-143]. The main advantage of EIS
as a diagnostic tool for investigating fuel cell behavior are its ability to separate the
individual contributions of the interfacial charge transfer resistances, mass transport
resistances in the catalyst layer and backing diffusion layer, and ion and electron transport
resistances [134,140].
The main contributors to the impedance of a fuel cell include interfacial charge
transfer resistances, membrane resistance, cell contact resistances, oxygen transport
resistances, proton transport resistances, and fuel transport resistances. It also includes
double layer capacitances and Faradaic pseudo capacitances. There are several formats
commonly used to describe the impedance behavior of a cell:
(a) Complex plane impedance plots (Nyquist plots)
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Complex plane impedance plots are the most commonly used way to depict
impedance. They can provide valuable information about electrochemical processes
occurring in a fuel cell. For example, the sum of the cell contact and electrolyte
resistances

(Rn = R contact

+

Rmembrane)

can be conveniently determined by the intercept of

the impedance plots with the x-axis at high frequency. Generally, the charge transfer
resistance

R c1 is

reflected in the plot in the high frequency region as a semicircle as shown

in Figure 1.6, while the mass transport resistance is represented in the low frequency

region. However, it is more often than not that the charge transfer resistance and the mass
transport resistance fall in the same frequency region, and therefore, it is difficult to
separate them directly from the plot. Under such circumstances, a special experimental
design or simulation is needed to separate the charge transfer resistance from the mass
transport resistance.

Kinetic control

Mass transport control

Figure 1.6. Complex plane impedance plot for a typical cell.
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If we are interested in studying mass transport resistances, we can use large
overpotentials to increase the rate of charge transfer so that the charge transfer resistance
becomes insignificant compared with the mass transport resistance. On the other hand, if
we want to investigate charge transfer resistances, we can study the electrochemical
process at low overpotentials or alternatively, increase the rate of mass transport so that
the mass transport resistance is relatively unimportant in the whole impedance. Another
commonly used way to separate the charge transfer resistance and mass transport
resistance is simulation. The charge transfer resistance and the mass transport resistance
are obtained by simulation of the experimental data based on an equivalent circuit
[138,140]. The problem with this method is that the same plot may be simulated with
different equivalent circuits and consequently, different values of parameters can be
obtained [144].
(b) Bode plots
Bode plots show magnitude and phase angles of the impedance as a function of
frequency. Because different electrochemical processes have their own characteristic
frequencies [ 140], measuring the change of characteristic frequencies with different
potentials can provide insights into the change of electrochemical processes at different
potentials.
(c) Capacitance plots
The series capacitance of an electrode can be used as a reasonable measure of the
electrochemically active area of the electrode [76,145]. The bigger the magnitude of the
series capacitance, the larger is the electrochemically active area. Measuring changes in
capacitance as a function of potential at low frequencies is especially useful for studying
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the activity of catalysts at different potentials [145-146]. The series capacitance of an
electrode is calculated by the following equation:
C= -1/(Z"m)

(1.19)

where C is the capacitance, Z " is the imaginary impedance, and m = 2nf is the angular
frequency.

1.6

Thesis Objectives
The main objectives of this thesis include investigating the effects of Nation loading

on the performance of PEMFC cathodes, designing reference electrodes to resolve cell
performance into the individual electrode behaviors, and developing anode catalysts for
DEFCs.
Oxygen reduction on cathodes involves both electron and proton transport, and
proton transport is provided by Nation. Therefore studies of the effects ofNafion loading
on the performance of PEMFC cathodes are of significant importance. The effects of
Nation loading on the performance of PEMFC cathodes have been investigated by
impedance spectroscopy, cyclic voltammetry, and polarization measurements. With these
techniques plus simulations, it was found that optimum Nation loading is determined by
the balance between oxygen transport and proton conduction. This is the first time that
impedance spectroscopy has been applied to this problem. By using this technique,
conductivity profiles of PEMFC cathode catalyst layers were obtained. This work has
been published in J. Electrochem. Soc. [147], although additional analysis of the
impedance data is presented in this thesis.
Resolving cell performance to the individual electrode behaviors can provide
valuable information for optimization of cell perfonnance and cell operation conditions,
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and this can only be done with the aid of a reference electrode. A dynamic hydrogen
reference electrode (DHE) for thin layer cells has been designed, and it was found that
reliable single electrode potentials and impedances can be obtained in both hydrogen and
methanol cells. This work has been published, in part, in Electrochimic Acta [148].
Ethanol is a promising fuel. The key to developing direct ethanol fuel cells is to fmd
active anode catalysts. It was found that Pt/Sn and Pt/Ru/Pb catalysts are very promising
for use as the anode catalysts for direct ethanol fuel cells.
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Chapter 2

Experimental

2.1 Chemicals and Materials

Except for Nafion membranes, all chemicals and materials were used as received.
Nafion membranes were cleaned according to the following procedures: Nafion 115, 117,
or 112 membranes were immersed in ca. 3% H 20 2(aq) for two hours at 80 °C with stirring,
then immersed in deionized water for one hour at 80 °C with stirring, followed by
immersion in 1 M HzS0 4 (aq) for two hours at 80 °C with stirring. Finally, the membranes
were further immersed in deionized water for one hour at 80 °C with stirring, then washed
with a copious amount of deionized water and stored in deionized water.
2.2 Preparation of Electrodes
Electrodes were prepared by applying either a catalyst ink or paste onto carbon fiber
paper (Toray, 0.26 mm), then drying in a fume hood overnight at ambient temperature. In
order to prevent loss of the catalyst ink and defme the area over which the ink could
spontaneously spread, the carbon fiber paper was clamped in a Teflon holder. The ink or
the paste was prepared by thoroughly dispersing the catalyst (E-Tek In.) in an appropriate
mixture of 5% Nafion solution (Aldrich) and iso-propanol by sonication for 30 min.
2.3 Preparation of MEAs
MEAs were prepared by hot-pressing the electrodes onto each side of a Nafion
membrane at a pressure of 200 kg/cm 2 and a temperature of 135° for 30 min by using a
Carver laboratory press. In order to align the cathode and the anode, the electrodes and
the membrane were fixed in a stainless steel die during pressing.
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2.4 Preparation of Catalysts
A number of Pt based binary and ternary catalysts have been prepared and the details
of preparation will be described in the relevant chapters.

2.5 Electrochemical Measurements
Electrochemical experiments were conducted with a Solartron 1286 electrochemical
interface coupled with a 1250 frequency response analyzer or with an EG&G PAR 273
potentiostat/galvanostat coupled with a 5210 lock-in amplifer. Locally-made 1 cm2 cells
or commercial 5 cm2 cells (one was made by Fuel cell Technology Inc. and another was
made by ElectroChem. Inc.) were used to perform fuel cell tests. The humidification of
gases was achieved by passing them through water filled bubblers at the specified
temperature with the gas flow rate controlled by flow meters (made by Cole-Parmer Inc.)
The details of cell operation conditions can be found in the relevant chapters.

2.6 Scanning Electron Microscopy and X-Ray Emission Analysis
Scanning electron microscopy (SEM) images and X-ray emission analysis (EDX)
data were acquired with an Hitachi-570 scanning electron microscopy coupled with a
Tracor Northern 5500 energy dispersive X-ray analyzer. X-ray analysis data were
analyzed with Tracor Northern's Software (SQ) for standardless analysis.

2. 7 Transmission Electron Microscopy
Transmission electron microscopy (TEM) images were acquired with a Zeiss 109
high resolution TEM at 70 ke V. Samples for TEM measurements were prepared as
follows: 2 mg of the catalyst were dispersed in 500 J..Ll of ethanol by sonication for 30 min.
A drop of the resulting ink was then deposited onto a carbon coated copper grid and dried
at room temperature.
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2.8 X-Ray Diffraction
X-ray diffraction (XRD) patterns for catalysts were obtained on a X-ray
diffracometer (Rigaku D/Max-2200V-PC) using a Cu Ka source (A.= 1.5418 A) at a scan
rate of 1.5 degrees per minute. The scan range was from 20 degrees to 120 degrees.
Samples were ground in a mortar before measurements.
2.9 Measurements of Ethanol Crossover
Ethanol crossover was measured by following the same procedure as that for
measurements of methanol crossover [1]. One side of the cell was fed with aqueous
ethanol while the other side was fed with humidified N2 . Ethanol permeating through the
membrane to the N 2 side was oxidized electrochemically. The limiting ethanol oxidation
current was used as a measure of ethanol crossover. In these experiments the cathode
(ethanol side) evolves H 2 and approximates a dynamic hydrogen reference electrode.
Figure 2.1 shows an example of ethanol oxidation current as a function of potential. It
can be seen that limiting current was reached at potentials above ca. 0.75 V. Thus, the
limiting ethanol permeation current was routinely measured at a cell voltage of 0.9 V and
data were collected after ca. 10 min of applying of the potential.
2.10 Analysis ofDEFC Products
DEFC anode products were collected as shown in Figure 2.2. The anode outlet
solution was collected in a glass tube bathed in ice to reduce the volatility of the solution
and the C0 2 was absorbed in an aqueous NaOH trap. The C0 2 was determined by a
two-step titration of the aqueous NaOH solution with standardized HCl [2-3]. The fust
step, with the phenolphthalein as the indicator, converts sodium carbonate to sodium
bicarbonate and consumes the excess NaOH. The second step, with methyl orange as the
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Figure 2.1 Ethanol permeation current as a function of potential on a Pt!Ru (1: 1,
5.47mg/cm2) catalyst in a 5 cm2 cell. The cell was operated with one side fed with 2M
ethanol(aq) and the other side fed with humidified N 2 at a temperature of 80 °C. A
Nafion 115 membrane was used as the electrolyte.
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Figure 2.2. Schematic diagram of the equipment for collecting the anode outlet
solution.
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indicator, converts sodium bicarbonate to carbonic acid. The moles of sodium bicarbonate
equals the moles of the C02 produced by the anode of the DEFC. Non-volatile acids
(mainly acidic acid) in the anode outlet solution were determined by titrating the solution
with standardized NaOH. It was found that purging the solution collected in the glass tube
with N 2 did not significantly influence either the amount of C02 collected, or the acid
content of the solution.
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Chapter 3

Effects of Nafion Loading in the Cathode Catalyst Layer
on the Performance of PEMFCs

3.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted huge interest in
recent years due to their high efficiency and friendliness to the environment. Significant
improvement of cell performance has been achieved by using N afion membranes as the
electrolyte and mixing the catalyst with solublized Nafion [1-3]. However, the high costs
of platinum based catalysts and the Nafion electrolyte are still major barriers to the
commercialisation of the PEMFCs. Generally, there are two approaches to address this
problem: one is to try to fmd cheaper catalysts and membranes [4]; another is to increase
utilization of platinum and Nafion in the catalyst layer without lowering the cell
performance [5-7]. In order to accomplish these goals, a deeper knowledge of the
electrochemical processes, and the structure, composition, and morphology of electrodes
is a prerequisite. Unfortunately, the structure of the electrodes and mass transport
properties in the electrodes are still not very clear [8].
Oxygen reduction at the cathode of a PEMFC requires both electron and proton
transport as shown in equation 3 .1.
02 + 4e- + 4H+ = 2H20

(3.1)

Electron transport is provided by the carbon support, while Nafion incorporated into the
catalyst layer transports protons to the active Pt sites. Oxygen reduction in the catalyst
layer is a quite complex process, taking place at three-phase interfaces of the catalyst, gas,
and electrolyte [9]. High performance for oxygen reduction requires good accessibility of
oxygen to the active sites of the cathode, fast interfacial electron transfer kinetics, fast
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electron transport through the hydrophobic carbon support, and facile proton transport
through the hydrophilic Nafion. Since the electron transport resistance is normally
negligible compared with the proton transport resistance [10], the limiting factors for
oxygen reduction in a PEMFC are the interfacial electron transfer kinetics, the oxygen
transport resistances in the catalyst layer and backing diffusion layer, and the proton
transport resistance in the catalyst layer [10].
Intensive research has been devoted to optimize the structure and composition of
cathodes for good oxygen accessibility and facile proton transport in the catalyst layer
[ 11-14]. Some studies have focused on the effects of N afion loading on the performance
of cathodes. Pioneering work was accomplished by Raistrick and coworkers [15], who
first introduced Nafion into the catalyst layer by impregnating it with a Nafion solution.
The loading of platinum required was greatly reduced by this method without lowering
cell performance. Further improvement was achieved by Gottesfeld and coworkers [7] by
mixing the catalyst with a Nafion solution. Lee and coworkers [16] showed that by
impregnating the catalyst layer with Nafion solution the activity of cathodes increased
rapidly with increasing Nafion loading up to a loading of 1.3 mg/cm 2 followed by a more
gradual change with a maximum at 1.9 mg/cm2 (ca. 35-40 mass%) for both oxygen and
air reduction (platinum loading 0.4 mg/cm2). Passalacqua and coworkers [13] found that
the optimum Nafion loading for cathodes prepared by mixing the catalyst with Nafion
solution is 33 mass %.
Less attention has been paid to the effects of N afion distribution on the performance
of cathodes. For the impregnation method, the Nafion distribution is unlikely to be even.
That is why there is a difference in optimum Nafion loading between the impregnation
and mixing methods. Since proton transport is one of the limiting factors for better

46

cathode performance and Nafion is the only proton transport provider, fully understanding
the effects of Nafion loading and distribution on the cell performance is crucial to
optimising electrodes and operating conditions.
Because the transport of oxygen, water, and protons influence each other within the
catalyst layer, the picture of how they work together and their integrated effects on the
cell performance is still not very clear. However, a number of models have been proposed
to depict oxygen reduction in PEMFC cathode catalyst layers [10, 17-19]. The most
accepted model is the thin-film flooded agglomerate model [18]. This model is very
successful in explaining oxygen diffusion in the hydrophobic pores and electrolyte thin
films. Another interesting model is the percolation model, which is quite simple and
intuitive [ 19] . The details of these models are described in section 1.2 .4 .2 of chapter one.
Impedance spectroscopy is a powerful technique in fuel cell studies. This dynamic
method can provide more information than steady-state experiments and can provide
diagnostic criteria for evaluating PEMFC performance [20-23]. The main advantage of
impedance spectroscopy as a diagnostic tool for dissecting fuel cell behaviour is its ability
to separate the individual contributions of the interfacial charge transfer resistance, mass
transport resistances in the catalyst layer and backing diffusion layer, and ion and electron
transport resistances [20] . Generally, the high frequency region of an impedance spectrum
reflects the charge transfer resistance, whereas the medium and low frequency regions
represent the mass transport resistance [24]. The contributors to the impedance of a
PEMFC include the interfacial charge transfer resistances, membrane resistance, contact
resistances, oxygen transport resistances, proton transport resistances, and fuel transport
resistances. It also includes double layer capacitances and Faradaic pseudo capacitances.
The impedance of a PEMFC is quite complicated in most cases, because the charge
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transfer resistance and the mass transport resistance fall in the same frequency region [20,
23]. However, the impedance strongly depends on the cell voltage. At high cell voltages,
where the mass transport resistance is not significant, the main contributor to the
impedance is the interfacial charge transfer resistance; at low cell voltages (high current
densities), the oxygen transport resistance and/or fuel transport resistance become
dominant, especially when air is used as the oxidant [23] ; at medium cell voltages,
protons, oxygen, and fuel can contribute significantly to the total impedance of the cell.
Useful information can be acquired from impedance spectroscopy by simulating the
experimental data [20]. However, the complexity of the system makes this difficult to do
accurately, unless many parameters are already known. It is therefore of importance to
develop methodology for experimentally isolating the contributions of the various
components of the cell. To this end, Pickup and coworkers [21 , 25] have investigated the
ionic resistance in the catalyst layers of PEMFC cells by running impedance experiments
under a nitrogen atmosphere. They obtained conductivity profiles for the cathode catalyst
layer by simulating the impedance data using a transmission-line equivalent circuit.
The aim of the work described in this chapter was to elucidate more clearly the
effects of Nafion loading in the cathode catalyst layer. To this end, a variety of cathodes
with different Nafion loadings and different Nafion distributions were prepared. A number
of diagnostic tests such as polarization experiments, cyclic voltammetry, impedance
spectroscopy and electron microscopy have been performed to analyse the performance
and structure of these cathodes. In addition, the impedance data were simulated based on
different equivalent circuits, so that conductivity profiles and resistance values of the
cathode catalyst layer were obtained.
Since publication of this work [26], there have been a number of complementary
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publications by other groups [27-28]. Liu and coworkers [27] found that the optimal
Nafion distribution is a linearly increasing function from the gas diffusion layer side to
the membrane side. Makharia and coworkers [28] showed that the measured catalyst layer
electrolyte resistance increased with decreasing Nafion content in the cathode.
3.2 Experimental
3.2.1 Chemicals and Materials
20 mass % Pt on XC-72 carbon (E-Tek Inc.), carbon fibre paper (Toray, 0.26 mm),
electrodes (4 mg/cm2 Pt black on carbon paper, supplied by Ballard Power Systems), and
5% Nafion solution (Aldrich) were used as received. Nafion 115 membranes (DuPont)
were cleaned according to the procedure described in section 2.1 of chapter two.
3.2.2 Preparation of Cathodes and MEAs
A catalyst ink was prepared by mixing the catalyst (20% Pt on C; ca. 2-4 nm Pt
particle size) and 5% Nafion solution (Aldrich) with isopropyl alcohol by sonication for
30 min. The ink was poured onto carbon fibre paper clamped in a Teflon holder which
defmed the area over which the ink could spread (spontaneously). The ink was allowed to
dry at room temperature in a fume hood overnight. The electrodes were then sintered in
an oven at 135 ° C for 30 min, and 1 cm2 discs were cut and used as the cathode. In some
experiments, a second catalyst layer was applied to the sintered electrode in the same
manner to prepare bilayer cathodes (Pt and Nafion loadings are based on the masses of
catalyst and Nafion used to prepared the ink). Cathode Pt loadings were 0.4 mg/cm2 in all
cases.
MEAs were prepared by hot-pressing a 1 cm2 cathode and a standard 1 cm2 anode
(Ballard electrode) onto each side of a Nafion 115 membrane at a pressure of 200 kg /cm 2
at 135 °C for 90s.
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3.2.3 Electrochemistry
Electrochemical measurements were made in a 1 cm2 active area fuel cell at ambient
temperature (23 ± 3 °C) and pressure. Before measurements were taken, the cell was
operated with humidified H 2 on the anode and dry 0 2 on the cathode at a cell voltage of
0.5 V until a steady current was obtained.
Measurements were made with a Solartron 1286 electrochemical interface and 1250
frequency response analyser. Impedance measurements were conducted with a
perturbation amplitude of 5 m V over a frequency range of 65 kHz to 0.1 Hz. For
measurement of ionic conductivities in the cathode catalyst layer, the impedance
measurements were carried out immediately following a H 2/0 2 polarization experiment,
and therefore should provide a good approximation of the characteristics of the operating
cathode.
Voltammetric measurements (2 electrode mode) were conducted, following purging
of the cathode compartment with N 2 , to determine the electrochemically active areas of
the cathodes. The anode served as a pseudo reference electrode and counter electrode in
these experiments.

3.2.4 Scanning Electron Microscopy and X-Ray Emission Analysis
Scanning electron microscopy (SEM) is a powerful technique to study the structure
and morphology of a MEA. Generally, a cross-section of a MEA is prepared for SEM
observation by cutting or fracturing. However, these methods can lead to distortion of the
surface of the cross-section. In order to prevent this, the MEA was first mounted in epoxy,
and then polished it until a clear cross-section was obtained.
The distribution of Nafion in catalyst layers was investigated using X-ray emission
analysis (EDX) line scans of the cross-section of a half MEA. The half MEA was
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Figure 3.1. An EDX spectrum of a catalyst layer following ion-exchange with Cs+.
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prepared by hot-pressing the cathode onto one side of a Nation 115 membrane. Cesium
ions were incorporated into the half MEA by ion-exchanging with 0.1 M aqueous CsC10 4
at room temperature for 15 hours with stirring. The distribution of Nation in the catalyst
layer was represented by the cesium ion concentration profiles. Figure 3.1 clearly shows
that Cs ions were incorporated into the half MEA and the Cs ion peak is well separated
from the Pt and S peaks.
3.3 Results and Discussion
3.3.1 Structure of MEAs
The structures of MEAs were observed with SEM. An SEM image of a crosssection
of a typical MEA used in this work is shown in Figure 3 .2. The picture clearly shows the
five layers of the MEA. The grey central area is the N afion 115 membrane, and the dark
areas on each side are the carbon paper backing. The very bright areas in between are the
Pt containing catalyst layers. It is clear that the catalyst layers are not very uniform. The
variation in thickness between the thinnest and thickest regions is about a factor of two.
This is due to penetration ofthe catalyst into the pores of the carbon paper.
3.3.2 Distribution of Nafion in Catalyst Layers
Because Nafion contains pendant -S0 3H groups, Nafion distribution in catalyst
layers can be represented by sulfur concentration profiles in the catalyst layer [29]
However, there is ca. 5000 ppm (weight) of sulfur in the E-Tek Vulcan-72 carbon catalyst
support [30]. Also, the sulfur peak is quite close to the platinum peak in the EDX
spectrum as shown in Figure 3 .1. Therefore, cesium ion concentration profiles were
chosen to represent Nafion distributions in the catalyst layer. Figure 3.3 shows the cesium
concentration profile of a half MEA that has been ion exchanged with cesium ions. The
cathode consisted of two layers of catalyst with different Nafion loading. The layer in

52

100

).!ill

Figure 3.2. A SEM image of a MEA. The MEA consists of an anode of 4 mg/cm2 Pt, a
Nafion 115 membrane, and a cathode of0.9 mg/cm 2 Nafion and 0.4 mg/cm2 Pt.
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Figure 3.3. A Cs EDX line scan across a half MEA with a bilayer cathode. The half
MEA was ion exchanged with Cs +.
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contact with carbon fibre paper contained 0.6 mg/cm2 of Nafion, while the layer in
contact with the Nafion membrane contained 0.3 mg/cm2 of Nafion. The cesium
concentration profile clearly reflects the Nafion distribution in the half MEA. The highest
plateau represents the Nafion membrane. The second highest plateau reflects the Nafion
distribution in the layer next to the CFP (0.6 mg/cm2), and the plateau in the middle
represents the layer next to the membrane with a Nafion loading of0.3 mg/cm2 . The sharp
minimum in the Cs signal between the membrane and catalyst layer is presumably due to
delamination during sample preparation. Also, it is seen that the difference in Cs signal
between the two layers was not as big as expected, since the Nafion content in the first
layer is double that in the second layer. This is presumably due to penetration of Nafion
into the pores of the carbon paper.
3.3.3 Electrochemically Active Areas

Cyclic voltammetry has been widely used to estimate the electrochemically active
surface areas of catalysts in fuel cell electrodes [31]. Normally, cyclic voltammetry is
taken with the cathode fed with nitrogen and the anode fed with hydrogen, and the
hydrogen fed anode is assumed to act as a reversible hydrogen reference electrode. The
coulombic charge for hydrogen adsorption on the cathode under a nitrogen atmosphere is
used to calculate the active surface area of platinum by assuming that 210 l-lC/cm2 is
needed to produce a monolayer of adsorbed H on polycrystalline platinum [32].
Although the method is quite simple, the results obtained by different authors on
commercial Pt/C catalysts are quite variable [33].
Figure 3.4 shows cyclic voltammograms for three cathodes with different Nafion
loadings. It can be seen that the hydrogen adsorption peaks (cathodic peaks) change
significantly with the different Nafion loadings. Electrochemically active areas of Pt in
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each cathode (plus two others not included in Figure 3.4 for clarity) estimated from the
charges for hydrogen adsorption are listed in Table 3.1, together with the Pt utilization.
The Pt utilization is calculated as the electrochemically active area of the Pt catalyst
divided by the total surface area of the Pt. The total surface area was determined by
assuming that the surface area ofPt was 87 m 2/g for the catalyst employed [34].
Table 3.1 indicates that there is an optimum Nation loading for the maximum
electrochemically active area of the Pt catalyst. This can be explained by the model
proposed by Passalacqua and coworkers [19]. That is, if the Nation content is too low,
there will not be good ionic conductivity in the catalyst layer; therefore the utilization of
the Pt catalyst will be low. On the other hand, too much Nation will cut off the
percolation path for electron transfer between catalyst particles, resulting in worse
electronic conductivity. Consequently, the utilization of the Pt catalyst will also be low.

