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ABSTRACT

Process intensification is in principle a strategy of making dramatic reductions in the
capital cost of a production system, improving intrinsic safety, reducing
environmental impact and energy consumption. An electrochemical cell is a specific
example of a multiphase system that should be capable of being operated very
intensively within a centrifugal acceleration field. This thesis presents the first
systematical research work in this field. It demonstrates that many electrochemical
processes can be enhanced considerably by using a high-acceleration field, which
takes full advantage of the improvement in catalytic activity and optimal electrode
structure.

Six electrochemical processes have been investigated. Namely, the electro-reduction
of oxygen, electro-oxidations of hydrogen and methanol, chlorine evolution, water
electrolysis, and methanol fuel cell reaction. Several catalysed electrodes including
Ti mesh or carbon cloth were prepared and used for the above processes. A number
of catalyst deposition routes were explored for the preparation of the technical
electrodes, including Pt, Ag, Pt-Ru and RuO; electrodes.

The action of a centrifugal field is two fold: first, it acts as an mass transfer promotor;
second, it accelerates gas bubble disengagement. For chlorine evolution, water
electrolysis, and methanol oxidation, centrifugal fields play a very significant role in
and lead to significant reductions in polarisation and mass transport resistance. The
high acceleration fields reduce the cell resistance drastically through effectively
disengaging gas bubbles from the electrode surface. It also overcomes mass transport
limitations in these systems through generation of powerful interphase buoyancy

force. The processes were therefore greatly intensified in centrifugal fields and



approached a maximum efficiency. Increase in the operating temperature and the
concentration also benefit the processes. Interestingly, both effects were intensitfied
in centrifugal fields, i.e.,, the current density increases more rapidly in centrifugal
fields than in stationary cell at a constant potential corresponding to the same
increment in temperature and concentration.

For the gas consuming systems, e.g., oxygen reduction and hydrogen oxidation,
centrifugal fields also produce positive results. The degree of intensification for these
systems was limited to a relatively low level.

Centrifugal fields have little benefit for methanol fuel cell operation. The results
were disappointing and unexpected. It was realised that the cathode process, an
oxygen gas consuming reaction, is difficult to be intensified by using centrifugal
means due to the type of electrode used at the cathode, although the anode process
was intensified in centrifugal fields.

A model for a centrifugal cell with gas evolving electrodes was proposed and tested.
In the model the cell voltage and cell voltage reduction are obtained from the

hydrodynamic electrochemical, and electrochemical engineering theories.
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Chapter 1. Introduction

This chapter discusses the basic principles in electrochemical technology and process
intensification. A literature review of rotary electrochemical cells is also presented.
1.1. Electrochemical Technology

Electrochemical technology provides an efficient and competitive route in many
industry sectors, particularly chemical synthesis, energy conversion, pollution
control, metal extraction and formation of protective coatings [1-4]. The
electrochemical process is a major part of electrochemical technology. In an
electrochemical process, materials undergo required changes in chemical
composition, energy distribution or physical state. The key means of processing is
the electrochemical cell.

The industrial application of electrochemistry depends largely on the engineering
design and implementation of an effective cell unit. There are several important
considerations in electrochemical cell design which include productivity, energy
requirement and cell voltage, mass and heat transfer, materials selection and
geometry. However, the performance of an electrochemical cell is in particular
judged on its production capacity and its energy consumption. -

The production capacity of an electrochemical cell is proportional to the applied
current density and current efficiency, ie. the effective current density for the
process, and the electrode area per unit volume. In practice, the production capacity
of an electrochemical cell is often limited by several factors, such as materials of
fabrication, current density and its distribution over the electrode, and

hydrodynamics.
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Energy consumption plays a significant role in an electrochemical process because
the operation of the electrochemical cell can constitute a large part of the overall
energy consumption of an electrolytic plant. The energy consumption of an
electrochemical cell is determined by the thermodynamics of the reactions, the
electrochemical kinetics and the cell design. It can be minimised by operating with a
current efficiency as close to 100% as possible and with a low cell voltage.

Electrodes are at the heart of electrochemical cell. Intensified electrodes, e.g.,
electrodes with high conductivity, high catalytic activity, and high surface area are
needed to intensify electrochemical processes. Gas diffusion electrodes are a good
example of intensified electrodes, which are applied in several electrochemical
devices such as fuel cells and electrolysers. Their high efficiency is due to the many
catalytic centres in a unit geometric surface area. Electrodes adopted in this project
will take advantage of the gas diffusion electrode concept.