Table 3 .1. Electrochemically active areas of Pt cathode catalysts and their utilizations
from cyclic voltammetry

Nation loading (mg/cm2)

0.30

0.60

0.90

1.2

1.5

Active Pt area (m 2/g)

48

52

66

59

56

Pt utilization

55%

60%

76%

68%

64%

The best Pt utilization was 76%, indicating that 24% of the catalyst is isolated either
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ionically or electronically from the rest of the catalyst layer. This is probably mainly due
to penetration of the catalyst into the pores of the carbon fibre paper backing (see Figure
3.2). It was reported that catalyst utilizations could be increased by application of the
catalyst directly onto the membrane [7], or use of a carbon black sub-layer to fill the pores
in the backing [6,35].
3.3.4 Conductivities of Cathode Catalyst Layers

Impedance spectroscopy has been shown to be a useful tool to investigate proton
transport in the cathode catalyst layer [21 ,25]. For measurement of the conductivity of the
cathode catalyst layer by impedance spectroscopy, the gas feed to the cathode was
switched to dry N 2 immediately after a polarization experiment on H 2/0 2 . Since the
currents passed are small, the H 2 anode behaves as a reversible hydrogen electrode at low
current densities, and therefore, the cell impedance is determined overwhelmingly by the
cathode [20,23]. In addition, the applied potential during impedance measurements should
be close to the open circuit potential for 0 2/H 20 to minimize the Faradaic impedance due
to reduction of trace 0 2 . Under these conditions, impedance spectra in the medium and
low frequency region mainly reflect the proton transport resistance and double layer
capacitance of the catalyst/Nafion binder interface.
Figure 3.5 shows impedance spectra for cathodes with different Nafion loadings. It is
seen that the real resistance at low frequency decreases significantly with increasing
Nafion loading. This indicates that the ionic resistance of the cathode catalyst layer
decreases with increasing N afion loading.
Another interesting fmding is that there are small variations in the high frequency
intercepts (see inset of Figure 3 .5). These variations are likely due to experimental
uncertainty such as variability of the membrane and cell contact resistances, since the
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Figure 3.5. Complex plane impedance plots (open points) for nitrogen-bathed
cathodes with various Nafion loadings, together with simulated plots (solid
points). The inset shows an expansion of the high-frequency region of the
plots .
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high frequency real resistance intercept is mainly determined by the membrane and cell
contact resistances.
It is difficult to obtain accurate ionic conductivity values for the cathode catalyst

layer due to the uncertainty of the thickness of the catalyst layer (see Figure 3.2).
However, approximate conductivity profiles of the catalyst layer can be acquired by
simulating the impedance data.
The simulation was proposed by Pickup and coworkers [25], and is based on the
finite transmission-line equivalent circuit shown in Figure 3 .6. In the circuit,
represents electron conduction in the cathode catalyst layer,

Rionic

Re1ectronic

represents ion

conduction in the cathode catalyst layer, and C represents the double-layer capacitance of
the catalyst layer. The simulation was performed by setting

Relectronic

at zero,

Rmembrane

at

the experimental high frequency intercept, and C at the low frequency limiting
capacitance. Fitting to each impedance spectrum was accomplished by changing the
parameters in a power series plus exponent expression for the resistance profile. The
Solver function in Microsoft Excel was used to optimise the fitting. The simulated
impedance spectra are shown in Figure 3.5. It can be seen that the fitting is excellent,
indicating that the simulation is reasonable. Figure 3.7 shows the conductivity profiles
obtained by simulation. It is seen that the proton conductivity of the catalyst layer
increases with increasing Nafion loading. This is expected and consistent with the
experimental results (see Figure 3.5). It is also found that the conductivities for the three
electrodes with high Nafion loading are quite uniform in the half of the layer closer to the
membrane and drop sharply closer to the carbon paper backing.
The sharp drop of conductivity close to the carbon paper backing can be explained by
penetration ofNafion into pores in the carbon paper (see Figure 3.2), because the
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Figure 3.6. The finite transmission-line equivalent circuit used to simulate the impedance
ofthe cathode under a nitrogen atmosphere.
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penetration can result in the loss of Nafion in the regwn close to the carbon paper
andtherefore makes the region in poor ionic contact with the rest of the layer. Another
possible reason is the formation of gradients of hydration in the catalyst layer caused by
the dry N2 stream, since the passage of dry N 2 through the back of the carbon paper can
result in less hydration of the region closer to the carbon paper.
It was also found that the conductivities for the two electrodes with low Nafion
loadings are much lower and drop continuously with distance from the membrane. This
suggests that these low N afion loadings are not enough to provide ionic connection in the
catalyst layer. In other words, the catalyst particles are isolated ionically. This can lead to
poor performance of the cathode, since high performance cathodes require both good
electronic conductivities and facile ion transport. The polarization measurements (see
below) confirm this conclusion.
3.3.5 Performance of Cathodes

In order to test the effects of Nafion loading on the performance of cathodes, MEAs
were prepared with cathodes with different Nafion loadings. It is found that the
performance of the cathodes strongly depended on the Nafion loading as shown in Figure
3.8. Also, there is an optimum Nafion loading of 0.9 mg/cm2 for the best cell performance.
The initial increase of cell performance with increasing Nafion loading can be attributed
to the increasing ionic conductivities of the cathode catalyst layers at higher Nafion
loadings. However, the decrease of cell performance with increasing Nation loading after
the Nafion loading exceeding 0.9 mg/cm2 indicates that, at high Nafion loadings, other
factors such as the 0 2 transport resistance become more significant and begin to influence
the cell performance (see below) .
It was also found that the optimum Nafion loading is the same as the value that gives
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Figure 3.8. Polarization curves for cells with cathodes with various Nafion
loadings . The cell was operated at ambient temperature and pressure with
an anode feed of humidified H 2 and a cathode feed of 0 2 .

64

the highest catalyst utilization (Table 3.1 ). However, the difference in utilization is orders
of magnitude too small to account for the large differences in the polarization curves
observed in Figure 3.7. Something else must be more significant. From Figure 3.7 we can
see that the slope of the linear region of the polarization curve changes significantly with
Nafion loading. This indicates that Ohmic resistances are responsible for the large
differences in cell performance.
The total Ohmic resistance mainly includes the membrane resistance, cell contact
resistances, proton transport resistance, and oxygen transport resistance. The membrane
resistance and cell contact resistances can be easily determined by impedance
spectroscopy at high frequency. The major contributors to the Ohmic resistance after
subtracting the membrane resistance and cell contact resistances should be the proton
transport resistance and oxygen transport resistance in the cathode catalyst layer, since the
resistances due to the anode should be negligible compared with the resistances due to the
cathode [23].
The Ohmic resistance and Tafel kinetic parameters can be obtained by fitting the
experimental polarization data to equations 1.6 and 1.7 [36]. Fitting was performed in an
Excel spreadsheet by using the Solver function to minimize the sum of the squares of the
difference between the experimental and calculated currents. The best fitting values are
listed in Table 3.2.
It can be seen that the Tafel slope is ca. 70 mY/dec for all of the cathodes, being

almost independent of Nafion loading. This indicates that the mechanism of oxygen
reduction is not influenced significantly by the Nafion loading. Similar results were
reported by Passalacqua and coworkers [ 19]. It is believed that if 0 2 reduction is controlled
Table 3.2. Kinetic parameters for cathodes with various Nafion loadings
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Nafion loading (mg/cm2)

b (mY/dec)

i0 (mA!cm2)

0.3

68

0.74

0.6

73

1.9

X

10-4

0.63

0.9

68

1.5

X

10-4

0.42

1.2

65

1.1

X

10-4

0.53

1.5

71

2.7x10-4

0.70

X

10 4

R (Q cm2 )

1.1

both by kinetics and mass transport, the Tafel slope will assume a higher value than 60
mY/dec [37]. Thus, the Tafel slope of ca. 70 mY/dec means that there was a mass
transport limitation for oxygen reduction on the cathodes. The mass transport limitation
can come from the proton transport resistance, the 0 2 transport resistance, or from both.
Figure 3.9 shows the Ohmic resistance of the cell after subtracting the membrane
resistance and cell contact resistances as a function of Nafion loading. The interesting
finding is that the Ohmic resistance decreases with increasing Nafion loading at first, but
when the Nafion loading exceeds 0.9 mg/cm2 , the Ohmic resistance increases with
increasing Nafion loading. Also, the Ohmic resistance was lowest at a Nafion loading of
0.9 mg/cm2 . This correlates well with the fact that the cell has best performance at a
Nafion loading of 0.9 mg/cm2 . Since the ionic resistance of the cathode catalyst layer
decreases with increasing Nafion loading (Figure 3.5), the increase of the Ohmic
resistance with Nafion loadings above 0.9 mg/cm2 must be due to an increase of the
oxygen transport resistance. The clear conclusion from Figure 3.9 is that at lower Nafion
loading, the ionic resistance in the catalyst layer is more significant than the oxygen
transport resistance for the cell performance. However, at higher Nafion loading, Nafion
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blocks oxygen transport in the catalyst layer, and the oxygen transport resistance becomes
more and more important with increasing Nafion loading.
Figure 3.10 shows impedance spectra for cells with cathodes with different N afion
loadings, the cells being operated with humidified H 2 on the anode and 0 2 on the cathode
at a cell voltage of 0.8 V. It is seen that all of the impedance spectra present a single
semicircle, and the diameter of the semicircle changed significantly with Nafion loading.
At first, the diameter of the semicircle decreased rapidly with increasing Nafion loading.
However, when the Nafion loading exceeds 0.9 mg/cm2 , the diameter of the semicircle
began to increase with increasing Nafion loading. Since the semicircle reflects a
combination of the charge transfer resistance, 0 2 mass transport resistance and ionic
resistance, and the ionic resistance is reflected in the high frequency region [28], the
change of the diameter of the semicircle with different Nafion loadings must be mainly
due to changes in the charge transfer resistance and 0 2 mass transport resistance. The
decrease of the diameter of the semicircle with increasing Nafion loading indicates that
the charge transfer resistance decreased with increasing Nafion loading, because the 0 2
mass transport resistance increased with increasing Nafion loading as we discussed before.
This decrease can be attributed to an increase in Pt active sites at the higher Nafion
loadings. The increase of the diameter of the semicircle with increasing Nafion loading
suggests that the 0 2 mass transport resistance became significant at high Nafion loadings,
and this is consistent with the results shown in Figure 3.9.
Depending on different operation conditions, several different equivalent circuits
have been proposed to explain the impedance behaviour ofPEMFC cathodes [23 , 28, 38].
Here, we propose the simplified equivalent circuit shown in Figure 3.11 to explain the
cathode impedance behaviour. In the equivalent circuit, Rs represents the membrane
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Figure 3 .11. An equivalent circuit describing cathode impedance.
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resistance plus contact resistances, and it is reflected by the high frequency intercept with
the real axis; Zw,c is a Warburg impedance that represents the ionic resistance in the
cathode catalyst layer, and it is reflected in the high frequency region by a characteristic

45 degree slope [28);

Cdi ,C

represents the double layer capacitance due to catalyst in

contact with the membrane; Rc represents the charge transfer resistance for 0 2 reduction
plus the 02 transport resistance, and the magnitude of Rc is reflected by the diameter of
the semicircle. Note that an open circuit terminus finite length Warburg was used in the
circuit, and it is defmed by three parameters: W 0 -R, W 0 - T, and W0 -P. The simulation was
performed in Zview. Also, cathode impedances were treated as cell impedances, since
anode impedances are negligible at low current densities [23].
It is seen that the fit between the experimental data and simulation data is excellent as

shown in Figure 3.10. This suggests that the proposed equivalent circuit is reasonable.
Parameters for the equivalent circuit with different Nafion loadings were extracted by
simulation and are listed in Table 3.3.

Table 3.3. Parameters for the equivalent circuit in Figure 3.11 as a function of Nafion
loading
Nafion loading (mg/cm2)

0. 3

0.6

0.9

1.2

1.5

0. 495

0. 389

0.296

0.352

0.337

0. 00094

0.00173

0.00321

0.00444

0.00547

0.467

0.449

0. 258

0. 191

0. 130

W 0 -T

0. 00263

0. 00336

0. 00340

0. 00245

0. 00185

W 0 -P

0. 396

0.435

0.461

0. 461

0. 446

Rc(n cm2 )

5.23

2. 55

1. 45

1. 43

1. 88

Rs (Q cm2)
Cdi ,C

(F/cm

2

)

Wo-R(Q cm2 )
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From Table 3.3 we can see that Rc changed greatly with Nafion loading. At low
Nafion loadings, Rc decreased significantly with increasing Nafion loading. At high
Nafion loadings, Rc increased with increasing Nafion loading. It can be seen that the
change of Rc with Nafion loading totally matches the change of the diameter of the
semicircle. It is also found that the ionic resistance (W 0 -R) decreased with increasing
Nafion loading as expected. We can also see that the double layer capacitance increased
greatly from low Nafion loadings to high Nafion loadings, suggesting that some catalyst
particles were isolated at low Nafion loadings.
For comparison, the impedance data were also simulated based on the fmite
transmission line equivalent circuit shown in Figure 3 .12. This fmite transmission line
equivalent circuit is provided by the Zview software and it has been used to simulate
cathode impedance data [28]. During simulation, we found that the double layer capacitor
had to be substituted by a constant phase element. Otherwise, the fit between the
experimental data and the simulation data are poor. The reason for this substitution is due
to the inhomogeneity of porous electrodes [23].
Table 3.4 lists the resistance values extracted by using this finite transmission line
equivalent circuit. It is seen that the resistance values are quite close to those listed in
Table 3.3. This again suggests that the proposed equivalent circuit shown in Figure 3.11 is
reasonable.
Table 3.4. Resistance values for the finite transmission line equivalent circuit in Figure
3.12 as a function ofNafion loading
Nafion loading (mg/cm2)
Rionic (Q

2
cm )

Rmembrane (Q
Rc(n

cm2)

2
cm )

0. 3

0. 6

0.9

1.2

1.5

0.47

0. 36

0. 21

0. 15

0. 10

0.43

0. 34

0. 27

0. 33

0. 32

5. 1

2. 5

1.4

1.4

1.9
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Figure 3 .12. Finite transmission-line equivalent circuit describing cathode impedances.
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The proposed equivalent circuit shown in Figure 3.11 was also used to explain the
cathode impedance behaviour under a nitrogen atmosphere by setting Rc as infmite. The
extracted parameters are listed in Table 3.5. Except for low Nafion loading cathodes (0.3
mg/cm2 and 0.6 mg/cm2) in the low frequency region, the fit between the experimental
data and simulation data is quite good as shown in Figure 3.13. The poor fit for the low
Nafion loading cathodes in the low frequency region is presumably due to the
inhomogeneity of the cathode catalyst layer. A possible reason for the inhomogeneity is
that these low N afion loadings were not sufficient to bind all the catalyst particles together.
Note that this poor fit can make simulation data less reliable.

Table 3.5. Parameters for the equivalent circuit in Figure 3.11 as a function of Nafion
loading under a nitrogen atmosphere
Nafion loading (mg/cm2 )

0. 3

0.6

0.9

1.2

1.5

0.496

0.411

0.320

0.374

0.354

0.00099

0. 00241

0.00287

0.00385

0.00531

0.606

0.667

0.306

0.201

0.178

W 0 -T

0. 0051

0.00820

0.00551

0.00338

0. 00306

W 0 -P

0. 387

0.409

0.446

0. 452

0.459

Rc(Q cm2 )

infinite

infinite

infmite

infinite

infinite

R 5 (Q cm2 )
Cdl,C

(F/cm

2

)

Wo-R(Q cm

2

)

Interestingly, it was found that the extracted parameters for the nitrogen atmosphere
were quite close to the extracted parameters for the oxygen atmosphere (Table 3.3). This
indicates that the ionic conductivity profiles (Figure 3. 7) extracted under the nitrogen
atmosphere represent the values in operating cells. Furthermore, it was found that there
were small increases in the membrane resistance and ionic resistance, and small decreases
in capacitance for the nitrogen atmosphere. These changes are reasonable since there
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Figure 3.13. Complex plane impedance plots for nitrogen-bathed cathodes with various
Nafion loadings. The inset shows an expansion of the high frequency region of the plots.
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would have been a lower water content in the cathode catalyst layer under the nitrogen
atmosphere.
Table 3.6 lists resistance values for the cathode catalyst layer under a nitrogen
atmosphere. These values were extracted by using the finite transmission line equivalent
circuit shown in Figure 3.12. It can be seen that these values are close to the resistance
values extracted by using the proposed equivalent circuit shown in Figure 3 .11. This again
demonstrates that the equivalent circuit proposed here is reasonable. Note that there were
also significant deviations between the experimental data and simulation data in the low
frequency region for the low Nafion loading cathodes as shown in Figure 3 .14.

Table 3.6. Resistance values for the finite transmission line equivalent circuit as a
function ofNafion loading under a nitrogen atmosphere
Nafion loading (mg/cm2 )

0. 3

0.6

0.9

1.2

1.5

2

0. 59

0.46

0. 27

0. 17

0. 13

0.43

0. 35

0. 30

0. 36

0. 34

infinity

infinity

infinity

infinity

infmity

Rionic (Q cm

)

Rmembrane (Q cm
Rc;(Q cm

2

2

)

)

3.3.6 Bilayer Cathodes
Since Nafion is expensive, and balance has to be made between the ionic resistance
and 0 2 transport resistance in the cathode catalyst layer to ensure good cathode
performance, know ledge of the effects of N afion distribution on the cathode performance
is of significant importance to optimise the performance and composition of the cathode.
In order to investigate these effects, bilayer cathodes with two different Nafion gradients
have been prepared. These bilayer cathodes were prepared by applying two layers of
catalyst ink sequentially onto carbon fibre paper. Each layer contained 0.2 mg of Pt, and
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Figure 3.14. Complex plane impedance plots for nitrogen-bathed cathodes with various
Nafion loadings. The inset shows an expansion of the high-frequency region of the plots.
Simulation was based on the fmite transmission line equivalent circuit shown in Figure
3.12.
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so the total Pt loading was the same as that for the uniform layer cathodes. In one bilayer
cathode, the layer adjacent to the membrane contained 0.6 mg/cm 2 of Nation and the
layer adjacent to the carbon paper contained 0.3 mg/cm2 of Nation. The total Nation
loading of the bilayer cathode was 0.9 mg/cm2 , the optimum value for the cathodes with
uniform Nation distributions. In another bilayer cathode, the two layers were reversed.
Figure 3.15 shows polarization curves for cells with the cathodes with different
Nation distributions. It is seen that the cell performance strongly depends on the cathode
Nation distribution, and that the cell with uniform Nation distribution had the best
performance, while the cell with the bilayer cathode that had the higher Nation loading
next to the carbon paper gave the worst performance.
Figure 3.16 shows impedance spectra for these cells at a fixed voltage of 0.8 V. The
cells were operated with an anode feed of humidified H 2 and a cathode feed of 0

2.

It is

seen that the cell with the cathode of uniform Nation distribution had the lowest low
frequency real resistance, while the cell with more Nation adjacent to the carbon paper
had the largest low frequency real resistance. This significant difference in the low
frequency real resistances accounts for the big differences in cell performance.
Figure 3.17 shows ionic conductivity profiles for the cathodes with different Nation
distributions. It is seen that the bilayer cathode with more Nation close to the membrane
had the highest ionic conductivity in the region close to the membrane as expected, while
the bilayer cathode with less Nation close to the membrane exhibited the lowest
conductivity and the conductivity decreased rapidly with the distance from the membrane.
Theoretically, the bilayer cathode with less Nation close to the membrane should exhibit
higher conductivity in the region adjacent to the carbon paper since this region had more
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Figure 3.15. Polarization curves for cells with cathodes with different N afion
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anode feed of humidified Hz and a cathode feed of Oz.
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Nafion content. This discrepancy is presumably due to Nafion falling into the pores of the
carbon paper.
Basect on these observations, the cathode with more Nafion close to the carbon paper
was not expected to give good performance. The polarization curve (Figure 3 .15) supports
this conclusion. However, the bilayer cathode with more Nafion close to the membrane
did not show the highest performance although it exhibited the highest ionic conductivity.
This suggests that other factors such as the 0 2 transport resistance have a more significant
influence on the cell performance. Obviously, this preliminary work is not enough to
show that the performance of the cathode with uniform Nafion distribution is better than
the cathode with a gradient Nafion distribution. Further work such as preparing cathodes
with more layers is needed.
Recently (after publication of this work [26]), Liu and coworkers [27] reported that
the optimum distribution ofNafion content is a linearly increasing function of coordinate
x from the carbon fibre paper side to the membrane side. Their results were obtained by
simulation. Obviously, preparing cathodes with multiple layers of different Nafion content
is a good method to test their assertion.
3.4 Conclusions
The polarization measurements reported here clearly show that Nafion contents and
distribution in the cathode catalyst layer have a strong influence on cell performance. It
was also found that there is an optimum Nafion loading of 0.9 mg/cm2 in the cathode
catalyst layer for the best cell performance. A preliminary study also showed that a
cathode with uniform Nafion distribution had better performance than cathodes with
uneven Nafion distributions.
Impedance spectroscopy has been shown to be a powerful diagnostic tool to analyse
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cell performance and it can provide valuable information for optimisation of cathode
performance and composition. This technique unveiled that the optimum Nafion loading
for the best cell performance is due to the fact that a balance has to be made between the
ionic conductivity and 02 transport resistance.
Finally, the excellent fit between the experimental data and the simulation shows that
the finite transmission-line equivalent circuit and the proposed equivalent circuit are
suitable to explain cathode impedance behaviour. The extracted conductivity profiles and
resistance values are reasonable and they can provide insights into the understanding of
cathode behaviour.
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Chapter 4

Development of Reference Electrodes for Thin
Layer Polymer Electrolyte Fuel Cells

4.1 Introduction

Thin layer polymer electrolyte fuel cells, such as hydrogen fuel cells and direct
methanol fuel cells, have been the focus of intensive study in recent years as promising
alternative energy sources [1-2]. However, their performances are still far from ideal for
commercialization. Knowledge of individual electrode behavior in an operating cell is
crucial for improving cell performance, and this can only be acquired by using a reference
electrode [3-4]. Commercial reference electrodes, such as SCE and Ag/AgCl reference
electrodes, are obviously too big to be fitted into a thin layer cell. So a stable reference
electrode that is suitable for electrochemical studies of thin layer cells is strongly needed.
The requirement for designing a reference electrode for a three-electrode cell
configuration is that the cell geometry should ensure a uniform current density at the
working electrode; otherwise, different regions of the working electrode will experience
different potentials, and therefore, the measured data may be misleading [5]. The
placement of a reference electrode in the thin layer cell strongly affects the results of
electrochemical measurements. The reference electrode should be placed in the uniform
potential region as shown in Figure 4.1. The distance between the reference electrode and
the active electrodes of the cell should be at least three times the thickness of the polymer
electrolyte layer in order to avoid potential gradients along the electrolyte surface and
make the measurement insensitive to the exact location ofthe reference electrode [6]. The
potential in the uniform potential region is a half of the potential drop between the active
electrodes [6], and this means that the resistance between the active electrode and the
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Figure 4.1. A schematic diagram of potential gradients in a thin layer polymer electrolyte
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reference electrode is a half of the resistance between the two active electrodes for the
uniform electrolyte.
Another requirement for meaningful electrochemical measurements on thin layer
cells is that the cathode and anode should be perfectly aligned with each other in a
symmetric configuration to avoid uneven current distributions [5-6]. Even with perfect
alignment, there will still be minor current dependent errors in the measured potentials
due to differences in the potential dependencies of the electrode overpotentials [7].
Generally, two different reference electrode configurations have been used for the
electrochemical study of thin layer cells : sandwich-type and edge-type. In the
sandwich-type configuration, a fme wire reference electrode is inserted between two
membranes [8-9]. A problem with this configuration is that the use of two membranes
increases the membrane resistance by a factor of two or more. In addition, the inserted
reference electrode may interfere with the passage of current between the working
electrode and counter electrode, resulting in a non-uniform current distribution.
In the edge-type configuration, the reference electrode has normally been attached to
an exposed strip of the polymer electrolyte [10-11]. For this configuration, special
measures must be taken to maintain the hydration of the exposed polymer electrolyte,
since the exposed electrolyte quickly becomes dehydrated. In addition, the cell can be
custom designed to accommodate the reference electrode into the cell, and commercial
versions are available.
The dynamic hydrogen electrode (DHE) has been shown to be suitable for use as a
reference electrode [12). In a DHE, hydrogen is produced at the working electrode of the
DHE by a small cathodic current such that the coverage of hydrogen on the electrode can
be considered constant, resulting in a stable potential. Advantages of the DHE include
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minimal contamination of the measured system and no need for a salt bridge [10].
Kuver and coworkers [10] have used a DHE as a reference electrode to resolve the
polarization of a direct methanol fuel cell into individual electrode polarization curves. In
their configuration, the working electrode and counter electrode of the DHE were bonded
onto each side of the exposed Nafion membrane and hydrogen was produced at the
working electrode by a small cathodic current. A serious potential drift was observed for
their DHE reference electrode at high current densities. This was explained by the authors
as being due to an extreme change in proton activity in the vicinity of the reference
electrode, caused by current density-dependent electro-osmotic drag of water across the
membrane, which would promote dehydration of the exposed Nafion membrane.
In this chapter, a novel reference electrode configuration for the electrochemical
study of thin layer polymer electrolyte fuel cells is presented. The validity of data
obtained with the reference electrode has been confirmed by a variety of methods in
hydrogen fuel cells and direct methanol fuel cells. It was found that the reference
electrode was quite stable, and with its aid, the performances of operating fuel cells have
been resolved into the individual electrode behaviors.
4.2 Experimental
4.2.1 Chemicals and Materials

Nafion 115 and 117 membranes were cleaned following the procedure described in
section 2.1. Poly(vinyl chloride) (Mw ca. 60,000, Aldrich), 100 1-1m diameter Pt wire
(Aldrich), and all other chemicals and materials were used as received.
4.2.2 Cells and Electrodes

A 1 cm 2 locally made fuel cell and a 5 cm2 commercial cell (Fuel Cell Technology)
were used as the hydrogen fuel cells. For the hydrogen fuel cell, both the anode and the
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cathode (4 mg/cm2 Pt black on carbon paper) were provided by Ballard Power Systems.
The 5 cm2 cell was also used as the direct methanol fuel cell. For the direct methanol fuel
cell, the anode (4.5 mg/cm2 Pt/Ru (1: 1) on carbon paper) was provided by H Power Corp .,
while the cathode was the same as that used in the hydrogen fuel cell .
4.2.3 Preparation of MEAs

For the hydrogen fuel cell, membrane and electrode assemblies (MEAs) were
prepared by hot pressing the cathode and the anode onto each side of a Nafion 115
membrane at a pressure of 200 kg/cm2 at 135 °C for 90 s, while for the direct methanol
fuel cell, a Nafion 117 membrane was used. In addition, two Nafion 115 membranes were
used for experiments in the sandwich-type configuration. The electrodes and the
membrane were fixed in a stainless steel die before being put into the press. This provides
alignment between the cathode and the anode, with a variation of < 0.1 mm.
4.2.4 Electrochemistry

The voltage and impedance measurements of the fuel cell were made in a
two-electrode (cathode vs anode) mode. For a H2 cell in this mode, the anode serves as a
pseudoreference electrode and counter electrode. Individual anode and cathode potentials
and impedances were made in a three-electrode mode using a reference electrode. When
the fuel cell anode was used as the working electrode, the cathode was used as the counter
electrode, and vice versa.
Measurements were made with a Solartron 1286 electrochemical interface and 1250
frequency response analyzer. Impedance measurements were conducted with a
perturbation amplitude of 5 m V over a frequency range of 65 KHz to 0.1 KHz for the
constant applied potential mode, while for the constant applied current mode, a
perturbation amplitude of 10 rnA was used.
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4.2.5 Configuration of the Reference Electrodes
Figure 4.2a shows a schematic diagram of a thin layer cell with a DHE reference
electrode. The working electrode and counter electrode of the DHE were placed on the
cathode side of an outer section of the Nafion membrane and sandwiched between the
two halves of the body of the cell. The distance between the thin Pt wire (1 00 J...lm
diameter) electrodes of the DHE and the edge of the active electrodes of the fuel cell was
always much larger than three times the thickness of the membrane to avoid potential
gradients. A small current of typically ca. 6 x 1o- 5 A was passed between the two Pt wires
to maintain the hydrogen coverage on the cathode, which was used as the DHE. Except
for the two ends, the fine Pt wires were insulated with a thin coating of poly(vinyl
chloride) (coating was accomplished by dipping the Pt wire into the THF solution of
poly(vinyl chloride)). The current to the DHE was supplied by a 9 V battery and
controlled by adjusting the series resistance with a resistance box. Before measurements,
the cell was fed with hydrogen on the anode and the potential of the reference electrode
was set to zero with respect to the hydrogen anode by changing the series resistance.
In addition, a sandwich-type configuration was also investigated in which the

reference electrode was sandwiched between two membranes as shown in Figure 4.2b. It
was found that the membrane resistance of the sandwich-type cell was higher than two
times the resistance of one membrane. This was presumably due to the interfacial
resistance between the two membranes where they were hot-pressed together.
4.3 Results and Discussion
An ideal reference electrode should be reversible and obey the Nemst equation at

zero current. It also should be stable with time and its potential should return to the
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original value if perturbed by a current. In addition, it should be insensitive to a small
change of temperature [13]. Based on these criteria, a variety of methods have been used
to evaluate the DHE reference electrode used in this work.
4.3.1 Influence of the Reference Electrode on the Cell
Polarization measurements and impedance spectroscopy are the most widely used
methods to characterize fuel cell performance [ 14-15]. Ideally, insertion of a reference
electrode into a cell should not affect polarization or impedance measurements.
Figure 4.3 shows polarization curves for a 5 cm2 commercial cell with and without
insertion of the reference electrode (edge-type) . The cell was supplied with humidified H 2
on the anode and air on the cathode at room temperature. It can be seen that two
polarization curves are almost identical. This indicates that the cell performance does not
change significantly with the insertion ofthe reference electrode into the cell.
Figure 4.4 shows complex plane impedance plots for a 5 cm2 commercial cell at
different applied potentials with and without insertion of the reference electrode
(edge-type) . The results clearly show that insertion of the reference electrode into the cell
does not influence the impedance behavior of the cell significantly. It is also seen that the
high frequency real resistance did not change significantly after insertion of the reference
electrode. This demonstrates that the contact resistance of the cell is not affected by
insertion of the reference electrode. The unchanged cell contact resistance after insertion
of the reference electrode results from the fact that the fine Pt wire reference electrode
was pressed into the soft Nation membrane when the cell was assembled.
4.3.2 Reversibility of the Reference Electrodes
The reversibility of a reference electrode can be investigated by cyclic voltammetry.
Figure 4.5a shows a cyclic voltammogram for a DHE reference electrode with respect to
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the hydrogen anode of a 5 cm2 cell at open circuit (edge-type). The cell was operated with
humidified hydrogen on the anode and nitrogen on the cathode at ambient temperature
and pressure. It is seen that the cathodic current of the DHE reference electrode rises
sharply with small changes of potential, approximating a non-polarized electrode. A
similar voltammogram was also observed for the sandwich-type configuration reference
electrode (Figure 4.5b ). The steeply rising cathodic currents mean that the potential of the
reference electrode will be stable to small perturbations of the applied cathodic current.

4.3.3

Effect of the Position of the Reference Electrode

One of requirements of an ideal reference electrode for electrochemical study of a
thin layer cell is that the potential of the reference electrode is insensitive to its exact
position in the cell . Figure 4.6 shows polarization curves for the anode (vs DHE) of a
hydrogen cell with the reference electrode positioned at different places on the outer
region of the Nafion membrane (edge-type). These places include the upper comer,
middle of one edge, and lower comer of the Nafion membrane. The small changes in the
polarization curves of the anode indicate that its measured potential is relatively
insensitive to the position ofthe reference electrode .
Figure 4.7 shows the anode polarization curves for a hydrogen cell with a reference
electrode positioned at different distances from the edge of the active electrodes of the
cell. The distance between the reference electrode and the edge of the active electrodes of
the cell was 0.2 and 1 em, respectively, both of which are much larger than three times
the thickness of the Nafion 115 membrane (ca. 0.1 mm). The similar anode performances
demonstrate that the potential of the reference electrode and the anode overpotential are
insensitive to this distance. The insensitivity of the measured anode potential to the
distance between the reference electrode and the edge of active electrodes of the cell is
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due to the uniform potential in this region of the membrane when this distance is much
larger than three times the thickness of the membrane [6].
The insensitivity of the anode potential to the above positions also suggests good
alignment of the cathode and anode in this MEA, since misalignment of the electrodes
can lead to large variations in measured potentials with different positions [7].
4.3.4 Stability of the Reference Electrode
The potential of a DHE reference electrode with respect to the anode of a 5 cm2
commercial cell during polarization measurements was monitored with a high impedance
digital voltammeter. The hydrogen fuel cell was operated at ambient temperature with
humidified H 2 on the anode and air on the cathode. The potential of the reference
electrode was recorded with the fuel cell at open circuit between polarization
measurements at decreasing cell voltages. Before the series of polarization measurements,
the potential of the reference electrode was adjusted to zero with respect to the anode of
the cell at open circuit by changing the series resistance (R) . No drift of the potential of
the reference electrode was observed for both the edge-type and sandwich-type
configurations during polarization measurements, demonstrating the good stability of the
reference electrode during polarization measurements.
4.3.5 Polarization Measurements
The validity of reference electrodes can be tested by polarization measurements. The
polarization curve of a cell should equal the difference between the individual
polarization curves of the cathode vs the reference electrode and anode vs the reference
electrode. This will obviously be the case if the three potentials are measured
simultaneously, but drifting of the reference potential could cause discrepancies, if the
anode and cathode polarizations are measured at different times. Thus, in order to test the
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stability of the reference electrode, the cell polarization and the anode potentials vs the
reference electrode were measured simultaneously and then the cell polarization and the
cathode potentials vs the reference electrode were measured simultaneously. As shown in
Figure 4.8, the polarization curves of the cell for the two sets of measurements are almost
identical and also close to the cathode potentials -the anode potentials (vs DHE). It can
be concluded that the potential of the reference electrode is stable during individual
electrode polarization measurements. In addition, for the sandwich-type configuration, the
polarization of the cell, the anode vs the reference electrode, and the cathode vs the
reference electrode were measured separately. As shown in Figure 4.9, the polarization
curves of the cell are quite close to the difference between the polarization curves of the
anode vs the reference electrode, and the cathode vs the reference electrode. This indicates
the stability of the reference electrode.
The validity of the reference electrode can also be tested by comparing the potentials
obtained with respect to different reference electrodes. Theoretically, after iR correction,
the polarization curves of the anode of a direct methanol cell should be the same when
measured with respect to the DHE reference electrode and the cathode when it is fed with
H 2, respectively, assuming that the hydrogen fed cathode behaves as a reversible
hydrogen electrode. iR correction is needed here since the Ohmic resistance between the
anode and the DHE is much smaller than that between the anode and the cathode. The iR
correction was accomplished by subtracting iR values from individual points on the
polarization curve, where R is the membrane + cell contact resistance, which can be
determined by impedance spectroscopy at high frequency [14].
Figure 4.10 shows polarization curves for the anode of a direct methanol fuel cell
with respect to a DHE reference electrode and a hydrogen fed cathode, respectively. The
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Figure 4.8. Polarization curves for a 1 cm 2 cell, together with anode potentials vs DHE
and the cathode potentials vs DHE (edge-type). The cell was operated with an anode feed
of Hz humidified at 60 °C and a cathode feed of 0 2 at ambient temperature and pressure.
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106

I t:.. Anode vs cathode I

0.7

->
Q)

o Anode vs DHE

_J

0.6

Cl

cu
.....

0
>

o t:..

0.5

0

'0

Q)
.....
(.)

......
0
Q)

0

0.4

t:..

o t:..

(.)

~

0.2
0.1

t:..

0
0

0 .05

0.1

0.15

0.2

Current density (A/cm

0.25

2

)
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(edge-type) with respect to different reference electrodes. The cell was operated at 60 °C
with an anode feed of 1 M methanol(aq) and a cathode feed of humidified H 2 .
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cell was operated with 1 M aqueous methanol on the anode and humidified H2 on the
cathode. The closeness of the two polarization curves after iR correction again illustrates
the stability of the reference electrode.
4.3.6 Impedance Spectroscopy

If the reference electrode is stable, the impedance of a cell (cathode vs anode) should
equal the sum of the impedance of the cathode vs the reference electrode and the anode vs
the reference electrode at a constant current density [9]. Furthermore, the high frequency
real resistance of the cell, which represents the sum of the cell contact and polymer
electrolyte resistances, should equal the sum of high frequency real resistances of the
cathode vs the reference electrode and anode vs the reference electrode at different current
densities [11].
Figure 4.11 shows complex plane impedance plots for a 5 cm2 direct methanol fuel
cell at a current density of 0.04 A/cm2 . The cell was operated at 60 °C with 1 M aqueous
methanol on the anode and air on the cathode. It is seen that the cell impedance and the
sum of the impedance of the cathode vs the reference electrode and the anode vs the
reference electrode are in good agreement with each other. This indicates the validity of
the reference electrode. The small disagreement in the low frequency region is
presumably due to the production of C02 bubbles within the anode, which creates
turbulence in methanol transport to the anode catalyst.
Figure 4.12 shows complex plane impedance plots for a hydrogen fuel cell. It can be
seen that the cell impedance matches quite well with the sum of the impedance of the
cathode vs the reference electrode and the anode vs the reference electrode. This again
demonstrates the validity of the reference.
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Figure 4.13 shows the high frequency real resistances of a cell at different current
densities, together with that of the cathode vs the reference electrode and that of the anode
vs the reference. It is seen that the high frequency real cell resistance is quite close to the

sum of high frequency real resistances of the cathode vs the reference electrode and the
anode vs the reference electrode. This indicates the validity of the reference electrode. ln
addition, it is found that the high frequency real resistance of the cathode decreased with
increasing current densities, while the high frequency real resistance of the anode
increased with increasing current densities. This can be explained as being due to the
change of the water gradient in the membrane with current density. That is, at lower
current densities, the water content in the anode side of the membrane was higher than
that in the cathode side of the membrane due to the passage of humidified H2 on the anode
and dry air on the cathode side. However, at high current densities, more water is dragged
by electro-osmosis from the anode side to the cathode side and more water is produced in
the cathode side. This makes the water content in the cathode side of the membrane
higher than that in the anode side.
The results of impedance measurements m both direct methanol fuel cells and
hydrogen fuel cells confirm the validity of the DHE reference electrode developed in this
work. They also demonstrate the value of using a reference electrode to analyze cell
performance.
4.4 Conclusions
Both polarization measurements and electrochemical impedance spectroscopy have
demonstrated that the edge-type reference electrode configuration is quite suitable for
electrochemical study of an operating thin layer fuel cell. The main advantages of this
novel reference electrode configuration are that it can be conveniently fitted into a
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commercial fuel cell without any modification of the cell and that it does not need a
special MEA. In addition, it has a very stable potential due to the use of a DHE.
This work also shows that with the aid of the reference electrode, one can resolve cell
performance into the individual electrode behaviors, and therefore obtain valuable
information for improving the cell performance and optimizing its operation conditions.
Furthermore, the concept of the reference electrode configuration used in this work
should be instructive for designing reference electrodes for other kinds of thin layer solid
electrolyte cells.
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Chapter 5

Analysis of Hydrogen Fuel Cell Performance
with the Aid of a Reference Electrode

5.1 Introduction

Hydrogen fuel cells have attracted huge interest in recent years due to their promising
high energy efficiency and the great potential of hydrogen as an alternative energy source
for fossil fuels [1-2]. High-energy efficiency requires high performance cells. However,
many factors such as slow oxygen reduction kinetics, membrane resistance, and mass
transport resistances limit the performance of a cell. Among these limiting factors, the
sluggish oxygen reduction on the cathode is considered to be the main contributor to cell
performance losses. Therefore, a great deal of effort has been devoted to improve the
performance of fuel cell cathodes [3-4]. Much less attention has been paid to anode
performance and it is generally assumed that the hydrogen anode is reversible and that
performance losses at the anode are negligible compared with the cathode performance
loss.
However, recently, Andreaus and coworkers [5] found that at high current densities,
the overpotential for hydrogen oxidation on the anode became significant due to the
dehydration of the anode catalyst layer caused by electro-osmotic drag of water from the
anode to the cathode. These authors also showed that the dehydration of the anode
catalyst layer at high current densities couldn't be compensated even with 100% relative
humidity hydrogen gas. These conclusions were based on impedance measurements on
cells with membranes of different thickness, different ionic density, and different
humidification conditions. However, due to the lack of a reference electrode, they did not
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provide direct evidence such as anode polarization curves and anode impedance spectra to
support their arguments.
In addition, membrane resistances also play an important part in cell performance.
Obviously, low resistance membranes are preferred for high cell performance. Currently,
Nafion membranes are the most widely used membrane in hydrogen fuel cells.
Although the perfonnance of a cell mainly depends on the catalysts, it is also strongly
influenced by the water distribution in the cell. On one hand, high performance requires
high water content in the anode and in the membrane. For the membrane, full hydration is
pursued to ensure a low membrane resistance. On the other hand, too much water in the
cathode can cause flooding, resulting in an increase in oxygen transport resistance and
lower cathode performance.
In an operating cell, water is transported from the anode to the cathode due to
electro-osmotic drag caused by the movement of hydrogen ions from the anode to the
cathode. This results in dehydration of the anode catalyst layer and the anode side of the
membrane. Moreover, the dehydration increases with increasing current density [6].
Another mechanism for movement of water is back transport of water from the cathode
side to the anode side due to diffusion. It was found that the back transport of water could
only partially compensate for the dehydration of the anode catalyst layer and the anode
side of the membrane [5,6]. Because the rate of water production and transport increases
with increasing current density, at high current densities, water transport has a more
significant influence on cell performance.
There is disagreement in the literature regarding performance losses due to changes in
the membrane resistance with current density. Springer and coworkers [4] found that
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membrane resistances increased with increasing current density. In contrast, Watanabe
and coworkers [7] found that membrane resistances decreased with increasing current
density.
In order to optimize the performance of a cell and its operating conditions, complete
information on polarization of the cathode, the anode, and the membrane is greatly
desired. Generally, cell polarization information can be conveniently obtained by
polarization measurements, and membrane resistance polarization information can also be
easily determined by impedance spectroscopy at high frequency. Polarization information
on the individual electrode can only be obtained with the aid of a reference electrode, and
generally, a specially designed reference electrode is needed.
Knowledge of the individual electrode performance losses and the membrane
performance loss of an operating cell is prerequisite to improvement of the performance
of a cell. The objectives of the work in this chapter are to resolve the perfonnance losses
of a hydrogen cell into anode performance losses, cathode performance losses, and the
membrane performance losses with the aid of a reference electrode. The performance
losses of the cell, the anode, the cathode, and the membrane were analyzed with both
polarization measurements and electrochemical impedance spectroscopy.
5.2 Experimental