As many electrochemical processes involve gas evolution, gas removal from
electrodes is a major problem for practical operation in order to prevent "gas
blinding", i.e, obscuring the electrode surface by gas bubbles. This will reduce
electrolyte conductivity, which in turn, increases the potential drop and, with
constant voltage operation, reduces cell current density leading to the unacceptable
decline in performance. So the electrode design and material should facilitate
efficient gas release from its surface to ensure that the IR drop in the electrolyte and
the "bubble polarisation" is low.

It is worthwhile to note that the depth of penetration of the reaction into the porous
matrix of the gas diffusion electrode is relatively small. Thus, the electrodes are thin

and support only modest current densities. It would be of great benefit to the cost of
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operating these electrodes if the level of current density could be significantly
increased without causing a concurrent loss in the operating electrode potential. It is
believed that this objective could be achieved by both increasing the active surface
area and increasing the rate of mass transfer between the gas and the liquid [5].

1.2, Mass Transfer and Process Intensification

1.2.1. Mass Transfer

All processes in the electrochemical industry are concerned with the transfer of mass
and energy. Thus, the theory and practice of mass transfer are constantly subject to
intense study since any improvement in their efficiency, or the equipment within
which such processes occur, could lead to considerable economic benefits.

Mass transfer of material is important in the field of electrochemical cell design,
especially when the cell is operated on a large scale. The mass transfer of reacting
species, together with the kinetics of electron transfer, determines the
electrochemical reaction rate. The rate of mass transfer becomes particularly
important when the reactant concentration is low and a reasonable conversion or
rate of reaction is required. This is because with increasing polarisation of the
electrode, as current density is increased, the electrode can become starved of
reactant and the rate of mass transfer governs, and limits, the overall reaction rate.
Most industrial electrochemical processes unavoidably involve the generation of
gases at one or both of the cell electrodes, for example, oxygen evolution at the
anode and hydrogen evolution at the cathode. Therefore, the need to ensure efficient
gas disengagement from the electrolyte, the electrodes and any intervening
diaphragm/membrane, is a very important consideration in the design of

electrolytic cells [5]. In conventional cells an acceptable mass transfer environment is
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established by pumping the electrolyte across the electrode surface. However,
significant power may be involved and this may limit the circulation velocity to
about 2 m/s. Relatively poor mass transfer conditions exist even in a well-designed
commercial cell such as the FM21 unit used in the chlor-alkali industry, and incur
significant overvoltage, e.g. about 0.4 V at a current density of 3 kAm2 [5]. This is
due to the high resistance between the electrodes as a result of presence of gas
bubbles.

The promotion of mass transfer can be achieved by various ways, such as pumping
electrolyte through the electrochemical cell or using moving electrode, etc. However,
such procedures can enhance mass transfer to a limited extent, especially during
scale-up. For example, the rotating cylinder electrode, which only rotates the
electrode, may be used in laminar, transitional or turbulent flow and has been
routinely used in electrochemical industry for metal ion removal process [6.7].
Enhancement in mass transfer to a rotating cylinder electrode depends upon an
increased surface area and enhanced microturbulence at the electrode surface.
Therefore, its further improvement is severely limited. In order to develop compact
equipment to meet the cost reduction and efficiency requirements of industrial
production, the electrochemical processes must be subject to a degree of
intensification.

1.2.2. Process Intensification

Process intensification is an attractive strategy in chemical industry. It was pioneered
in ICI during the late 1970s, when the primary goal was to reduce the capital cost of
a production system. While cost reduction was the original target for process

intensification, it quickly became apparent that there were other important benefits,
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particularly in respect of improved intrinsic safety, reduced environmental impact
and energy consumption. The latter aspect is the subject of this project.

Process intensification is in principle particularly attractive for electrochemical
processes. An electrochemical cell is a typical multiphase system. According to
theory, when a centrifugal field is applied to a multiphase system, the light phase,
e.g. gas, will flow inward, whereas the centrifugal effect will tend to sweep the
denser fluid outward. This gives a rapid and efficient removal of the electrolytic gas
product from the interelectrode gap, with possible improvement in the current
efficiency, the space-time yield, and the overall energy consumption. As well known,
the interphase buoyancy force determines the fluid dynamic behaviour of
multiphase systems. Because this force is large in a centrifugal field, droplets and/or
bubbles will be small and the interphase slip velocity will be high. This means that a
high-acceleration environment should intensify the process operation by promoting
high flooding velocities, large specific interfacial area and high heat/mass transfer
coefficients [5]. Moreover, bubbles disengagement from the electrodes, electrolytes,
membranes, and the inter-electrode area is greatly facilitated in centrifugal fields.
This greatly reduces gas blanketing and enables the cell gap to be reduced, resulting
in considerable reduction in the resistance of the cell , thereby making further
significant savings in the overall cell voltage.