Experimental procedures are described in Section 4.2.
5.3 Results and Discussion

5.3.1 Analysis of Anode Performance Losses
5.3.1.1 Polarization Measurements

Figure 5.1 shows polarization curves for the anode of a 5 cm2 cell operated at two
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different temperatures with anode feeds of Hz humidified at the cell's operating
temperature. It is seen that in the low current density region (< 0.1 Ncmz), the anode
overpotential was close to zero, as expected for the reversible Hz oxidation reaction. In
the high current density region, the anode overpotential increased rapidly with increasing
current density, especially at room temperature. Large anode overpotentials at high
current densities were also observed with a 1 cmz locally made cell (Figure 5.2). Steep
increases in electrode overpotentials at high current densities are normally due to
concentration polarization. However, for hydrogen oxidation on fuel cell anodes, it is also
found that a significant increase of overpotential at high current densities can be due to an
increase of activation overpotentials caused by a decrease in the number of active sites on
the anode [5]. The decrease in number of active sites was attributed to dehydration of the
anode catalyst layer at high current densities [5]. In addition, a significant increase of
overpotential at high current densities can also be partially due to an increase in the
membrane resistances with increasing current density (see below).
Figure 5.3 shows the high frequency resistance of the anode as a function of current
density at room temperature (RT) and 60 °C. The high frequency resistance consists of the
anode contact resistances, plus the portion of the membrane resistance between the anode
and the reference electrode. It can be seen that, at RT, the high frequency resistance
increased rapidly with increasing current density, especially in the high current density
region. This would have caused the overpotential to increase super-linearly in polarization
experiments. However, this increase cannot fully account for the steep increase of the
anode overpotential observed with increasing current density at RT (Figure 5.1). For
example, when the current density increased from 0.33 Ncmz to 0.35 Ncmz, the high
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Figure 5 .1. Polarization curves for the anode of a 5 cm2 cell with an anode feed of H 2
humidified at the cell's operating temperature and a cathode feed of dry air. The cell was
operated at room temperature and 60 °C.
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frequency resistance increased from 0.13 Q cm 2 to 0.14 Q cm2 . The overpotentials due to
the high frequency anode resistance at these two current densities would have been 43
m V and 46 m V, respectively. However, the total anode overpotential (Figure 5.1)
increased from 120 m V to 160 m V. This indicates that the increase of the high frequency
resistance with current density was not the main reason for the steep increase of the anode
overpotential at high current densities.
Another interesting fmding from Figure 5.1 is that the anode performance was
improved significantly when the cell was operated at a higher temperature of 60 °C and
hydrogen was humidified at the higher temperature. Also, it is seen that at the higher
temperature, the anode overpotentials increased more gradually with increasing current
density in the high current density region.
The significant improvement of anode performance at the higher temperature seen in
Figure 5.1 was partially due to a decrease in the high frequency resistance at the higher
temperature (Figure 5.3). For example, when the temperature was increased, the high
frequency resistance decreased from 0.13 Q cm2 to 0.065 Q cm2 at a current density of
0.34 A/cm2 . This amounts to a decrease in overpotential of ca. 22mV, while the total
decrease in anode overpotential was ca. 70 m V at this current density. This again indicates
that the significantly lower overpotential at the higher temperature was largely due to
some other factors, presumably a decrease of the activation overpotential and/or decrease
of the H 2 transport resistance.
The higher temperature used for humidification of the H2 is definitely significant in
this context, since at the higher temperature, the water content of the anode would be
increased significantly, resulting in an increase in the number of active sites on the anode
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catalyst. The effects of the higher humidification temperature on the H 2 transport
resistance are more difficult to assess. On one hand, when hydrogen was humidified at the
higher temperature with the same flow rate and pressure as at room temperature, the
concentration of hydrogen would have decreased relative to that at room temperature due
to the higher water content. This would result in an increase in the H 2 transport resistance.
On the other hand, the H2 diffusion rate increases with increasing temperature, resulting
in a decrease in the H2 transport resistance. Thus, further experiments are needed to
determine which one of these effects is more significant.
In conclusion, the anode performance was improved significantly at the higher
temperature. The improvement was due to decreases in high frequency resistance and
activation overpotential attributed to the increased water content of H2 humidified at the
higher temperature.
5.3.1.2 Impedance Spectroscopy
Figure 5.4 shows complex plane impedance plots for the anode of a 5 cm2 cell as a
function of anode potential vs DHE. It is seen that the typical feature of the spectra is that
they consist of two arcs: a small arc at high frequencies and a large arc at medium and
low frequencies. It was also found that the large arc increased rapidly with increasing
potential. This indicates that the anode performance decreased significantly at high
current densities (high anode potentials). This conclusion is consistent with the anode
polarization curves (Figure 5.1).
The anode impedance behavior can be explained by using a simplified equivalent
circuit as shown in Figure 5.5a, where Cg represents the geometric capacitance associated
with the leads, and it is reflected by the small arc at high frequencies; ZA represents the
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anode impedance, and it is mainly reflected by the large arc at medium and low
frequencies. ZA can be approximately represented by a simplified equivalent circuit as
shown in Figure 5.5b. In this equivalent circuit, Rs,A represents the anode side resistance
of the

m~mbrane

plus contact resistances, and it is reflected by the high frequency

intercept with the real axis; Zw,A is a Warburg impedance that represents the ionic
resistance in the anode catalyst layer, and it is reflected in the high frequency region by a
characteristic 45 degree slope;

Cctl,A

represents the double layer capacitance due to

catalyst in contact with the membrane; RA represents the charge transfer resistance for H 2
oxidation plus the H 2 transport resistance, and the magnitude of RA is reflected by the size
of the large arc.
It is seen that the anode impedances (ZA) were complicated by the geometric

impedance as shown in the inset of Figure 5.4. For example, no Warburg impedance (45
degree slope at high frequencies) was observed. This means that Rs,A, RA, and ionic
resistances can not be directly obtained from the large arc. However, the values of Rs,A
and RA can be extracted by simulation based on the equivalent circuit shown in Figure
5.5b. It is seen that (Figure 5.4) the simulation data fit most regions of the large arc. This
provides confidence in the values of RA. However, we do not have confidence in the
values of the capacitance and ionic resistance, since no experimental data that represent
ionic resistances in the catalyst layer are available for fitting. Note that during simulation,
an open terminus finite length Warburg model was used to represent

Z w,A,

and W 0 -R

denotes the resistance of Z w,A ·
The extracted parameters for the equivalent circuit shown in Figure 5.5b are listed in
Table 5 .1. It is seen that RA increased rapidly with increasing potential, especially at high
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potentials, and the change of RA with potential totally matches the change of the size of
the large arc with potential.
Normally, charge transfer resistances decrease with increasing potential, and therefore,
at high overpotentials, RA in the medium and low frequency region mainly reflects mass
transport resistances. However, for H 2 oxidation on anodes, there can be a significant
activation overpotential at high overpotentials due to dehydration of the anode catalyst
layer [5]. Therefore, it is difficult to tell whether the rapid increase of RA at high
overpotentials was mainly due to the charge transfer resistance and/or due to the mass
transport resistance.

Table 5.1. Parameters for the equivalent circuit in Figure 5.5b as a function of anode
potential
Potential (V)

0.02

0.04

0.08

0.12

0.16

0.2

0. 0945

0. 112

0.134

0.156

0.175

0.196

7. 46

3. 10

2.00

1.84

1.45

1.33

0.0200

0. 0570

0. 0815

0. 0895

0. 116

0. 145

W 0 -T

0.0217

0. 0267

0. 0253

0. 0226

0.0264

0.0346

W 0 -P

0.415

0. 386

0. 380

0. 381

0. 391

0. 382

0. 100

0. 223

0. 471

0. 855

1. 42

2.41

Rs,A (Q cm

2

)

Cdi,A(mf /cm
W o-R(Q cm

RA (Q cm

2

)

2

2

)

)

Although we do not have confidence in values of W 0 -R, interestingly, it was found
that W 0 -R increased significantly with increasing potential, indicating that the ionic
resistance of the anode catalyst layer increased with increasing anode potential. This is in
good agreement with the results reported by Andreaus and coworkers [5]. This maybe
suggests that the model proposed here (shown in Figure 5.5b) can predict, at least, the
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trend in ionic resistances with potential.
Table 5.2 lists parameters for the equivalent circuit as a function of potential at 60 °C.
It can be seen that RA increased rapidly with increasing potential. However, the values of

RA at 60 °C are much smaller than at room temperature. This means that anode
performance was improved greatly at the higher temperature, and is consistent with the
results shown in Figure 5.1.
From Table 5.2 it can also be seen that at the higher temperature, the predicted values
of W 0 -R also increased markedly with increasing potential. However, the values of W0 -R
at the higher temperature are significantly smaller than at room temperature. This
indicates that the dehydration of the anode catalyst layer would have been greatly
compensated at the higher temperature humidification of H 2 . This again suggests that the
proposed model can predict the trend in ionic resistance with humidification temperature.

Table 5.2. Parameters for the equivalent circuit in Figure 5.5b as a function of anode
potential at 60 °C
Potential (V)

0.01

0. 02

0.03

0.04

0.05

Rs,A(Q cm2)

0.0620

0. 0670

0.0665

0.0685

0.0700

Ccti,A(mF /cm 2)

100

6.56

4.42

3.62

3.34

W0 -R(Qcm2)

0. 0002

0. 0265

0. 0379

0. 0490

0. 0555

0.000128 0.0170

0. 0140

0. 0186

0. 0207

W0 -T
Wo-P
2

RA(Q cm

5.3.2

)

0. 300

0. 276

0. 303

0. 315

0. 329

0.0274

0. 0915

0. 152

0. 212

0. 295

Analysis of Cathode Performance Losses

5.3.2.1 Polarization Measurements
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Figure 5.6 shows polarization curves for the cathode of a 5 cm2 cell operated at two
different temperatures with anode feeds of H2 humidified at the cell's operating
temperature and a cathode feed of dry air. It is seen that in the low current density region,
the potential of the cathode decreased rapidly with increasing current density. This
reflects the slow kinetics of oxygen reduction. In the medium current density region, the
potential of the cathode decreased almost linearly with increasing current density,
indicating that the polarization curves are governed by Ohm's law in this region. In the
high current density region, the potential of the cathode decreased rapidly with increasing
current density, especially at room temperature. The rapid decrease of cathode
performance at high current densities is generally attributed to an increase of 0 2 mass
transport resistance caused by cathode flooding [4,9].
Another interesting fmding is that cathode performance was improved significantly
in the medium and high current density regions at the higher temperature. The significant
improvement of cathode performance at the higher temperature in the high current density
region can be attributed to a rapid decrease in the resistance to 0 2 transport [4,9]. It was
reported that water evaporated faster at higher temperatures, leading to less cathode
flooding and therefore a decreased 02 transport resistance [9-12].
Surprisingly, in the low current density region, the cathode performance was not
improved at the higher temperature as expected, since at the higher temperature, the rate
of oxygen reduction should be faster. This is presumably due to the increase of ionic
resistance in the cathode catalyst layer (see below) .
5.3.2.2 Impedance Spectroscopy

Figures 5.7 shows complex plane impedance plots for the cathode of a 5 cm 2 cell as a
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function of cathode potential (vs DHE). These plots consist of a single distorted
semicircle. It is seen that the diameter of the semicircle changed greatly with potential. At
high cathode potentials (low current density), the diameter of the semicircle decreased
rapidly with decreasing cathode potential, indicating that the oxygen reduction charge
transfer resistance was dominant in this region. At low cathode potentials (high current
density), the diameter of semicircle increased with decreasing cathode potential, and
finally, the diameter of the semicircle at low cathode potentials was larger than that at
high cathode potentials. This indicates that mass transport resistances became dominant at
high current densities.
A number of equivalent circuits have been proposed to explain the impedance
behavior ofPEMFC cathodes [9,11,13] . It was found that the equivalent circuit proposed
in Chapter 3 (Figure 3.11) could also be applied to explain the cathode impedance
behavior shown in Figure 5.7. Note that during simulation, Cd1,c was substituted by a
constant phase element (CPE) to compensate for non-homogeneity in the porous
electrode, and the CPE is defined by two parameters: CPE-T and CPE-P [14].
From Figure 5.7 it can be seen that the fit between the experimental data and
simulation data is excellent in most frequency regions. This again suggests that the
proposed equivalent circuit is reasonable. However, it was found that there was
significant deviation between the experimental data and simulation data at high
frequencies. This is presumably due to the influence of the geometric capacitance and
wire induction which leads to extension of the spectrum into the forth quadrant at high
frequencies as seen in the inset of Figure 5.7 [13]. For simplicity, the proposed simplified
equivalent circuit does not include these impedances.
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Table 5.3. Parameters for the equivalent circuit in Figure 3.11 as a function of cathode
potential
Potential (V)

0.96

0. 8

0.7

0.6

0.5

Rs,c(n cm2 )

0. 209

0. 217

0.214

0.202

0.185

CPE-T

0. 136

0. 229

0.119

0.098

0.170

CPE-P

0. 755

0. 729

0.883

1

1

1. 10

1. 55

1. 02

0.645

0. 530

W 0 -T

0.0905

0.0590

0.0713

0. 0814

0. 0730

W 0 -P

0.425

0.450

0. 429

0. 420

0.446

18. 2

1. 13

0.950

1. 03

1. 73

W 0 -R(Q cm2)

Rc(n cm2)

Table 5.3 lists parameters for the equivalent circuit as a function of cathode potential.

It is seen that

Rc changed greatly with changing cathode potential. At a potential of 0.96

V, close to OCP of the cathode, the value of Rc is much larger than at other potentials.
This reflects the charge transfer resistance of 0 2 reduction, since the 0 2 transport
resistance is insignificant at this potential (very low current density). In the high potential
region (low current density), it can be seen that Rc dropped rapidly with decreasing
cathode potential (increase of overpotential). This indicates that

Rc mainly reflects the

charge transfer resistance for 0 2 reduction in this region. In the low potential region (high
current density), it was found that Rc increased with decreasing cathode potential. This
indicates that the 0 2 transport resistance became dominant in this region. In conclusion,
the change of Rc with changing potential is in good agreement with the change of the
diameter of the semicircle with changing potential. This again demonstrates the validity
ofthe proposed equivalent circuit.
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It was also found that W 0 - R changed significantly with changing cathode potential.

The values of W0 -R at low potentials (high current density) were significantly smaller
than those at high potentials. This is reasonable, since at high potentials, the cathode
catalyst layer would have been dried by the passage of dry air, resulting in an increased
ionic resistance, while at low potentials, the water content at the cathode catalyst layer
would have increased due to production of water by 0 2 reduction. This results in a
decreased ionic resistance.
Another finding is that at low current densities, W 0 -R at the higher temperature
(Table 5.4) was significantly higher than at room temperature. This is presumably due to
the fact that water evaporated much faster at the higher temperature, leading to more
dehydration of the cathode catalyst layer, and consequently a higher ionic resistance. The
higher ionic resistance explains why in the low current density region, the cathode
performance at the higher temperature was not better than at room temperature.
In addition, it is seen that in the high current density region, Rc at the higher
temperature was significantly smaller than at room temperature. This suggests that in the
high current density region, the cathode has much better performance at the higher
temperature. Cathode polarization curves (Figure 5.6) support this assertion.

Table 5.4. Resistance values as a function of cathode potential at 60 °C

Potential (V)
0.91
0.8
0.7
0.6

Rs,C en cm
0.18
0.20
0.20
0.16

2

)

W0 -R (n cm 2)
5.0
2.8
0.70
0.60
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Rc(n cm2 )
15
1.0
0.60
0.75

Surprisingly, at the higher temperature, Rs,c did not decrease greatly as observed
with Rs,A· This is presumably due to the faster evaporation of water at the cathode at the
higher temperature.
5.3.3

Analysis of Cell Performance Losses

5.3.3.1 Polarization Measurements
Figure 5.8 shows a polarization curve for a 5 cm2 cell operated at room temperature
with an anode feed of H2 humidified at room temperature and a cathode feed of dry air,
together with anode potentials vs DHE, and cathode potentials vs DHE. It can be seen that
in the low current density region, the cell voltage dropped rapidly with increasing current
density. In addition, the polarization curve of the cell is quite close to the cathode
polarization curve in this region, indicating that the cell performance loss in the low
current density region is mainly due to the cathode performance loss, which was caused
by the slow kinetics of oxygen reduction. In the medium current density region, the cell
voltage decreased almost linearly with increasing current density, indicating that the
polarization curve in this region was mainly governed by Ohm's law. In the high current
density region, the cell voltage also dropped rapidly with increasing current density, and
the polarization curve of the cell was significantly different from the cathode polarization
curve. This indicates that the anode polarization became significant at high current
densities. The rapid increase of the anode potential at high current densities confirms this
assertion. As discussed before, the rapid increase of anode potential at high current
densities was mainly due to an increase of the activation overpotential and/or H2 transport
resistance, rather than due to an increase of the anode side resistance of the membrane.
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Figure 5.8. A polarization curve for a 5 cm2 cell, together with cathode potentials vs DHE,
and anode potentials vs DHE. The cell was operated at room temperature with an anode
feed of H2 humidified at room temperature and a cathode feed of dry air.
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From Figure 5.8 it can also be seen that the cathode potential vs DHE minus the
anode potential vs DHE is almost identical to the polarization curve of the cell. This
demonstrates that with the aid of a reference electrode, cell performance losses can be
resolved into the cathode performance loss and the anode performance loss.
Figure 5.9 compares cell performances at two different operating temperatures (note
that H 2 was humidified at the cell 's operating temperature). It is seen that at low current
densities, there is no significant difference in cell performance at the two different
temperatures. This is in good agreement with the anode and the cathode performances at
low current densities. That is, at low current densities, the cathode performance did not
change markedly at the two different temperatures and the anode behaved like a
reversible electrode. In the medium current density region, the cell performance was
improved significantly at the higher temperature. This is at least partially due to the
significant decrease of the membrane resistance at the higher temperature (see below). In
the high current region, it is seen that the cell performance was much better at the higher
temperature. This better performance can be attributed to the improvement of both the
cathode performance and the anode performance at the higher temperature.
5.3.3.2 Impedance Spectroscopy
Figures 5.1 Oa and 5.1 Ob show complex plane impedance plots for a 5 cm 2 cell as a
function of cell voltage. The cell was operated at room temperature with an anode feed of
H 2 humidified at room temperature and a cathode feed of dry air. It is seen that the typical
feature of the plot is that it consists of one distorted semicircle, and the diameter of the
semicircle changed greatly with changing cell voltage. In the low current density region
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(cell voltages between 0.96 V and 0.7 V), the diameter of the semicircle decreased with
decreasing cell voltage. While in the high current density region (cell voltages between
0.6 V and 0.4 V), the diameter of the semicircle increased with decreasing cell voltage.
The decrease of the diameter of the semicircle with decreasing cell voltage in the low
current density region (high cell voltage) indicates that charge transfer resistances
dominated in this region . Since the oxygen reduction charge transfer resistance was
dominant in the low current density region, the semicircle in the low current density
region must mainly reflect the oxygen reduction charge transfer resistance. The increase
of the diameter of the semicircle with decreasing cell voltage in the high current density
region indicates that other kinds of resistance became more significant at high current
densities (low cell voltage). Based on the previous discussion, at high current densities,
the oxygen transport resistance and the hydrogen reduction charge transfer resistance
became significant. Therefore, the semicircle in the high current density region must
mainly represents these resistances. Also, it is seen that at high frequencies , the spectrum
extended into the fourth quadrant. This can be attributed to the lead induction [ 13]. Cell
geometric impedances can complicate the explanation of cell impedance at high
frequencies, and can be reduced greatly by appropriate anangements of connection
between the cell and the leads [ 13].
The impedance behavior of the cell can be modeled by using the equivalent circuit
shown in Figure 5.11. Actually, this circuit is just a series combination of the equivalent
circuits for the cathode and the anode. Here, Rs represents the cell membrane resistance
plus contact resistances.
During simulation, RA was fixed at the value obtained from the anode impedance
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simulation data (Table 5.1). Other resistance values obtained by simulation are listed in
Table 5.5. It was found that the fit between experimental data and the simulation was
quite good in most frequency regions as seen in Figures 5.10a and 5.10b. This suggests
that the proposed equivalent circuit is reasonable.

Table 5.5. Resistance values as a function of cell voltage at room temperature
Voltage (V)

RA(n cm 2 )

Rs (0 cm2 )

Rc(n cm 2)

0.96
0.8
0.7
0.6
0.5
0.4

0
0.005
0.08
0.21
0.46
0.80

0.36
0.35
0.31
0.32
0.33
0.34

16
1.1
0.93
1.1
1.2
1.7

Rtotai * ( n em2 )
16
1.1
1.0
1.3
1.7
2.5

* Rtotal = RA + Rc.
From Table 5.5 it is seen that Rtotai (RA + Rc) changed greatly with changing cell
voltage. At high cell voltages, R1otai decreased with decreasing cell voltage (increase of
overpotential). At low cell voltage, Rtotai increased with decreasing cell voltage (increase
of current density). It was found that the change of Rtotai with cell voltage totally matches
the change of the diameter of the semicircle with cell voltage. This again supports the
validity of the proposed equivalent circuit, since the diameter of the semicircle mainly
represents Rtotal·
Interestingly, as listed in Table 5.6, at the same cathode potential, the values of Rc
obtained by cell simulation were quite close to the Rc values obtained by cathode
simulation. This further supports the validity of the proposed equivalent circuit.
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Table 5.6. Rc as a function of cathode potential at room temperature
Potential$ ev)
0.96
0.8
0.7
0.6
0.5

Rc$en cm2)
18
1.2
0.95
1.1
1.7

Potential# ev)

Rc#en cm2)

0.96
0.8
0.72
0.65
0.58
0.52

16
1.1
0.93
1.1
1.2
1.7

$: values obtained by cathode impedance simulation: #: values obtained by cell

impedance simulation.
Table 5.7 lists resistance values at the higher temperature of 60 °C. It was found that
at the higher temperature, Rs decreased significantly compared with that at room
temperature. As discussed before, at the higher temperature, Rs,A dropped significantly,
while Rs,c dropped a little bit, thus the significant drop of the cell membrane resistance at
the higher temperature must be mainly due to the marked drop of the anode side
resistance of the membrane.

Table 5.7. Resistance values as a function of cell voltage at 60 °C
Voltage ev)

RA en cm2)

Rs en cm2)

Rcen cm 2)

0.96
0.8
0.7
0.6
0.5

0
0.01
0.14
0.19
0.27

0.20
0.22
0.21
0.21
0.22

1.8
0.84
0.54
0.90
1.1

* Rtotal = RA + Rc.
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Rtotal * en em2)
2.0
0.85
0.68
1.1
1.4

It was also found that in the high current density region,

Rtotal

dropped significantly at

the higher temperature. This is due to the fact that both RA and Rc dropped rapidly at the
higher temperature. This also suggests that at the higher temperature, the cell performance
would become better. This is consistent with the results observed from polarization
curves (Figure 5.9).
Figure 5.12a shows impedance spectra for a 5 cm2 cell at a current density of 0.02
Ncm2, together with cathode impedance vs DHE, and anode impedance vs DHE. It is
seen that in the medium and low frequency region, the cell impedance is quite close to the
cathode impedance vs DHE. This again indicates that at low current densities, cell
performance is mainly determined by cathode performance. In other words, anode
polarization is negligible at low current densities.
Figure 5.12b shows impedance spectra for a 5 cm2 cell at a current density of 0.2
Ncm2, together with cathode impedance vs DHE, and anode impedance vs DHE. It can
be seen that the cell impedance is significantly different from the cathode impedance vs
DHE. This indicates that at high current densities, the anode impedance became
significant. This is consistent with the fact that at high current densities, anode impedance
increased rapidly with increasing current density. From Figure 5.12b it is seen that in the
low frequency region, the impedance of the anode vs DHE accounts for ca. 30% of the
cell impedance. This indicates that at high current densities, anode impedance cannot be
taken as negligible.
Another fmding from Figure 5.12b is that the cell impedance is quite close to the sum
of the cathode impedance vs DHE and the anode impedance vs DHE. This again
demonstrates that cell performance losses can be separated into cathode performance
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losses and anode performance losses.
5.4 Conclusions

The polarization and impedance spectroscopy data show that cell performance losses
were due to performance losses of cathode, anode, and membrane. It was found that at
low current densities, the cell performance losses were mainly due to cathode
performance losses. While at high current densities, both the cathode performance losses
and anode performance losses contributed significantly to the cell performance losses. It
was also found that the cell performance was strongly dependent on the cell's operating
temperature. At the higher temperature, the cell performance was improved significantly
at high current densities, and this improvement was mainly due to performance
improvements for both the cathode and the anode.
For the cathode, it was found that the potential dropped significantly both at low
current densities and at high current densities.

At low current densities, the cathode

performance losses were mainly due to the slow kinetics of 02 reduction, while at high
current densities, the cathode performance losses were mainly due to an increasing
oxygen transport resistance. In addition, it was found that at the higher temperature, the
cathode performance was improved significantly at high current densities, and this can be
attributed to a decrease of the 0 2 transport resistance plus a faster rate of 02 reduction at
the higher temperature. At low current densities, the cathode performance did not change
significantly at the higher temperature. This is due to the higher ionic resistance at the
cathode catalyst layer at the higher temperature caused by the dehydration of the catalyst
layer.
For the anode, it was found that at low current densities, anode overpotentials were

147

close to zero, indicating that anode polarization at low current densities is negligible. At
high current densities, the anode overpotential increased rapidly, especially at room
temperature. This can be attributed to increased activation overpotentials for H2 oxidation
caused by dehydration of the anode catalyst layer, an increased anode side resistance of
the membrane. It was also found that at high current densities, anode performance was
improved significantly at the higher temperature. This suggests that high temperature
humidification of H 2 is needed to compensate the dehydration of the anode.
For the membrane, it was found that the membrane performance was strongly
dependent on the temperature of H 2 humidification. The membrane resistance was
significantly decreased at the higher temperature, and this decrease was mainly due to a
marked decrease of the anode side resistance of the membrane at the higher temperature
humidification of H2.
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Chapter 6 Analysis of Performance Losses of Direct Methanol Fuel Cells
with the Aid of a Reference Electrode

6.1 Introduction
Direct methanol fuel cells (DMFCs) have been the focus of intensive study in
recently years, because they have many advantages over hydrogen fuel cells. These
advantages include high energy densities, ease of transport and distribution of fuel, and
simple operation systems [1-3]. However, the performance of DMFCs is much inferior to
that of hydrogen fuel cells due to the slow kinetics of methanol oxidation on state of the
art catalysts, and methanol crossover. Methanol crossover not only wastes fuel but also
causes depolarization of the cathode, resulting in low cell performance [4].
Obviously, the development of high performance DMFCs depends on better catalysts
to facilitate the slow kinetics of electro-oxidation of methanol and better membranes to
suppress methanol crossover. In addition, optimization of all of the components of a
DMFC and its operating conditions are also important for achieving high performance [3,
5]. It was reported that methanol crossover could be reduced significantly by optimizing
electrode structure and operating conditions [5].
Optimization of DMFC performance and operating conditions is greatly simplified by
the availability of detailed information on individual potential losses at the anode and
cathode, and this information can only be acquired by using a reference electrode. Kuver
and coworkers [6] have demonstrated that the polarization of a DMFC can be resolved
into anode polarization and cathode polarization curves by using a DHE reference
electrode. By using the same configuration reference electrode as that used by Kuver and
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coworkers, Ren and coworkers [7] further analyzed the performance of DMFCs using two
types of Nation membranes. They found that there was a noticeable methanol
concentration polarization at the anode at high current densities when the concentration of
methanol(~q)

was below 1 M. They also found that the performance of the cathode was

strongly influenced by the concentration of methanol.
Instead of using a DHE reference electrode to measure anode polarization curves, the
cathode of the fuel cell can be supplied with H 2 and used as both a reference electrode
and a counter electrode to determine the polarization curve of a methanol-fed anode [5].
However, this method does not provide anode polarization information on an operating
DMFC, and so the results may be misleading.
Impedance studies of DMFCs have drawn increasing attention in recent years [8-1 OJ.
In previous work, anode impedances were determined by two approaches. One used a
hydrogen-fed cathode as a reference electrode to determine the impedance of the
methanol-fed anode [11-12]. The problem with this method is that it does not provide the
anode impedance of an operating DMFC. The other method involved using a Pt wire in
the methanol solution as a reference electrode [10]. However, data obtained at high
frequencies were very noisy, and this was explained as being due to the placement of the
reference electrode in a low conductivity medium [10].
In the work presented in this chapter, the performance losses of DMFCs have been
separated into the performance loss at the anode and the cathode with the aid of a DHE
reference electrode. Polarization measurements and impedance spectroscopy were used to
analyze performance losses. The information obtained sheds light on how the
performance and operating conditions of a DMFC can be optimized.
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6.2 Experimental
Experimental details are described in Chapter four.
6.3 Results and Discussion
6.3.1 Analysis of Anode Performance Losses
6.3.1.1 Polarization Measurements
Figure 6.1 shows polarization curves for the anode of a DMFC operated with two
different methanol concentrations. It is seen that in the low current density region, the
anode potential increased dramatically with increasing current density. This reflects the
slow kinetics of electro-oxidation of methanol on the anode. In the high current density
region, the anode potential did not increase sharply with increasing current density,
indicating the absence of concentration polarization.
Another interesting finding is that, in the low current density region, the performance
ofthe anode with 1 M methanol(aq) was better than with 2M methanol, while in the high
current density region, the performance of the anode with 2 M methanol was better than
with 1 M methanol. Unfortunately, the current density of the anode with 2 M methanol
could not go as high as that with 1 M methanol due to the worse performance of the
cathode when 2M methanol was used (see below). Ren and coworkers [7] also found that
in the high current density region, the performance of an anode with 2 M methanol was
better than with 1 M methanol.
The anode performance differences with different methanol concentrations can be
explained as follows. In the low current density region (low overpotentials), more
methanol was absorbed on the anode when the methanol concentration was higher. The
adsorbed methanol can inhibit formation of oxygenated species which are involved in
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Figure 6.1. Anode polarization curves for a 5 cm 2 DMFC fed with 60 °C methanol(aq) of
different concentrations at the anode and air at the cathode with Nation 117 as the
membrane. The cell was operated at 60 °C.
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the oxidation of adsorbed CO [ 13]. In the high current density region (high
overpotentials ), the adsorbed CO was oxidized and the problem with CO adsorption
became insignificant. At the same time, other factors such as the methanol transport
resistance may become marked. The better performance of the anode with 2M methanol
was likely due to a lower methanol transport resistance.

6.3.1.2 Impedance Spectroscopy
The impedance behavior of a porous electrode can be modeled by the finite
transmission line equivalent circuit shown in Figure 6.2 [14-17]. The circuit consists of
two parallel resistance rails. One (Rionic) represents ionic conduction in the catalyst layer,
and the other (Reiectronic) represents electronic conduction in the catalyst layer. Re!ectronic
can be assumed to be negligible compared with Rionic, since Pt/Ru black was used here as
an electron conductor. The resistance rails are connected by a distributed impedance (Z

=

:L Zi) that represents both the faradaic impedance and double layer capacitance. Zi can be
represented by different equivalent circuits depending on the conditions of the experiment
(e.g. potential, presence of electroactive species, mass transport conditions).
For a methanol-fed anode at low overpotentials, Zi can be approximately represented
by the equivalent circuit shown in Figure 6.3 (a) [15]. Here, Ccti,A is the double layer
capacitance, Rct,A is the charge transfer resistance for methanol oxidation, Zact is the
impedance due to CO adsorption, and Zw,A is a Warburg impedance that represents the
mass transport resistance. At high overpotentials, the adsorbed CO begins to be oxidized,
and Zact becomes insignificant. Eventually, the oxidation of adsorbed CO leads to
inductive behavior. Therefore, we use an inductor (L) to replace Zact as shown in Figure
6.3 (b) [18-19] .
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Figure 6.2. Finite transmission line equivalent circuit describing the impedance behavior
of a porous fuel cell electrode.
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Figure 6.4 shows experimental complex plane impedance plots for the anode of a
DMFC as a function of anode potential. It is seen that the impedance of the anode
changed significantly with potential. The impedance behavior of the anode can be
analyzed according to the model shown in Figures 6.2 and 6.3. At a potential of0.1 V, the
Rct,A and Zact are too large to significantly influence the anode impedance (note that Rct,A
and Zact are in parallel with Ccti,A) . In addition, Zw,Ais insignificant at low current densities .
Therefore, the anode impedance is dominated by Cctl,A and

Ri onic·

At low frequencies, Cctl,A

becomes more significant, and eventually, the anode impedance approaches a limiting
capacitance equal to CctLA· This explains the sharp increase of the imaginary impedance at
low frequencies. At potentials of 0.2 V and 0.3 V, Rct,A and Zact are lower due to the
increase of overpotential, and they become small enough to influence the anode
impedance. This is evidenced by the significant decrease of phase angle at low
frequencies. At a potential of 0.35 V, Rct,A and Zact are decreased further. At the same
time, L becomes dominant due to oxidation of adsorbed CO. That is, oxidation of
adsorbed CO becomes the rate-determining step [20]. This explains the extension of the
impedance plot into the fourth quadrant. At a potential of 0.4 V, Rct,A is decreased even
further, and Zw,A becomes significant due to the high current density . This results in the
new feature in the impedance plot at low frequencies as seen in Figure 6.4. The anode
polarization curve with 1 M methanol (Figure 6.1) shows that anode overpotentials
increased significantly at high current densities, indicating an increase in mass transport
resistance. This supports the assertion that Zw,A becomes significant at high current
densities .
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Figure 6.4. Complex plane impedance plots for the anode of a 5 cm2 DMFC as a
function of anode potential (vs DHE). The cell was operated at 60 °C with an anode
feed of 60 °C 1 M methanol(aq) and a cathode feed of dry air. Nafion 117 was used as
the membrane. The marked numbers are frequencies in Hz.
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6.3.2 Analysis of Cathode Performance Losses
6.3.2.1 Polarization Measurements

Figure 6.5 shows cathode polarization curves for a DMFC with two different
methanol feed concentrations. It can be seen that the open circuit potential (OCP) of the
cathode decreased significantly with increasing methanol concentration. This can be
attributed to depolarization of the cathode caused by methanol crossover [4].
Figure 6.5 also shows that the cathode performance decreased significantly in the
high current density region. This can be attributed to cathode flooding at high current
densities, which can cause a rapid increase in the oxygen transport resistance [7].
Another interesting finding is that the cathode performance with an anode feed of 2
M methanol was much worse than that with 1 M methanol. This is in agreement with the
results reported by Ren and coworkers [7]. The strong dependence of cathode
perfonnance on methanol concentration is unlikely due to cathode flooding, since at the
same current density, the water content in the cathode could not vary greatly between 1 M
and 2 M methanol. The more likely reason for this strong dependence is due to methanol
crossover, because at a higher methanol concentration, the rate of methanol crossover
would be twice as high.
Figure 6.6 compares cathode performances for anodes fed with humidified hydrogen
and 1 M methanol. It is seen that the OCP of the cathode with hydrogen was significantly
higher than that with methanol. In addition, the cathode performance with hydrogen was
much better than that with methanol. This further demonstrates the negative influence of
methanol crossover on cathode performance.
Also, it can be seen that in the high current density region, the cathode potential
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Figure 6.5. Cathode Polarization curves for a 5 cm2 DMFC operated at 60 °C with a
cathode feed of air and anode feeds of different concentrations of methanol(aq) at 60 °C.
Nation 117 was used as the membrane.
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dropped much more rapidly with methanol than that with hydrogen. This is presumably
due to cathode flooding since the water content in the cathode fed with aqueous methanol
would have been much higher than that fed with humidified H 2 .

6.3.2.2 Impedance Spectroscopy
The cathode impedance behavior of a fuel cell can also be modeled by the finite
transmission line equivalent circuit shown in Figure 6.2 [16]. Here, Zi is represented by
an equivalent circuit as shown in Figure 6.7. Where Rct,c is the charge transfer resistance
for oxygen reduction, Zmethanol is the impedance of methanol oxidation on the cathode,
which is due to methanol crossover, and Zw,c is the mass transport impedance associated
with oxygen transport.
Cathode impedances exhibit a strong potential dependence as shown in Figure 6.8. At
potentials of 0.8 and 0.7 V, Rct.c is dominant due to the sluggish kinetics of oxygen
reduction. This is evidenced by the fact that the cathode potential dropped rapidly at low
current densities (Figure 6.5). Since Rct,c decreases with decreasing potential (increase of
overpotential), the cathode impedance at 0.7 V is smaller than that at 0.8 V as seen in
Figure 6.8. At potentials of 0.6 V and below, Rct,C would have decreased further with
decreasing potential. At the same time, Zw,c increases with increasing current density, and
becomes significant and finally dominates the cathode impedance. The rapid drop of
cathode potential at high current densities (Figure 6.5) indicates that Zw,c increased
significantly at high current densities. The dominance of Zw,c results in an increase of
impedance with decreasing potential. This is evidenced by the fact that the cathode
impedance at 0.5 V was the largest.
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Figure 6.8. Complex plane impedance plots for the cathode of a 5 cm2 DMFC as a
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6.3.3 Analysis of Cell Performance Losses
6.3.3.1 Polarization Measurements
Figure 6.9 shows polarization curves for a DMFC, together with cathode potentials vs
DHE and anode potentials vs DHE. The cell was operated with two different methanol
concentrations. It can be seen that cell performance losses come from both anode
performance losses and cathode performance losses. In the low current density region,
cell potentials dropped very fast, reflecting the slow kinetics of both methanol oxidation
and oxygen reduction. In the high current density region, cell potentials also dropped
rapidly with increasing current density. From the anode and cathode polarization curves,
we can see that at high current densities, cathode overpotentials increased much faster
with increasing current density than anode overpotentials did, especially with 2 M
methanol. This indicates that the rapid drop of cell potential at high current densities was
mainly due to the rapid drop of cathode potential.
Figure 6.9 also shows that cell polarization curves are quite close to cathode
potentials-anode potentials (vs DHE). This suggests that cell performance losses can be
separated into individual electrode performance losses reasonably accurately with the aid
of a DHE reference electrode.
Figure

6.10

compares

DMFC

performances

with

two

different

methanol

concentrations. It is seen that cell performance became much worse with the higher
methanol concentration. This must be due to the rapid decrease of cathode performance
with the higher methanol concentration, since anode performance improved with the
higher methanol concentration.
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used as the membrane.
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In addition, the OCP of the cell with 2 M methanol was significantly lower than that

with 1 M methanol. This is mainly due to a lower OCP of the cathode at the higher
methanol concentration, which is caused by methanol crossover. This suggests that the
magnitude ofthe OCP of a DMFC can be used as a measure of methanol crossover [21].

6.3.3.2 Impedance Spectroscopy
The impedance behavior of a DMFC can be modeled by equivalent circuits as shown
m Figure 6.11. Essentially, these equivalent circuits are series combinations of the
equivalent circuits for the cathode and anode.
Figure 6.12 shows that DMFC impedance spectra are strongly dependent on the cell
voltage. It is seen that at a voltage of 0. 7 V (close to the OCP of the cell), the charge
transfer resistances for methanol oxidation (Rct,A) are so large (see section 6.3.1.2) that
the cell impedance mainly reflects oxygen reduction (Rct,c), the double layer capacitances,
and ionic resistances of the electrodes. At low frequencies, the double layer capacitances
become dominant, and lead to the sharp rise of imaginary impedance as seen in Figure
6.12 (approaching a limiting capacitance). At a voltage of 0.6 V, Rct,A and Rct,c are both
lower due to the increase of anodic and cathodic overpotentials, and they becomes small
enough to significantly influence the impedance spectra. This results in a significant
decrease of the phase angle at low frequencies as seen in Figure 6.12. At cell voltages of
0.5 V and 0.4 V, Rct,A and Rct,c decrease further and the inductance (L) becomes dominant
due to oxidation of adsorbed CO. This results in the extension of impedance spectrum
into the fourth quadrant. At cell voltages of 0.3 V and lower, with the increase of
overpotentials, Rct,A and Rct,c decreased greatly and become relatively insignificant. At
the same time, mass transport resistances (Zw,A and Z w,c) become significant and they
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Figure 6.12. Complex plane impedance plots for a 5 cm2 DMFC as a function of cell
voltage. The cell was operated at 60 °C with an anode feed of 60 °C 1 M methanol(aq)
and a cathode feed of air.
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increase with decreasing cell potential (increasing current density). This is evidenced by
the fact that the cell impedance increased with decreasing cell voltage at low cell
voltages.
From the impedance spectra of the anode and the cathode, we can see that at high
current densities, the anode impedance continuously decreased with increasing current
density (Figure 6.4), while the cathode impedance increased significantly with increasing
current density (Figure 6.8). Therefore, the increase of cell impedance at high current
densities must be due to the increase of the cathode impedance. As we discussed before,
the increase of the cathode impedance at high current densities was due to the increase of
the oxygen transport resistance.

6.4 Conclusions
The present work shows that DMFC performance strongly depends on methanol
concentration. It was found that the performance of a DMFC with 1 M methanol was
much better than with 2 M methanol. It was also found that anode performance improved
with the higher concentration of methanol, while cathode performance decreased to a
much larger extent. Therefore, balance has to be made between the cathode and the anode
for optimum cell performance.
Another fmding is that cell performance losses come from both the anode
performance loss and the cathode performance loss. At low current densities, both the
cathode performance and the anode performance decreased rapidly with increasing
current density.

However, at high current densities, the cathode performance loss is

much more significant, and this results in a rapid drop of cell potential at high current
densities.
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This work also shows that methanol crossover can result in a significant decrease of
cathode performance. Therefore, better membranes with low methanol permeability and
methanol tolerant cathode catalysts are greatly needed to improve cathode performance.
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Chapter 7

Preparation and Characterization of Carbon Supported
Pt/Sn Catalysts for Electro-Oxidation of Ethanol

7.1 Introduction
Direct methanol fuel cells have been studied intensively in recent years due to the
advantages of methanol as a fuel. As a liquid fuel at ambient temperature, methanol has
many advantages such as high energy density and ease of storage and transportation over
hydrogen [1-2]. However, methanol is toxic, therefore, it can pose environmental
problems such as air and water contamination if it is widely used [3]. In contrast, ethanol
is relatively non-toxic and has many attractive advantages [2,4]. For example, ethanol is
a renewable fuel, since it can be easily produced from agricultural products and biomass
in large quantities. Also, ethanol can be termed as a green fuel, because the carbon
dioxide produced by ethanol fuel cells is consumed by biomass growth. Finally, the
theoretical energy density of ethanol oxidation is ca. 8.0 kWh/kg, comparable to that of
gasoline. Surprisingly, in spite of these fascinating advantages, research on direct ethanol
fuel cells is insignificant compared with that on direct methanol fuel cells. To date, only a
few papers have been published on direct ethanol fuel cells.
Although the thermodynamic equilibrium potential of ethanol oxidation is only 0.084
V vs SHE (2], electro-oxidation of ethanol is much slower than that of hydrogen and
involves multiple pathways. Side products such as acetaldehyde and acetic acid have been
found during electro-oxidation of ethanol [5-6]. In addition, electro-oxidation of ethanol
is more difficult than that of methanol, since complete oxidation of ethanol to C02
involves breaking a C-C bond. Finding active catalysts to break the C-C bond is one of
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the challenges of developing direct ethanol fuel cells.
Pt has been shown to be the only active and stable single metal catalyst for
electro-oxidation of ethanol in acid media [7]. However, Pt is readily poisoned by
reaction intermediates such as CO and becomes inactive for ethanol oxidation in the
potential region of fuel cell interest. Fortunately, a number of Pt based binary catalysts
such as Pt/Ru [6,8-9], Pt/Sn [7,9-10] , and Pt/Mo[6] have been found to be more active for
ethanol oxidation than Pt alone. Pt/Sn binary catalysts have been shown to be more active
for ethanol oxidation than Pt/Ru binary catalysts [10]. The promoting effect of the second
metal to the Pt catalyst has been explained by a bi-functional mechanism and electronic
(ligand) effects [3,11]. In the bi-functional mechanism, the second metal activates water
at lower potentials than Pt and the activated water can oxidize the adsorbed CO and
therefore liberate Pt active sites. The promoting effect of the second metal can also result,
in part, from changes of the electronic properties of the Pt.
A variety of methods have been used to prepare Pt/Sn catalysts, including chemical
reduction [9-10], mechanical ball milling [12] , electrochemical reduction [7 ,13] , and
microfabrication techniques [14]. It has been found that the catalytic activity of Pt/Sn
catalysts strongly depends on the preparation method [15-16]. For example, Gotz and
coworker [ 17] reported that addition of Sn to Pt catalysts exhibited inhibitory effects on
methanol oxidation, while other researchers [12] demonstrated that addition of Sn to Pt
catalysts had pronounced promoting effects on methanol oxidation.
In the work described in this chapter, a number of carbon supported Pt/Sn catalysts
were prepared and their catalytic activities for electro-oxidation of ethanol were
characterized. The catalysts were prepared by co-impregnating Pt and Sn on a C support
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or by successively impregnating Pt and Sn on the C support. Another aim of this work
was to try to increase Pt utilization by decorating Sn with Pt, since Pt is a precious metal
and its resource is very limited [ 18]. Theoretically, decorating Sn with Pt not only can
guarantee a bi-functional mechanism but also can prevent the blockage of Pt active sites
by Sn.
7.2 Experimental
7.2.1 Preparation of Catalysts
Carbon supported Pt/Sn catalysts were prepared by four different methods as
follows:
7.2.1.1 Co-impregnation- Method A
40 mg of Vulcan carbon (XC-72R, E-Tek) was dispersed in 30 ml of DI water by
stirring, followed by dropwise addition of 50 ml of metal precursor solution(aq)
containing 21.3 mg K 2PtCl4 (PMO Ltd) (giving a nominal 20% Pt on C) and an
appropriate amount of SnCl4 (Aldrich). The suspension was then stirred for 0.5 h,
followed by dropwise addition of a 2 times excess of NaBH4 (BDH Inc.) in 40 ml of Dl
water and further stirring for 0.5 h. The product was collected by filtration and washed
well with copious amounts of DI water, then dried at room temperature in a vacuum
oven.
7.2.1.2 Successive Impregnation- Method B
For successive impregnation, one metal was deposited on C support first, followed
by impregnation of the second metal. The details were as follows:
40 mg of Vulcan carbon (XC-72R, E-Tek) was dispersed in 30 ml of Dl water by
stirring, followed by dropwise addition of 50 ml of metal precursor solution(aq)
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containing K2PtCl4 or SnCh·2H20 (Anachemia) and stirring for 0.5 h. A 2 times excess
of NaBH 4 in 40 ml of DI water was then added with further stirring for 0.5 h. The
product was collected by filtration and washed well with copious amounts of DI water,
then dried at room temperature in a fume hood. The product was then re-dispersed in 3 0
ml of DI water by stirring, followed by dropwise addition of 50 ml solution(aq) of the
second metal and stirring for 0.5 h. A 2 times excess ofNaBH4 in 40 ml of DI water was
then added with further stirring for 0.5 h. The product was collected by filtration and
washed well with copious amounts of DI water, then dried at room temperature in a
vacuum oven.

7.2.1.3 Decoration of a Commercial Pt Catalyst- Method C
50 mg of 20% Pt on C (E-Tek) was dispersed in 30 ml of DI water by stirring. An
appropriate amount of SnC12·2H 20 dissolved in 30 ml of DI water was then added
dropwise and stirred for 0.5 h, followed by dropwise addition of a 2 times excess of
NaB~

dissolved in 40 ml of DI water with further stirring for 0.5 h. The product was

collected by filtration and washed well with copious amounts of DI water, then dried at
room temperature in a vacuum oven.

7 .2.1.4 Decoration of a Commercial Pt Catalyst -Method D
50 mg of 20% Pt on C (E-Tek) was dispersed in 30 ml of DI water by stirring. An
appropriate amount of SnCh·2H 20 dissolved in 30 ml of DI water was then added
dropwise and stirred for 1 h. The product was collected by filtration and washed well
with copious amounts ofDI water, then dried at room temperature in a vacuum oven.

7.2.2 Characterization of Catalysts
7.2.2.1 X-ray Photoelectron Spectroscopy (XPS)
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XPS analysis of the catalysts was performed at Ecole Polytechnique de Montreal.
7.2.2.2 X-ray Diffraction (XRD)
XRD patterns of the catalysts were obtained on a X-ray diffracometer (Rigaku
D/Max-2200V-PC) using a Cu Kasource (/... = 1.5418

~)at

a scan rate of 1.5 degrees per

minute. The scan range was from 20 degrees to 120 degrees. Samples were ground in a
mortar before measurements.
7 .2.2.3 Transmission Electron Microscopy (TEM)
TEM images of the catalysts were acquired with a Zeiss 109 high resolution TEM at
70 keV. Samples for TEM measurements were prepared as follows: 2 mg of the catalyst
was dispersed in 500 J..tl of ethanol by sonication for 30 minutes. A drop of the resulting
ink was then deposited onto a carbon coated copper grid and dried at room temperature.
7.2.2.4 Energy Dispersive X-ray Microanalysis (EDX)
EDX analyses of the catalysts were conducted on a Tracor Northern 5500 energy
dispersive X-ray analyzer. X-ray data were analyzed with Tracor Northern's Software
(SQ) for standardless analysis.
7 .2.3 Electrochemistry
7.2.3.1 Preparation of Electrodes
2 mg of the catalyst was dispersed in 500 J..tl of 5% Nafion solution (DuPont) by
sonication for 50 minutes. 2 J.ll of the resulting ink was then deposited onto a 0.071 cm2
glassy carbon electrode with a micropipet and dried at room temperature, giving a
catalyst loading of ca. 0.11 mg/cm2 . The glassy carbon electrode was polished with 0.3
J.tm alumina before deposition. For long term electrolysis, the electrode was prepared as
follows: 5 mg of the catalyst was mixed with 20 mg of 5% Teflon suspension by
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2

sonication for 30 minutes. The resulting paste was then applied onto 1 cm of carbon
fiber paper (CFP) and dried at room temperature.
7.2.3.2 Electrochemical Measurements
Electrochemical
compartment

cell
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room
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carried

temperature
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EG&G

PAR

three273A

potentiostat/galvanostat or a Solartron 1286 electrochemical interface. A Pt wire was
used as the counter electrode. The reference electrode was a SCE (0.24 V vs SHE).
However, all potentials are reported with respect to the SHE. Before measurements the
electrolyte solution was purged with pure N 2 to expel oxygen, and then protected with N2
during measurements.
7.3 Results and Discussion
7.3.1 XPS
Figure 7.1 shows a XPS survey spectrum of a carbon supported Pt/Sn (4: 1) catalyst
prepared by method C. It can be seen that the catalyst contained C, Pt, and Sn as
expected. It also contained oxygen, indicating that some elements were in an oxide form.
The atomic% of 0 in the catalyst was 10.5 as listed in Table 7.1. It was also found that
the atomic ratio of Pt to Sn was ca. 2:1 , much lower than the nominal ratio of 4:1. This is
in good agreement with the results reported by Crabb and coworkers [16] who also found
that experimental surface atomic ratios of Pt/Sn determined with XPS were ca. half of
nominal atomic ratios for their Pt/Sn catalysts prepared from organometallic precursors
using surface organometallic chemistry. The surface enrichment of Sn can be explained
as being due to the nature of catalyst preparation methods and XPS analysis, since XPS
only reflects surface information [16].
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Figure 7 .1. A XPS survey spectrum of a carbon supported Pt/Sn (4: 1) catalyst
prepared by method C.
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Figure 7 .2. A high resolution XPS spectrum of the Pt region of Figure 1.
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Figure 7.2 shows a high resolution XPS spectrum of Pt in the catalyst. It can be seen
that there are three different oxidation states for Pt. They are Pt (0), Pt (II), and Pt (IV).
The atomic% ofPt (0)/Pt (II)/Pt (IV) was 1.8/ 1.3/0.4 (Table 7.2), indicating that only ca.
50% of the Pt was in the metallic state on the catalyst surface, although the catalyst has
been reduced with NaBH4. The higher oxidation states of Pt are assumed to be due to the
formation ofPt-Oacts and surface PtO and Pt02 [19].
Table 7 .I. XPS survey data for a carbon supported Pt/Sn (4:1) catalyst prepared by
method C
Element
01s
Sn 3d
C 1s
Pt4f

Center (eV)
533.0
487.0
285.0
72.0

%atomic
10.5
0.7
97.3
1.5

Table 7.2. High resolution XPS data for a carbon supported Pt/Sn (4 : 1) catalyst prepared
by method C
Name
C1
C2
C3
C4
C5
01
02
03
04
05
Pt1
Pt2
Pt3
Snl

B.E. (eV)
285.0
286.3
287.7
289.1
291.2
531.3
532.7
534.0
535.3
536.7
71.9-75 .2
73.0-76.3
75.4-78.7
487.4-495.9
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Identification
C-C
C-0
C=O
0-C=O
Shake-up n- n*
0-metal
C=O
C-0
?
?
0
Pt and Pt-Sn
Pt (II)
Pt(IV)
Sn(II) and Sn(IV)

%atomic
51.4
15.7
7.1
5.9
3.6
2.6
3.3
3.3
1.2
0.5
1.8
1.3
0.4
2.0

Figure 7.3 shows a high resolution XPS spectrum of Sn in the catalyst. As shown in
the figure, there are two peaks corresponding to Sn (II) and/or Sn (IV). No peaks for
metallic Sn were found. This indicates that Sn existed in the oxide forms on the catalyst
surface, although NaBH4 was added as the reducing agent. Other researchers also found
that most tin atoms existed as oxides in Pt/Sn catalysts prepared with different methods
[16,19-20]. In addition, it is impossible to distinguish between Sn (II) and Sn (IV) by
XPS, since their binding energies are quite close [19-20].
In conclusion, only ca. 50% of the Pt was in the metallic state on the catalyst surface
and no evidence of metallic Sn was found on the catalyst surface. This means that no Pt
and Sn alloys were formed on the catalyst surface.
7.3.2 XRD
Figure 7.4 presents XRD patterns of different carbon supported Pt/Sn catalysts,
together with that of 20% Pt on C from E-Tek. The diffraction peak at ca. 25° is due to
the C (002) plane, while the peaks at ca. 40°, 46°, 67 .5°, and 81.5° represent the Pt (111),
Pt (200), Pt (220), and Pt (311) planes, respectively. No peaks for Sn or Pt/Sn alloys were
observed, suggesting that Sn was either highly dispersed or in an amorphous state [ 16].
XPS data clearly show that Sn was in an oxidized state in one sample, at least. Therefore,
Sn was more likely in an amorphous state in the Pt/Sn catalysts.
Figure 7.5 compares XRD patterns of homemade 20% Pt on C and commercial 20%
Pt on C catalysts. It can be seen that XRD patterns for the two catalysts are quite similar
and that the commercial catalyst has wider peaks. This indicates that they have similar
crystal structures and the particle size of the commercial catalyst was smaller than that of
the homemade catalyst.
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Figure 7.3. A high resolution XPS spectrum of the Sn region of Figure 1.
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Figure 7.4. XRD patterns for carbon supported Pt/Sn catalysts. (a) Pt/Sn (5:1) from
method A; (b) 20% Pt on C (E-Tek); (c) Pt/Sn (4:1) from method C; (d) Pt/Sn (4:1) from
method D; (e) Pt/Sn from method B.
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Figure 7.5. XRD patterns of20% Pt on C catalysts. (a) Homemade; (b) E-Tek.
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The mean particle sizes were estimated from the ( 111) peak width according to the
Scherrer equation [9, 21]:
D = 0.9A./(B cos 8)

(7.1)

where D is the mean particle diameter, A is the X-ray wavelength, B is the peak width at
half height in radians, and 8 is the diffraction angle. The results and other XRD data are
listed in Table 7.3. It was found that there was a small increase of Pt particle size
following decoration with Sn, as observed by other researchers [16]. It was also found
that the catalyst prepared by the co-impregnation method (A) had a much larger mean
particle size than those prepared by the decoration methods (C and D).

Table 7.3. XRD data of different catalysts based on thell1 plane
Name
20% Pt on C (E-Tek)
20% Pt on C (homemade)
Pt/Sn ( 5: 1) from method A
Pt/Sn (4:1) from method B
Pt/Sn ( 4: 1) from method C
Pt/Sn (4:1) from method D

28 (degree)

d-spacing (A)

39.80
39.99
39.66
39.76
39.17
39.15

mean particle size (nm)

2.2630
2.2522
2.2707
2.2651
2.2980
2.2989

2.5
4.2
5.4
4.2
2.8
2.8

5*
7.5
6
7.6
5
5

* The particle sizes in this column were estimated from TEM.

7.3.3 TEM
The morphology and particle size distribution of the catalysts were observed by TEM.
Figures 7.6a and 7.6b show TEM micrographs of carbon supported Pt/Sn catalysts
prepared by different methods. It is seen that the Pt!Sn particles were evenly distributed
on the carbon support. It was found that the particle sizes of the catalysts prepared by
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a

b

Figure 7.6a. TEM micrographs of carbon support Pt/Sn catalysts.
(a) Pt/Sn (5:1) from method A; (b) Pt/Sn (4:1) from method B.

189

, 45 nm

c

d

Figure 7 .6b. TEM micrographs of carbon supported Pt/Sn catalysts.
(c) Pt/Sn (4:1) from method C; (d) Pt/Sn (4:1) from method D.
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methods A and B were bigger than those prepared by methods C and D. This indicates
that the catalysts prepared by methods C and D had larger active surface areas than the
catalysts prepared by methods A and B. It was also found that the particle sizes estimated
from TEM were larger than those estimated from XRD (Table 3). This is probably due to
the difference of two techniques [ 16], since larger particles are more easily observed in
TEM micrographs, and the larger particles may consist of several crystallites.
Figure 7 .6c compares TEM micrographs of the commercial 20% Pt on C catalyst
with that of the homemade 20 o/o Pt on C catalyst. It can be seen that the Pt particles were
evenly distributed on the carbon support for both catalysts. In addition, the commercial
catalyst had smaller particle sizes than the homemade catalyst. This is consistent with the
results estimated from XRD.
7.3.4 EDX

Figure 7.7 presents an EDX spectrum of a carbon supported Pt/Sn (4:1) catalyst
prepared by method C. It clearly shows that Sn had been incorporated into the Pt catalyst.
The atomic ratio of Pt to Sn determined from EDX was 6:1, much higher than the
nominal value of 4:1. Interestingly, the atomic ratio of Pt to Sn determined by XPS was
2:1, half of the nominal value. These differences are acceptable given the
semiquantitative nature of EDX, and the surface selectivity of XPS.
7.3.5 Cyclic Voltammetry (CV)

The electrochemically active areas of the catalysts were determined by CV in 1 M
H2S04(aq). Figure 7.8 compares a CV of an E-Tek 20% Pt on C catalyst with that of a
carbon supported Pt/Sn (4:1) catalyst prepared by method C. It is seen that the hydrogen
adsorption waves on the Pt/Sn catalyst were smaller than those for the Pt catalyst,
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a

b

Figure 7.6c. TEM micrographs of20% Pt on C catalysts. (a) E-Tek;
(b) Homemade.
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Figure 7.7 An EDX spectrum of a carbon supported Pt/Sn (4:1) catalyst prepared
by method C.
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indicating that some of the Pt active sites for hydrogen adsorption were blocked by Sn or
the electronic properties of Pt changed significantly by addition of Sn. Frelink and
coworkers [22] reported that Sn was preferentially deposited onto Pt active sites for
hydrogen adsorption. Therefore, the more likely reason for the drop of hydrogen
adsorption on the Pt/Sn catalyst is that Sn blocked Pt active sites for hydrogen adsorption.
Similar results were also reported by Crabb and coworkers [16], who found that
hydrogen adsorption on Pt decreased by a factor of 30 with addition of 1 monolayer
equivalent of Sn to a Pt catalyst. The drop of hydrogen adsorption on the Pt/Sn catalyst
also suggests that Sn was deposited onto the Pt particles, rather that onto the C support.
Surprisingly, although the chemisorption of hydrogen on the Pt/Sn catalyst was less
than that on the Pt catalyst, the catalytic activity for ethanol oxidation on the Pt/Sn
catalyst was significantly higher than on the Pt catalyst (see below). This suggests that
the active sites for ethanol adsorption on the Pt/Sn catalyst were different from those for
hydrogen adsorption.
Figure 7.9 compares CVs (second cycle) of a carbon supported Pt/Sn (4:1) catalyst
prepared by method C in 1 M H 2 S04(aq) before and after electrolysis of 1 M ethanol(aq)
for one hour at a potential of 0.5 V vs SHE. It is seen that the hydrogen adsorption peaks
did not change significantly. This suggests that dissolution of Sn into the acidic ethanol
aqueous solution was insignificant. Otherwise, the hydrogen adsorption peaks on the
catalyst should increase significantly after long term electrolysis.
Figure 7.10 shows CVs of different 20% Pt on C catalysts in 1 M H 2 S04(aq). It is
seen that hydrogen adsorption waves on the E-Tek catalyst were significantly larger than
those on the homemade catalyst, indicating that the E-Tek catalyst had a larger
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catalyst prepared by method C before and after electrolysis of 1 M ethanol(aq) for one
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electrochemically active area. In other words , the E-Tek catalyst had a smaller Pt particle
size than the homemade catalyst. This is consistent with the results estimated from XRD
and TEM (Table 3).
Figure 7.11 presents typical CVs of a carbon supported Pt/Sn catalysts in 1 M
ethanol(aq). One feature of the CVs is that the current on the reverse scan was bigger
than that on the forward scan in the potential region of ca. 0.43 V to 0.78 V vs SHE for
the frrst cycle and in the potential region of ca. 0.4 V to 0. 84 V vs SHE for the 1Oth cycle,
respectively. This is presumably due to the oxidation of adsorbed intermediates at high
potential. Another interesting finding is that the current on the forward scan on the 1Oth
cycle was significant smaller than that on the first cycle in the potential region of ca. 0.15
V to 0.65 V vs SHE, while the current on the reverse scan on the 1Oth cycle was much
bigger than that on the first cycle at potentials above ca. 0.48 V vs SHE. This is possibly
due to poisoning of the catalyst by reaction intermediates during continuous cycling or
due to the dissolution of Sn into the solution. As discussed before, the dissolution of the
catalyst was insignificant, therefore, the change in the CV must be due to poisoning of
the catalysts by adsorbed intermediates. The significant increase of the current on the
reverse scan on the 1Oth cycle than the first cycle suggests that more intermediates were
adsorbed on the catalyst in the 1Oth cycle than that in the first cycle. An increased
amount of poisonous species with increasing cycle number was also reported by other
researchers [5-6].
7 .3.6 Catalytic Activities

The catalytic activities of different catalysts for electro-oxidation of ethanol were
investigated by linear sweep voltammetry (LSV) and chronoamperometry (CA) . It was
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Figure 7.11. Cyclic voltammetry in 1 M ethanol(aq) containing 0.1 M H2S04 of a carbon
supported Pt/Sn (4: 1) catalyst prepared by method C. Scan rate: 10 m V /s.
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found that there was an optimum Pt to Sn ratio for the best performance of the catalyst
for ethanol oxidation. Addition of too much Sn resulted in a decrease in catalytic activity,
since too much Sn can block Pt active sites for ethanol adsorption. The optimum atomic
ratio of Pt to Sn was 5:1 for the catalysts prepared by method A (Figure 7 .12b ), while for
the catalysts prepared by method C, the optimum atomic ratio of Pt to Sn was 4: 1 (Figure
7.12a). Lamy and coworkers [7] also reported that the optimum atomic ratio for their
Pt!Sn catalysts was 4:1. Their Pt!Sn catalysts were prepared by electrochemical
deposition of Sn on Pt electrodes.
Figure 7.13 shows LSV for oxidation of 1 M ethanol in 0.1 M H2S04(aq) on the
carbon supported Pt/ Sn catalysts prepared by four different methods. It is seen that, in the
low potential region of fuel cell interest, all of the Pt!Sn catalysts exhibited significantly
enhanced catalytic activities for ethanol oxidation relative to Pt alone. The onset
potentials for oxidation of 1 M ethanol(aq) on all of the Pt/Sn catalysts was significantly
lower than that on the E-Tek Pt catalyst as listed in Table 7.4. For example, the onset
potential of the Pt/Sn catalyst prepared by method C was 0.15 V vs SHE, 0.11 V lower
than that on the Pt catalyst. The lower onset potential and enhanced catalytic activity of
the Pt!Sn catalysts compared with Pt alone can be explained as being due to the oxidation
of the poisonous adsorbed intermediates by tin oxides [7, 16].

Table 7 .4. Onset potentials for oxidation of 1 M ethanol on different catalysts
Pt!Sn (A*)

Pt/Sn (B)

Pt!Sn (C)

Pt!Sn (D)

019
0.14
0.15
0.2
(V vs SHE)
*A means that the catalyst was prepared by method A.
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Figure 7 .12a. Linear sweep voltammograms for oxidation of 1 M ethanol in 0.1 M
H2S04(aq) on different Pt/Sn catalysts prepared by method C. Scan rate: 10 mV/s.
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Another fmding from Figure 7.13 is that the carbon supported Pt/Sn (4:1) catalyst
prepared by method C gave the highest current densities in the potential region of fuel
cell interest, indicating that this method is the best method among the four methods for
preparing Pt/Sn catalysts for ethanol oxidation.
Figure 7.13 also demonstrates that the Pt/Sn catalyst prepared by simply
impregnating commercial E-Tek 20% Pt on C with SnCh·2H 2 0 solution without a
reduction step (method D) exhibited significant enhancement for ethanol oxidation
compared with Pt alone. This indicates that Sn (II) and/or Sn (IV) had a promoting effect,
since Sn (II) solutions can be oxidized to Sn (IV) in air [23].
Figure 7.14 compares LSV of ethanol oxidation on a carbon supported Pt/Sn (4:1)
catalyst prepared by method C with that on a commercial E-Tek 20% Pt/Ru (1:1) on C
catalyst. It can be seen that the onset potential for ethanol oxidation on the Pt/Ru catalyst
was 0.14 V vs SHE, 0.01 V lower than that on the Pt/Sn catalyst. However, the Pt/Sn
catalyst provided significantly larger currents than the Pt/Ru catalyst when the potential
was above ca. 0.25 V vs SHE. It was also found that the current decreased with
increasing potential above ca. 0.7 V vs SHE for ethanol oxidation on the Pt/Ru catalyst,
while on the Pt/Sn catalyst the current continued to increase. This indicates that the
reaction mechanism for ethanol oxidation on the Pt/Sn catalyst was different from that on
the Pt/Ru catalyst.
For comparison, oxidation of methanol on these two catalysts was also investigated.
As shown in the Figure 7.14, the Pt/Sn catalyst was much more active for ethanol
oxidation than for methanol oxidation in the potential region of fuel cell interest, while
the Pt/Ru was more active for ethanol oxidation than for methanol oxidation at potentials
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Figure 7.14. Linear sweep voltammograms for oxidation of 1 M ethanol m 0.1 M
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below ca. 0.5 V vs SHE, but more active for methanol oxidation at higher potentials.
Figure 7.15 compares LSV for ethanol oxidation on a homemade 20% Pt on C
catalyst with that on the commercial E-Tek 20% Pt on C catalyst. It is seen that the onset
potential for ethanol oxidation on both the catalysts was ca. 0.26 V vs SHE. However, the
homemade catalyst provided much larger currents than the commercial catalyst. XRD
data and TEM micrographs clearly show that the homemade catalyst had a much larger
particle size than the commercial catalyst. This suggests that the catalytic activity of Pt
catalysts for ethanol oxidation does not simply increase with increasing Pt surface area.
The electronic structure of the catalyst may be more important than the particle size for
ethanol oxidation. Surprisingly, the catalytic activity of the Pt/Sn catalysts (Figure 7.13)
based on decoration of the homemade 20% Pt on C (method B) was lower than that of
the Pt/Sn catalyst based on decoration of the commercial E-tek 20% Pt on C (method C).
The reason for this discrepancy is unclear.
Figure 7.16 presents CA for oxidation of ethanol on different carbon supported Pt/Sn
catalysts together with that on a commercial E-Tek 20% Pt on C catalyst. It is seen that
all four of the Pt/Sn catalysts exhibited significant enhancements in catalytic activities for
electro-oxidation of ethanol at 0.5 V vs SHE relative to the Pt catalyst alone. The best
catalyst for electro-oxidation of ethanol at 0 .5 V vs SHE was carbon supported Pt/Sn (4 :1)
prepared by method C. This is consistent with the LSV results. The catalytic activity of
this catalyst was ca. 23 fold higher than that of the Pt catalyst at 0.5 V vs SHE, when the
current attained a relatively steady state. It was also found that for all of the four catalysts
the current dropped quickly at first, then dropped slowly and finally became relatively
stable after ca. 500 s. The large currents at the beginning are presumably due to the
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charging current, while the drop of current at later times is due to poisoning of the
catalyst by adsorbed intermediates, due to the dissolution of Sn into acidic solution, or
due to both. Previously, we have shown that dissolution of Sn into solution was not
significant. Therefore, the more probable reason for the drop of current at later times is
the poisoning of the catalyst by adsorbed intermediates. However, Wendt and coworker
[24] reported that using a single electrode and CA to test the stability of catalysts was of
limited significance. They found that stability data obtained by CA were much lower
than that gained in fuel cell testing.
Figure 7.17 presents CA for ethanol oxidation on the carbon supported Pt/Sn (4: 1)
catalyst prepared by method C at 0.5 V vs SHE and that on commercial E-Tek 20% Pt/Ru
( 1:1) on C, together with CA for methanol oxidation on these catalysts. Interestingly, it
was found that the homemade Pt/Sn catalyst exhibited higher catalytic activity for
electro-oxidation of ethanol than the commercial Pt/Ru catalyst, while the commercial
Pt/Ru catalyst shows the better catalytic activity for methanol oxidation. This is in
agreement with results reported by Zhou and coworkers [10], who found that Pt/Sn was
more active for ethanol oxidation than Pt/Ru, while inferior to Pt/Ru for methanol
oxidation.
Another fmding is that the current for ethanol oxidation on both catalysts was
significantly higher than the current for methanol oxidation on the catalysts at 0.5 V vs
SHE. Obviously, further investigation is needed to see whether this will be true in fuel
cells.
Figure 7.18 shows CA of ethanol oxidation on the carbon supported Pt/Sn (4:1)
catalyst prepared by method C at different potentials. It is seen that the current increased
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significantly with increasing potential as expected. This is consistent with the results of
LSV.
Figure 7.19 presents Tafel plots for oxidation of ethanol on the carbon supported
Pt/Sn (4:1) catalyst prepared by method C (data were taken from Figure 7.18). It is found
that the slopes of the Tafel plots decreased from ca. 0.22 V/dec at an electrolysis time of
180 s to ca. 0.18 V/dec at an electrolysis time of 480 s. The change of Tafel slope with
electrolysis time means that reaction mechanism changes with time. This is presumably
due to the accumulation of adsorbed intermediates with time [26].
7.3.7 Concentration Dependence
Figure 7.20 shows LSV for oxidation of different concentrations of ethanol on the
carbon supported Pt/Sn (4:1) catalyst prepared by method C. It was found that the onset
potentials for oxidation of 0.5 M, 1 M, and 2M ethanol(aq) were 0.09 V, 0.13 V, and
0.13 V vs SHE, respectively. It was also found that the current for oxidation of 2 M
ethanol(aq) was significantly lower than that for oxidation of 0.5 M or 1 M ethanol(aq).
The higher onset potential and lower current for oxidation of 2 M ethanol(aq) may be due
to more ethanol adsorption on the electrode at higher concentration, since adsorption of
ethanol on the electrode can inhibit formation of the oxygenated species that are involved
in the oxidation of poisonous adsorbed intermediates [5].
Figure 7.21 presents CA for oxidation of different concentrations of ethanol on the
carbon supported Pt/Sn (4: 1) catalyst prepared by method C. It is seen that when the
electrolysis time was less than ca. 150 s, the current for oxidation of 2M ethanol(aq) was
smaller than that for oxidation of0.5 M or 1M ethanol(aq) . However, at later times, the
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current for oxidation of2 M ethanol(aq) became larger than that for oxidation of0.5 M or
1 M ethanol(aq). This can be explained by the depletion of ethanol in the diffusion layer,
which will decrease ethanol adsorption in the 2 M solution and lead to larger mass
transport current losses for the more dilute solutions.

7.3.8 Temperature Dependence
Figure 7.22 shows CVs of the carbon support Pt/Sn (4:1) catalyst prepared by
method C in 1 M ethanol(aq) at different temperatures. One interesting finding is that at
room temperature, the currents on the forward and reverse scans were close to each other.
Moreover, in the potential region of ca. 0.55 V to 0.75 V vs SHE, the current on the
reverse scan was even bigger than that on the forward scan. As discussed above, this is
due to the oxidation of adsorbed intermediates. At the higher temperature of 47 °C, the
current on the forward scan and the current on the reverse scan were significantly
different from each other. In addition, the current on the reverse scan was smaller than
that on the forward scan in the whole potential region. This indicates that at higher
temperature, there was less intermediate adsorption on the electrode. Thus, at the higher
temperature, the catalyst was more active.
Figure 7.22 also shows that the current increased greatly with increasing temperature,
especially at higher potentials. Another interesting finding is that the onset potential for
ethanol oxidation on the catalyst decreased from 0.15 V to 0.10 V vs SHE when the
temperature was increased from room temperature to 4 7 °C. This again indicates that the
catalyst was more active for ethanol oxidation at the higher temperature. Honma and
coworker [12] also found that the onset potential for methanol oxidation on an
unsupported Pt/Sn alloy catalyst decreased significantly with increasing temperature.
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Figure 7.23 shows CA for oxidation of ethanol on the carbon supported Pt/Sn (4:1)
catalyst at 0.5 V vs SHE at different temperatures. It can be seen that currents were
significantly higher at the higher temperature. For example, after five minutes of
electrolysis, the current at 47 °C was ca. four times greater than that at room temperature.
It was also found that the current dropped more quickly at the higher temperature than at

room temperature. This is presumably due to the evaporation of ethanol at higher
temperature, rather than due to poisoning of the catalyst, since the poisonous intermediate
adsorption at higher temperature is less than that at room temperature as discussed before.

7.3.9 Reproducibility of Experiments
Figure 7.24 shows CA for ethanol oxidation at 0.5 V vs SHE on carbon supported
Pt/Sn (4: 1) catalysts prepared by method C. The catalysts were prepared at four different
times with the same procedure. It is seen that there are only small variations in the
catalytic activities for these catalysts. This indicates that the preparation and test
procedures are quite reproducible.

7.3.10

Preparation of Sn on C Based Sn/Pt Catalysts

In order to increase the utilization of precious Pt, some catalysts were prepared by
decoration of carbon supported Sn with Pt, rather than by decoration of Pt with Sn. The
obvious benefit of this approach is that precious Pt atoms are on the surface of the
catalyst, not covered by Sn atoms. Therefore, the utilization of Pt should be greatly
increased. However, it was found that it was very difficult to filter high loading Sn on C
products prepared by using NaBH4 as the reducing agent, and even difficult with 10% Sn
on C. Using formaldehyde as the reducing agent, 20% Sn on C was successfully prepared.
However, LSV showed that Sn/Pt catalysts based on this 20% Sn on C exhibited no
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catalytic activity for ethanol oxidation. A possible reason for this is that Sn existed as
oxides on the carbon support, resulting in very low electronic conductivity to the Pt sites.
Some low loading Sn on C based Sn/Pt catalysts were also prepared by using NaBH4
as the reducing agent and these catalysts exhibited enhanced catalytic activity for ethanol
oxidation in the potential region of fuel cell interest. The preliminary results are
presented here.
Figure 7.25 shows LSVs for ethanol oxidation on a 2% Sn on C based Sn/Pt (1:7.5)
catalyst, a 5% Sn on C based Sn/Pt (1 :3) catalyst, and commercial E-Tek 20% Pt on C
catalyst, respectively (these three catalysts all contained a nominal 20% Pt on C). It is
seen that both of the Sn/Pt catalysts exhibited enhanced catalytic activity for ethanol
oxidation over Pt alone in the potential region of 0.3 V to 0.72 V vs SHE. However, at
potentials above 0.72 V vs SHE, the 5% Sn on C based Sn/Pt (1 :3) catalyst showed lower
activity for ethanol oxidation compared with Pt alone. This may be due to low electronic
conductivity of the Sn/Pt catalyst.
Figure 7.26 compares CA for oxidation of ethanol on these three catalysts at 0.5 V vs
SHE. It was found that the currents on both Sn/Pt catalysts were significantly higher than
those on Pt alone and that the 2% Sn on C based Sn/Pt ( 1:7 .5) catalyst gave the highest
currents. Furthermore, the 2% Sn on C based Sn/Pt (1:7.5) catalyst provided more stable
currents than the 5% Sn on C based Sn/Pt (1 :3) catalyst.
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7.4 Conclusions

A number of carbon supported Pt/Sn catalysts have been prepared and all exhibited
significantly enhanced catalytic activity for ethanol oxidation compared with Pt alone.
Among these catalysts, the carbon supported Pt/Sn (4:1) catalyst prepared by reductive
decoration of a commercial Pt on C catalyst (method C) showed the highest catalytic
activity for ethanol oxidation. In addition, the catalytic activity of this Pt/Sn catalyst
showed a strong temperature dependence, being much more active for ethanol oxidation
at higher temperature.
XPS data show that tin atoms existed as tin oxides in the Pt/Sn catalysts. Therefore,
the promoting effect is due to the tin oxides, rather than due to tin metal.
CV data show that hydrogen chemisorption on the Pt/Sn catalyst was lower than that
on the parent Pt catalyst. It appears that Sn was preferentially deposited onto the Pt
particles, rather than onto the carbon support.
Preliminary data show that the methodology of decoration of Sn with Pt was
effective and this strategy may be extended to decoration of other metals with Pt so that
Pt utilization can be increased.
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Chapter 8

Preparation and Characterization of Other Pt Based
Catalysts for Electro-Oxidation of Ethanol

8.1 Introduction
In recent years, development of catalysts for electro-oxidation of ethanol has been

the subject of increasing research [1].

In addition to Pt/Sn catalysts (see Chapter 7),

several Pt based binary and ternary catalysts have been found to be more active than Pt
for electro-oxidation of ethanol. These catalysts include Pt/Ru [2-4] , Pt/Mo [2], Pt/W [5],
Pt!Rh [6] , Pt/Pd [7], Pt/Ru/W, Pt/Ru/Sn, and Pt/Ru/Mo [7]. For the binary catalysts, it
was found that the catalytic activity for electro-oxidation of ethanol increased in the
following order: Pt < Pt/Pd (1: 1) < Pt/W (1: 1) < Pt/Ru (1: 1) < Pt/Sn (1: 1). It was also
reported that the catalytic activity of Pt/Ru catalysts for electro-oxidation of ethanol was
increased by addition of a third metal such as W or Mo [7].
However, these catalysts are far from satisfactory to be used in DEFCs, especially at
low temperatures. Also, the reaction mechanism for ethanol oxidation on these catalysts
is not clear yet [1 ,8]. Therefore, further studies are greatly needed to resolve these issues.
In the work presented in this chapter, a number of Pt based binary and ternary

catalysts were prepared, and their catalytic activity for electro-oxidation of ethanol was
characterized by cyclic voltammetry and chronoamperommetry. It was found that carbon
supported Pt/Ru, Pt/Mo, and Pt/Pb binary catalysts and carbon supported Pt/Ru/Mo,
Pt/Ru/Pb, and Pt/Ru/W ternary catalysts exhibited a significantly enhanced catalytic
activity for electro-oxidation of ethanol relative to Pt alone.
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8.2 Experimental
8.2.1 Preparation of Catalysts

Carbon supported Pt based binary catalysts were prepared by decoration of a
commercial 20% Pt on C catalyst with other metals as follows:
50 mg of 20% Pt on C (E-Tek) was dispersed in 30 ml of DI water by stirring. An
appropriate amount of the second metal precursor (the metal precursors used were RuC1 3
hydrate (Aldrich), Pb(N0 3)2 (Fisher), MoC1 5 (Aldrich), and RhCh hydrate (Aldrich))
dissolved in 30 ml of DI water was then added dropwise and stirred for 0.5 h, followed
by dropwise addition of a 2 times excess ofNaBH 4 (BDH Inc.) dissolved in 40 ml ofDI
water with further stirring for 0.5 h. The product was collected by filtration and washed
well with copious amounts of DI water, then dried at room temperature in a vacuum
oven.
Carbon supported Ru based Ru/Pt catalysts were prepared by two steps as follows:
40 mg of Vulcan carbon (XC-72R, E-Tek) was dispersed in 30 ml of DI water by
stirring, followed by dropwise addition of 50 ml of metal precursor solution(aq)
containing an appropriate amount of RuCh hydrate and stirring for 0.5 h. A 2 times
excess ofNaBH4 in 40 ml ofDI water was then added with further stirring for 0.5 h. The
product was collected by filtration and washed well with copious DI water, then dried at
room temperature in a fume hood. The product was then re-dispersed in 30 ml of DI
water by stirring, followed by dropwise addition of a 50 ml solution(aq) containing an
appropriate amount of K2PtC4 (PMO Ltd) and stirring for 0.5 h. A 2 times excess of
NaB~

in 40 ml of DI water was then added with further stirring for 0.5 h. The product

was collected by filtration and washed well with copious amounts of Dl water, then dried
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at room temperature in a vacuum oven.
Carbon supported Pt based ternary catalysts were prepared by decoration of a
commercial 20% Pt/Ru (1: 1) on C catalyst with a third metal as follows:
30 mg of 20% Pt/Ru (1: 1) on C (E-Tek) was dispersed in 30 ml of DI water by
stirring. An appropriate amount of a third metal precursor (the metal precursors used
were Pb(N0 3 ) 2 (Fisher), MoCls (Aldrich), and WCLt (Aldrich)) dissolved in 30 ml of DI
water was then added dropwise and stirred for 0.5 h, followed by dropwise addition of a
2 times excess of NaBH4 dissolved in 40 ml of DI water with further stirring for 0.5 h.
The product was collected by filtration and washed well with copious amounts of DI
water, then dried at room temperature in a vacuum oven.

8.2.2 Characterization of Catalysts and Electrochemistry
The experimental characterization and electrochemistry procedures were the same as
those described in Section two of Chapter 7.

8.3 Results and Discussion
8.3.1 Binary Catalysts
8.3.1.1 EDX
Figure 8.1 presents EDX spectra of the binary catalysts. It is seen that the peaks for
Pb, Rh, and Ru were well separated from the peaks for Pt, while the peak for Mo was
quite close to one peak for Pt. The spectra indicate that Mo, Pb, Rh, and Ru have been
incorporated into the parent Pt catalyst.

8.3.1.2 XRD
Figure 8.2 presents XRD patterns of an E-Tek 20% Pt on C catalyst and Pt based

Pt!Mo , Pt/Pb , Pt/Rh, and Pt/Ru binary catalysts. The diffraction peak at ca. 25° is due to

230

(a)

Energy (Kev)

(b)

Energy (Kev)

-- !r

·-i
·-·!- ... "

(c)

1
···r-·
··'· ~

..

(

---------~---r· ·-- ----·

~ ·--·,·

- ... ·-- -·· _:}. ..

-1-.. - ---1 ··------·

·- ~-----~-- -- -

.. --·: ....... ·- . -! -· ..... --- -- !- - - - - •

f-

--

Pt

·~ ~.." ...l\
Energy (Kev)

(d)

Energy (Kev)
Figure 8.1. EDX spectra of 20% Pt on C based binary catalysts: (a) Pt/Mo (5:2); (b)
Pt/Pb (4:1); (c) Pt/Rh (9:2); (d) Pt/Ru (7:2).
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Figure 8.2. XRD patterns of20% Pt on C and binary catalysts prepared from it: (a) E-Tek
20% Pt on C; (b) Pt!Mo (5:2); (c) Pt/Pb (4:1); (d) Pt/Ru (7:2); (e) Pt/Rh (9:2).
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the reflection of the C (002) plane, while the peaks at ca. 40°, 46°, 67.5°, and 81.5°
represent the reflection of Pt ( 111 ), Pt (200), Pt (220), and Pt (311) planes, respectively.
It can be seen that the XRD patterns only show characteristic peaks for Pt and C. Also, no

significant peak shift was observed for the Pt peaks after addition of the second metal.
This suggests that the other metals were either highly dispersed or in amorphous states,
since formation of alloys should result in peak shifts [7 .9] .
The mean particle sizes of the binary catalysts were estimated according to the
Scherrer equation (based on the Pt (311) peak), and are listed in Table 8.1. It is seen that
the mean particle sizes of Pt/Ru and Pt!Rh were a little bit larger than those of the parent
Pt, while the mean particle sizes of Pt!Mo and Pt!Pb were the same as those of the parent
Pt. This indicates that no significant differences in the mean particle sizes between the Pt
and the binary catalysts.

Table 8.1. Mean particle sizes of 20% Pt on C and binary catalysts derived from it
Sample
Particle size

Pt/Mo (5:2)
2.5 nm

Pt/Pb (4: 1)
2.5nm

Pt/Ru (7:2)
2.8nm

Pt!Rh (9:2)
2.8nm

Pt
2.5 nm

8.3.1.3 TEM

Figures 8.3a and 8.3b show TEM micrographs of the binary catalysts. It was found
that the metal particles were evenly distributed on the C support.
8.3.1.4 Catalytic Activities

The catalytic activity of the binary catalysts was tested by linear sweep voltammetry
(LSV) and chronoamperommtry (CA). It was found that there was an optimum atomic
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Figure 8.3a. TEM micrographs of 20% Pt on C based binary catalysts: (a) Pt/Mo (5:2),
(b) Pt/Pb (4: 1).
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Figure 8.3b. TEM micrographs of 20% Pt on C based binary catalysts: (c) Pt/Rh (9:2),
(d) Pt/Ru (7 :2).
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ratio between Pt and the second metal for the best performance. The results presented
here are for the optimum ratios.
Figure 8.4a and 8.4b show LSV for oxidation of 1 Methanol in 0.1 M H2S04(aq) on
the catalysts. It is seen that in the low potential region of fuel cell interest, Pt/Mo (5:2),
Pt/Pb (4:1), and Pt/Ru (7:2) catalysts exhibited significant enhancements in catalytic
activity for ethanol oxidation relative to the parent Pt catalyst. For comparison, Figure
8.4a and 8.4b also show LSV for oxidation of ethanol on a Pt/Sn (4:1) catalyst. It can be
seen that, in the low potential region, the Pt/Sn catalyst exhibited the highest catalytic
activity. In the high potential region, the catalytic activity of the Pt/Pb catalyst increased
greatly, and the Pt/Pb catalyst became the best catalyst for ethanol oxidation. Among the
five Pt based binary catalysts, only Pt/Rh did not exhibit enhanced catalytic activity in the
high potential region relative to the parent Pt catalyst. However, the onset potential for
ethanol oxidation on the Pt/Rh catalyst was the lowest.
Figure 8.5 presents CA for oxidation of ethanol on the binary catalysts, together with
that on a commercial E-Tek 20% Pt on C catalyst. It is seen that at a potential of 0.5 V vs
SHE, all of the catalysts tested exhibited significantly enhanced catalytic activities for
electro-oxidation of ethanol relative to the Pt catalyst. Among these four catalysts, the
Pt/Ru (7 :2) catalyst was the best. However, it is significantly inferior to the Pt/Sn (4:1)
catalyst reported in Chapter 7. Zhou and coworkers also reported that Pt/Sn catalysts were
better than Pt/Ru catalysts for electro-oxidation of ethanol and worse than Pt/Ru catalysts
for methanol oxidation. Their catalysts were prepared by a co-impregnation method [5].
It was found that there was some discrepancy between the results of CA and LSV.

Based on LSV, at the potential of0.5 V vs SHE, the Pt/Pb was better than the Pt/Ru
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catalyst and the Pt/Rh was a little worse than the Pt catalyst. However, the results of CA
were reversed. This is in part due to differences in the charging currents at the different
catalysts. This is also possibly due to differences in the stability of the catalysts.

8.3.2 Ru Based Ru/Pt Catalysts
Since the resource of Pt is quite limited, research on increasing Pt utilization is of
significant importance [10]. In order to increase Pt utilization, we have tried to prepare
binary catalysts by decorating other metals with Pt and found that Ru on C based Ru/Pt
catalysts exhibited high catalytic activities for electro-oxidation of ethanol.
Figure 8.6a and 8.6b show CA for oxidation of 1 M ethanol in 0.1 M H 2 S0 4 (aq) on
50% Ru on C based Ru/Pt catalysts. It is seen that at a low potential of 0.3 V vs SHE, the
catalytic activity of the Ru/Pt catalysts was significantly higher than that of a commercial
20% Pt/Ru (1:1) on C catalyst, while at a higher potential of 0.6 V vs SHE, initially, the
Pt/Ru catalyst was better than the Ru/Pt catalysts. However, the currents for ethanol
oxidation on the Pt/Ru catalyst decreased significantly with time, whereas the currents for
ethanol oxidation on the Ru/Pt catalysts were relatively stable, and at later times the
current for ethanol oxidation on the Ru/Pt (6.3:1) catalyst were bigger than that on the
Pt/Ru catalyst. The clear conclusion from these results is that in the low potential region
of fuel cell interest, the 50% Ru on C based Ru/Pt (6.3:1) catalyst is much better than the
commercial 20% Pt/Ru (1 : 1) on C catalyst for electro-oxidation of ethanol. In addition, it
was found that 50% Ru on C catalysts exhibited no catalytic activities for ethanol
oxidation. However, they became active after addition of Pt, and the catalytic activity
increased significantly with increasing Pt loading as seen in Figure 8.6a and 8.6b .
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Considering the fact that 100 mg of the 20% Pt/Ru (1: 1) on C catalyst contains ca. 13
mg ofPt and 100 mg of the 50% Ru on C based Ru/Pt (6.3:1) catalyst contains ca. 11 mg
Pt, Pt utilization really is increased significantly with the 50% Ru on C based Ru/Pt
catalysts ifbased on the same catalytic activity at 0.3 V vs SHE.
Figure 8. 7 presents XRD patterns of a 50% Ru on C catalyst, a 50% Ru on C based
Ru/Pt (6.3:1) catalyst, and a commercial 20% Pt on C catalyst. It can be seen that the
XRD patterns of the Ru/Pt catalyst showed diffraction patterns of Ru without Pt
diffraction patterns. This maybe suggests that Ru/Pt alloys were formed, since it is found
that for a Pt/Ru alloy, if the atomic percent of Ru is bigger than 62%, it will exhibit the
XRD patterns ofRu [11].

8.3.3 Pt Based Ternary Catalysts
In order to find more active catalysts for electro-oxidation of ethanol, a number of Pt
based ternary catalysts have been prepared. Initially, it was thought that different metals
maybe add their unique promoting effect to the parent Pt catalyst. For example, Pt/Sn
binary catalysts are very active for ethanol oxidation in the low potential region while
Pt/Pb catalysts exhibit superior activities in the high potential region. Therefore, ternary
Pt/Sn/Pb catalysts were expected to exhibit high activities in the whole potential region.
However, experimental results denied this expectation. Finally, it was found that Pt/Ru
based Pt/Ru/Mo, Pt/Ru/W, and Pt/Ru/Pb ternary catalysts exhibited enhanced activities
for ethanol oxidation relative to the parent Pt/Ru catalysts.

8.3.3.1 EDX
Figure 8.8 shows EDX spectra of ternary catalysts of Pt/Ru/Mo , Pt/Ru/W, and
Pt/Ru/Pb. The spectra clearly show that Mo, W, and Pb have been incorporated into the
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parent Pt/Ru catalyst.

8.3.3.2. XRD
Figure 8.9 presents XRD patterns of the ternary catalysts. It can be seen that the XRD
patterns of the ternary catalysts are similar to that of the parent Pt!Ru catalyst. Also , no
significant peak shifts were observed between the ternary catalysts and the parent Pt/Ru.
This suggests that no alloys were formed, and that the third metal was either highly
dispersed or in amorphous states [11]. The mean particle sizes, which were calculated
according to the Scherrer equation, were ca. 1.3 nm for all of the catalysts.

8.3.3.3. TEM
TEM micrographs show that the metal particles of the ternary catalysts were evenly
distributed on the carbon support and that the average particle sizes were ca. 2.5 nm. A
typical TEM micrograph ofthe catalysts is shown in Figure 8.10.

8.3.3.4 Catalytic Activities
Figure 8.11 shows LSV for oxidation of 1 M ethanol in 0.1 M H2S04 on the ternary
catalysts, together with that on the Pt!Ru catalyst. It is seen that all of the ternary catalysts
exhibited significantly enhanced activities for ethanol oxidation relative to the parent
Pt/Ru catalyst. At potentials below ca. 0.26 V vs SHE, the Pt!Ru/Mo (1: 1:0.4) catalyst
exhibited the highest activity. In the high potential region, the Pt/Ru/Pb (1: 1:0.3) catalyst
was the best. It was also found that there was an optimum atomic ratio between the parent
Pt/Ru metals and the third metal for the best performance (the atomic ratio used here is
the optimum ratio). Obviously, too much of the third metal can result in blockage of the
active sites of the parent Pt!Ru catalyst.
Figure 8.12 shows CA for oxidation of 1 Methanol in 0.1 M H 2S0 4 on the ternary
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35nm

Figure 8.10. A TEM micrograph of a Pt/Ru/Mo (1:1:0.4) catalyst.
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catalysts at 0.5 V vs SHE. It can be seen that all of the ternary catalysts were much more
active than the parent Pt/Ru catalyst for ethanol oxidation. This is consistent with the
results of LSV. It was also found that initially, the Pt/Ru/Pb (1: 1:0.3) was the best.
However, after electrolysis for ca. 200 s, the Pt/Ru!W (1: 1:0.15) catalyst became the best.
This indicates that the Pt/Ru/W (1:1:0.15) catalyst was more stable than the Pt/Ru/Pb
(1: 1 :0.3) catalyst.

8.4 Conclusions
The results of LSV and CA show that the Pt based Pt/Ru, Pt/Mo, Pt/Pb binary
catalysts and Pt/Ru based Pt/Ru/Mo, Pt/Ru/Pb, Pt/Ru/W ternary catalysts have
significantly enhanced catalytic activities for electro-oxidation of ethanol relative to their
parent Pt catalysts. For the binary catalysts, the Pt/Ru (7:2) catalyst was the best and for
the ternary catalysts, the Pt/Ru!W (1: 1 :0.15) had the highest sustained catalytic activity.

It was also found that Ru based Ru/Pt catalysts exhibited promising catalytic
activities for ethanol oxidation, especially in the low potential region of fuel cell interest.
It was found that deposition of Pt on Ru was an effective approach to increase Pt

utilization.
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Chapter 9

Performance of Pt Based Catalysts in
Direct Ethanol Fuel Cells

9.1 Introduction
Development of Pt based catalysts for electro-oxidation of ethanol has drawn
increasing attention in recent years due to the potential of ethanol as a fuel for fuel cells.
However, only a few papers have been published regarding the performance of direct
ethanol fuel cells (DEFCs) [1-2].
Previous research has shown that the performance of DEFCs is quite promising. For
example, Wang and coworkers [3] reported that at a high temperature of 170 °C, the
performance of a DEFC was close to that of a DMFC when Pt/Ru was used as the anode
catalyst. Arico and coworkers [4] found that with Pt/Ru as the anode catalyst, a maximum
power density of 110 mW/cm2 could be obtained for a DEFC at 145 °C. Recently, it was
reported that with Pt/Sn as the anode catalyst, a DEFC could provide a maximum power
density of 52 mW/cm 2 at 90 °C [5].
Theoretically, a DEFC can provide much larger current than a DMFC if ethanol can
be oxidized completely to C02. However, complete oxidation of ethanol is a major
challenge at low temperatures. It has been found that electro-oxidation of ethanol on Pt
based catalysts is quite complicated and involves many pathways. Many products such as
acetic acid, acetaldehyde, and C0 2 have been detected [6-7]. Generally, the products of
ethanol oxidation have been analyzed with IR, DEMS, and chromatographic methods.
In chapters 7 and 8, it has been shown that a number of Pt based catalysts have much
higher catalytic activities for electro-oxidation of ethanol than the parent Pt catalyst. In
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the work presented in this chapter, the catalytic activity of these catalysts was tested in
DEFCs. In addition, the performance losses of DEFCs were resolved into cathode
performance losses and anode performance losses with the aid of a DHE reference
electrode. Furthermore, the products of ethanol oxidation were analyzed by titration.

9.2. Experimental
9.2.1 Preparation of Catalysts
The details of preparation of catalysts are described in chapters 7 and 8.

9.2.2 Preparation of Anodes
An appropriate amount of catalyst was mixed with 200 mg of 5% Nafion solution by
sonication for 30 min. The resulting paste was then applied onto a 5 cm2 CFP and dried at
ambient temperature in a fume hood (giving a Pt loading of 2 mg/cm 2 ).

9.2.3 Preparation of MEAs
Membrane and electrode assemblies (MEAs) were prepared by pressing an anode and
a cathode (Pt black, 4 mg /em2 on carbon paper, donated by Ballard Power Systems) onto
each side of a N afion 117 membrane at a pressure of 200 kg /cm2 at 13 5 °C for 180 s.

9.2.4 Product Analysis
Procedures for product analysis are described in section 10 of chapter 2.

9.2.5 Fuel Cell Measurements
A 5 cm2 commercial cell (ElectroChem) were used to perform fuel cell tests. The cell
was operated with an anode feed of aqueous ethanol solution at a fixed flow rate of 5
mllmin and a cathode feed of dry air at a fixed flow rate of 60 mllmin. For product
analysis, the cell was operated with an anode feed of 1 M ethanol(aq) at a fixed flow rate
of0.30 m1Jmin and a cathode feed of dry air at a fixed flow rate of30 ml/min.
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Elect1ochemical measurements were made with a Solartron 1286 electrochemical
interface coupled with a 1250 frequency response analyser or an EG&G PAR 273A
potentiostatlgalvanostat.

9.3 Results and Discussion
9.3.1 Performances of Catalysts
The results of CA and LSV (Chapters 7 and 8) show that Pt based Pt/Sn (4:1) and
Pt/Ru/Pb (1: 1:0.3) catalysts have high catalytic activities for electro-oxidation of ethanol.
Here, the catalytic activity of these catalysts was tested in DEFCs. As shown in Figure 9.1,
the performance of a cell with Pt/Sn or Pt!Ru/Pb as the anode catalyst was much better
than that of a cell with Pt as the anode catalyst. Also, the OCP of the cells with the Pt/Sn
and the Pt!Ru/Pb catalysts were much higher than that of the cell with the Pt catalyst.
These results confirm the conclusions from CA and LSV that Pt!Sn and Pt/Ru/Pb catalysts
have higher catalytic activities for ethanol oxidation than the parent Pt catalyst. The high
activities can be attributed to the promoting effect of Sn, Ru, and Pb.
Another finding is that the Pt!Sn catalyst had the best performance among the four
catalysts. It is believed that addition of Sn is conductive to cleavage of C-C bonds [6].
However, the Pt!Ru/Pb catalyst did not exhibit as significant enhancements in activity
relative to the parent Pt!Ru catalyst as that demonstrated by CA and LSV. The reason for
this is not quite clear. It is possibly due to electrochemical dissolution of Pb into the
ethanol solution.
Figure 9.2 shows polarization curves for a DEFC with anode feeds of ethanol(aq) of
different concentrations. It is seen that at current densities below ca. 0.11 A/cm

2

,

the

performance of the cell with 0.4 M ethanol was significantly better than with 1 M or 2 M
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ethanol. Interestingly, at current densities higher than ca. 0.12 Ncm2, the performance of
the cell with higher ethanol concentration became much better. It is seen that the
performance of the cell with 2 M ethanol was a little better than with 1 M ethanol.
We can also see that the OCP of the cell dropped significantly at the higher ethanol
concentrations. Noticeably, the OCP of the cell with 0.4 M ethanol was much higher than
with the higher ethanol concentrations. This is presumably due to ethanol crossover, since
higher ethanol concentrations result in more severe ethanol crossover. Consequently, the
OCP of the cathode dropped at higher ethanol concentrations.
Another finding is that at high current densities, the performance of the cell with 0.4
M ethanol decreased rapidly with increasing current density. This is mainly due to anode
concentration polarization (see below).
Figure 9.3 shows anode polarization curves with different ethanol concentrations.
The polarization curves were obtained by using a humidified H2 fed cathode as the
reference and counter electrodes. It can be seen that the anode with 2 M ethanol has the
best performance, while the anode with 0.4 M ethanol exhibited significant concentration
polarization at high current densities. Therefore, it can be concluded that the rapid drop of
cell potential at high current densities with 0.4 M ethanol is mainly due to concentration
polarization at the anode.
However, the different anode performances with different ethanol concentrations
cannot fully explain the differences in cell performances with the changes of ethanol
concentration. For example, based on the anode performance, a cell with 2 M ethanol
should have the best performance, while a cell with 0.4 M ethanol should have the worst
performance. In fact, the cell with 0.4 Methanol had the best performance at low current
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densities. This contradiction suggests that the performance of the cathode must also be
affected differently with different ethanol concentrations. Actually, the performance of the
cathode decreased with increasing ethanol concentration (see below).
Figure 9.4 shows performances of a DEFC at different operating temperatures. It is
seen that the cell performance was improved greatly with increasing temperature.
However, the operating temperature of the cell is limited by the Nafion electrolyte used
here, since it is well known that Nafion membranes do not perform well at temperatures
above 100 °C.
Figure 9.5 shows CVs for the anodes with Pt and Pt/Sn catalysts. The cathode was
fed with humidified H2 and used as the reference and counter electrodes. It can be seen
that currents on the forward scan on the Pt/Sn catalyst were significantly larger than those
on the Pt catalyst, indicating that the Pt/Sn catalyst was much more active for ethanol
oxidation than the Pt catalyst.
Another interesting finding is that for the Pt/Sn catalyst, the currents on the forward
scan were always larger than the currents on the reverse scan, while for the Pt catalyst, in
the potential region of ca. 0.4 V to ca. 0.68 V, the currents on the forward scan were
smaller than the currents on the reverse scan. This suggests that there were more
intermediates adsorbed on the Pt catalyst than on the Pt/Sn catalyst, and that addition of
Sn was conductive to oxidation of the adsorbed intermediates on the Pt catalyst.

9.3.2 Analysis of Cell Performance Losses
Figure 9.6 shows polarization curves for a DEFC with different ethanol
concentrations, together with anode potentials vs DHE and cathode potentials vs DHE. It
is seen that the cell polarization curves were quite close to the cathode potential-anode
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Pt on C based Pt/Sn (4: 1).
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Figure 9.6. Polarization curves for a DEFC at 80 °C with anode feeds of ethanol(aq) of
different concentrations and a cathode feed of dry air, together with anode potentials vs
DHE and cathode potentials vs DHE. Anode catalyst: Pt/Ru (1 :1, 5.47 mg/cm2 ) , donated
by H Power Co.
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potential (vs DHE) for both 0.5 M and 1 Methanol. This indicates that cell performance
losses can be resolved into cathode performance losses and anode performance losses
with the aid of a DHE reference electrode. Also, we can see that at low current densities,
the performance of the cell with 0.5 Methanol was better than with 1 Methanol. While at
high current densities, the performance of the cell with 1 M ethanol was much better than
with 0.5 M ethanol. These differences can be attributed to the different perfonnances of
the cathode and the anode with different ethanol concentrations (see below).
From Figure 9.6 it is seen that the performance of the cathode with 0.5 M ethanol
was significantly better than that with 1 M ethanol. In addition, the OCP of the cathode
with 0.5 M ethanol was much higher than that with 1 M ethanol. These differences are
due to ethanol crossover [12], since ethanol crossover increased significantly with
increasing ethanol concentration as shown in Table 9 .1. These results also suggest that for
the cathode performance, the lower the ethanol concentration, the better is the cathode
performance. However, for the anode performance, things are reversed. It was found that
the performance of the anode with 1 Methanol was much better than with 0.5 Methanol.
The clear conclusion from the above discussion is that balance between the anode
performance and cathode performance has to be made for the best cell performance.

Table 9.1. Ethanol crossover currents at 80 °C
Ethanol(aq)

Crossover current (A/cm2 )
Nafion 115

0.5M
1M
2M

Nafion 117

0.05
0.086

0.027
0.048
0.065

0.13
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Figure 9.7 shows polarization curves for a DEFC at different operating temperatures,
together with cathode potentials vs DHE and anode potentials vs DHE. It was seen that
the cell performance was improved significantly with increasing temperature. It is also
found that the anode performance was improved markedly with increasing temperature as
expected, since increasing temperature can facilitate ethanol oxidation and increase mass
transport rate. Surprisingly, it was found that the cathode performance decreased
markedly with increasing temperature. This is presumably due to the increased ethanol
crossover at higher temperatures. It is also possible that the depolarization effect of
ethanol on the cathode becomes more significant at higher temperatures. Table 9.2 shows
that ethanol crossover currents increased dramatically with increasing temperature. For
example, when the temperature was increased from room temperature to 80 °C, the
crossover current increased from 0.006 A/cm2 to 0.048 A/cm2 ; an eight-fold increase.
In conclusion, the improvement of cell performance at higher temperatures was due
to the significant improvement of anode performance at higher temperatures.

Table 9.2. Ethanol crossover currents (1 Methanol) at different temperatures
Temperature

23 °C

50 °C

80 °C

Crossover current (A/cm2)

0.006

0.015

0.048

Figure 9.8 shows polarization curves for a DEFC with different anode catalysts of Pt
and Pt!Ru, together with cathode potentials vs DHE and anode potentials vs DHE. It can
be seen that the performance of the cell with Pt/Ru was much better than that with Pt. The
much better performance of the cell with Pt/Ru is mainly due to the much better anode
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Figure 9. 7. Polarization curves for a DEFC at different cell operating temperatures
(Celsius) with an anode feed of 1 M ethanol(aq) and a cathode feed of dry air, together
with cathode potentials vs DHE and anode potentials vs DHE. Anode catalyst: 5.47
mg/cm2 Pt/Ru (1: 1), donated by H Power Co.
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Figure 9.8. Polarization curves for a DEFC with different anode catalysts ofPt and Pt!Ru,
together with cathode potentials vs DHE and anode potentials vs DHE. The cell was
operated at 80 °C with an anode feed of 1M ethanol(aq) and a cathode feed of dry air.
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performance with Pt/Ru, since we can see that the performance of the anode with Pt/Ru
was much better than that with Pt, demonstrating the promoting effect of Ru for ethanol
oxidation on Pt. It was also found that the performance of the cathode with Pt/Ru as the
anode catalyst was also significantly better than that of the cathode with Pt as the anode
catalyst, although the cathodes consist of the same kind Pt catalysts. A possible reason for
this is that different cathodes may have different performances.
9.3.3 Product Analysis
The products of ethanol oxidation were analyzed by titration methods and the results
are listed in Table 9.3. The 5 cm2 cell was operated at 80 °C with an anode feed of 1 M
ethanol( aq) and a cathode feed of dry air. It is seen that at the higher current density of
0.06 A/cm2, the yields of C0 2 were ca. 9.4% for the Pt/Sn catalyst and ca. 6.2 % for the
Pt/Ru catalyst. At the lower current density of0.02 Ncm2 , the yield of C0 2 was ca. 9.0%
for the Pt/Sn catalyst. The clear conclusion from these data is that under these operation
conditions, C02 is not the main product of ethanol oxidation, and the yield of C0 2 did not
change significantly with cell voltage. Wang and coworkers [3] reported that C0 2 was not
the main product in their DEFC. Their cell was operated at 180 °C with Pt/Ru as the
anode catalyst.
1n addition, it can be seen that for the Pt/Sn catalyst, at the higher current density, the
yield of acid was ca. 48 %, while at the lower current density, the yield of acids was ca.
94 %. This indicates that the yield of acids varied greatly with cell voltage, and at a
current density of 0.02 A/cm2 (cell voltage of ca. 380 mY), the major products of ethanol
oxidation are acids. It is noted that at a current of0 .02 Ncm2 , the sum ofthe yield of C0 2
and the yield of the acids was a little over 100%. One possible reason for this is that acids
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produced at the cathode side can crossover through the membrane to the anode side,
resulting in higher yields of the acids. For the Pt/Ru catalyst, the yield of acids also
increased from ca. 60% to ca 77% when the current density was decreased from 0.06

Table 9.3. Product analysis for ethanol oxidation on a 20% Pt on C based Pt/Sn (4:1)
catalyst and a Pt/Ru ( 1: 1) catalyst at constant current for one hour

Pt/Sn
Current (A)
Cell voltage#
COz%
Acid%*

0.3
121
8.39
45.2

0.3
139
10.4
50.7

0.1
356
8.39
98.0

Pt/Ru
0.1
378
10.1
93.6

0.1
402
8.40
94.4

0.3
137
6.71
55.6

0.3
176
5.60
64.8

0.15
281
6.72
76.8

# There was a small variation in the cell voltage during constant current operation,
generally within ca.+ 10 m V.
*Based on acetic acid.
In order to check the validity of the analysis method, we also performed product
analysis on a DMFC. It was found that at a current density of 0.1 A/cm2 (cell voltage of
ca. 282 mV), the yield of C0 2 was ca. 82% and the yield of (formic) acid was ca. 5.8%.
This demonstrates that the method used here is relatively reliable.
9.4 Conclusions

The performance ofDEFCs confirmed that the carbon supported Pt based Pt/Sn (4:1)
catalyst and Pt/Ru (1:1) catalyst have much higher catalytic activities than the parent Pt
catalyst, and the Pt/Sn (4:1) catalyst exhibited the highest activity for ethanol oxidation.
This is consistent with the results of LSV and CA.
The performance analysis illustrated that the anode performance was improved with
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increasing temperature and ethanol concentration, while the cathode performance
decreased with increasing temperature and ethanol concentration due to ethanol crossover.
Therefore, balance between the anode and the cathode has to be made for the best cell
performance.
The product analysis demonstrated that C0 2 was not the main product of ethanol
oxidation under the conditions used here. In addition, the yield of C02 did not change
significantly with cell voltage, while the yield of acids changed significantly with cell
voltage.
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Chapter 10

Summary and Future Work

There are three major themes in this thesis. They are investigating the effects of
Nation loading on the performance of proton exchange membrane fuel cell cathodes,
designing a DHE (dynamic hydrogen electrode) reference electrode to separate cell
performance losses into individual electrode performance losses, and developing
direct ethanol fuel cells.
It was found that cathode performance was strongly dependent on Nation content

and distribution in the cathode catalyst layer. There was an optimum Nation loading
for the best cathode performance, since a balance between the ionic resistance and 02
transport resistance has to be made.
It has been shown that impedance spectroscopy is a powerful tool to characterize

cathode performances. This technique not only revealed the fact that ionic
conductivities increased with increasing Nation loading but also showed that higher
Nation loading led to a significant increase in 0 2 transport resistance.
By simulating the experimental data, conductivity profiles and resistance values
for the cathode catalyst layer were obtained. The conductivity profiles and resistance
values provide valuable information for understanding cathode behavior.
A bilayer cathode has been used to study the effects of Nation distribution on
cathode performance. Future work should focus on the design of a multiple layer
cathode to fully study the effects ofNafion distribution.
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In orJer to analyze cell performance losses, we have designed a novel edge-type
DHE reference

electrode.

Both

polarization

measurements

and

impedance

spectroscopy have demonstrated that this reference electrode is quite stable for the
electrochemical study of hydrogen fuel cells and methanol fuel cells. The main
advantage of this reference electrode is that it can be conveniently fitted into a
commercial cell without the need for any modifications. We have shown that with
the aid of the DHE reference electrode, cell performance losses can be resolved into
individual electrode performance losses.
With the aid of the DHE reference electrode, we obtained anode polarization
curves and impedance spectra for an operating cell. For hydrogen fuel cells, it was
found that there were significant anode overpotentials at high current densities, and
therefore anode performance losses cannot be treated as negligible at high current
densities. By simulating anode impedance data, it was found that the ionic resistance
for the anode catalyst layer increased with increasing current density. This provides
evidence for the assertion that there was increased dehydration of the anode catalyst
layer at higher current density.
For methanol fuel cells, it was found that cell performance losses were due to
performance losses at both the cathode and anode. It was found that at high current
densities, the rapid decrease of the cell performance was mainly due to the cathode
performance loss caused by cathode flooding . In addition, it was found that anode
performance was improved at a higher concentration of methanol, while cathode
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performance decreased significantly at a higher concentration of methanol. Therefore,
balance has to be made between the anode and cathode for the best cell performance.
Since cell performances are influenced by a variety of operating conditions,
future work should investigate cell performance losses over broader operating
conditions, and therefore provide a clear picture of cell performance losses under
different operating conditions.
We have proposed a simplified equivalent circuit to simulate PEMFC electrode
impedance behavior. The excellent fit between the experimental data and simulation
data indicates that the proposed equivalent circuit is reasonable. Meaningful
resistance values have been extracted based on this equivalent circuit. Also, we have
used simplified equivalent circuits to explain DMFC electrode impedance behavior.
More accurate equivalent circuits should be built in the future to simulate DMFC
electrode impedance behavior.
We have prepared a number of Pt based binary and ternary catalysts for
electro-oxidation of ethanol. It was found that Pt/Sn, Pt/Ru, Pt/Pb, and Pt/Mo binary
catalysts and Pt/Ru/W, Pt/Ru/Pb, and Pt/Ru/Mo ternary catalysts exhibited significant
enhancements in catalytic activity for electro-oxidation of ethanol relative to Pt. For
the binary catalysts, the Pt/Sn was the best; while for the ternary catalysts, Pt/Ru/W
had the highest catalytic activity.
Fuel cell tests demonstrated that a 20% Pt on C based Pt/Sn (4: 1) catalyst was
quite promising. A current density of 0.1 A/cm2 was accomplished at a cell voltage of
0.2 V. Product analysis shows that C02 was not the main product of ethanol oxidation.
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This greatly limits the efficiency of DEFCs. Therefore, future work should focus on
developing more active catalysts for complete oxidation of ethanol to C02 , especially
at low temperatures. Obviously this will be a big challenge.
Preliminary results show that deposition of Pt on Ru was an effective way to
increase Pt utilization. More detailed work is needed to optimize preparation
conditions, since catalytic activities strongly depend on preparation conditions.
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