Since this energy is deployed within the liquid boundary layer, its impact on the
transfer process should be more effective than an equal amount discharged
throughout the electrolyte, as with a pumped cell, for example.

The above considerations suggest strongly that electrochemical processes that evolve

a gas at one or both electrodes, should be capable of being performed very
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intensively within a centrifugal acceleration field. The electrode surfaces, at short
modest speeds of rotation, are subjected to centrifugal forces considerably in excess
of that due to gravitational acceleration (9.81 ms?). For a packed device this means
the minimum size of packing required to prevent flooding can be reduced thus
allowing micro-packing to be used in conditions of high gas and liquid loadings.
Therefore, the size of equipment needed for a given performance can be smaller than
if a stationary contact surface is used.

It should be noted that the energy needed to rotate the cell and overcome windage,
friction etc., will be quite trivial compared to that which is capable of being saved.
For example, a 100 kA cell operating with a bubble overvoltage of 0.3 V has a
potential energy saving of 30 kW whereas the cell rotor (1 m long x 0.5 m diameter)
will require perhaps 2 kW to rotate at around 700 rpm.

1.3. Rotary Electrochemical Cells

This section reviews the area of rotary electrochemical cells.

1.3.1. The Rotary Water Electrolyser

A rotary water electrolyser, which was related to the electrolytic production of
oxygen and hydrogen from water, was described in 1920s [8]. The invention aimed
at assisting the gas bubbles to separate from the electrodes and ascend through the
electrolyte, using centrifugal acceleration. The apparatus comprised a plurality of
cells of annular form arranged around an axis of a hollow shaft having anodic and
cathodic chmbers. The shaft communicated with the electrolytic cells by a plurality
of ducts so arranged that hydrogen and oxygen could be delivered separately. A
similar idea of rotary water electrolyser was also outlined in 1964 [9]. The idea

related to improvements in process and apparatus for the production of oxygen
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and/or hydrogen from water electrolysis. The patent claimed that the electrolyte
decomposition, the gas and the electrolyte removal and recovery could be greatly
enhanced in centrifugal fields. A rotary water electrolyser was patented in 1981 [10].
It was claimed that the cell could be used for supplying fuel (hydrogen) to an
automobile and household. Unfortunately, no practical application for these ideas
has been found. Moreover, since neither gave any performance data, it is not
possible to estimate the energy savings that can be realised by their design.

1.3.2. The Rotary Electrodeposition Cells

Applying centrifugal fields in electrodeposition has attracted interest for many
years. The earliest efforts appeared in the 1970s. A laboratory rotary cell was
designed to synthesise composite materials of Ni and ALLOs [11]. It was 5 inches in
diameter with a capacity of 150 ml. The composite materials were formed in this cell
according to the following procedure. The electrolyte slurry containing the
reinforcing fibres were subjected to a centrifugal force field to press the fibres
against the cathode and form a permeable mat for encapsulation by the deposited
matrix metal. A typical laboratory demonstration was given in which the volume
percentage of the AL O; whiskers was increased about 70% in the cell rotating at 1600
rpm, as compared to that achieved in the static cell. A similar cell was used to
increase metal and alloy electrodeposition efficiency and produce high quality
deposits of Ni and ALOs [12]. The apparatus comprises a centrifuge with a
cylindrical housing constituting a cylindrical cell to hold the electrolyte. The process
is suitable for nickel electrodeposition from a sulphamate bath. The required
rotating speed is high for the cell operation, i.e., the minimum is 1500 rpm and the

deposition rate of the nickle is three times higher when the cell was rotated at 2500-
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3000 rpm than when the cell was stationary at a particular current density (not
shown in the patent)

1.3.3. The Rotary Fused Salt Cells

Conventional molten salt electrowinning cells have poor energy consumption due to
the large interelectrode spacing which causes high cell resistance. Under stationary
conditions, reducing the interelectrode spacing can only be achieved at the detriment
of increased back reaction of the products and a low current efficiency. Moreover, in
some cases, the metal deposit droplets can adhere to the electrodes, causing an
electrical short circuit and loss of production in the cell. The application of
centrifugal fields through rotation of the cell can enhance the separation of the
products of electrolysis, thereby allowing the interelectrode gap to be reduced. The
centrifugal force would also encourage the metal droplets to be ejected away from
the interelectrode spacing and so the chance of a short circuit was almost eliminated.
From this idea, a rotary cell was fabricated to deposit Zn from the molten zinc
chloride electrolytes [13]. It consisted of a silica beaker, 20 cm high and 14 cm in
diameter, with plane graphite disc electrodes, 10 cm in diameter and 1 cm in
thickness. The anode featured four 0.4-cm-diameter gas vents and was perforated to
improve gas removal from the interelectrode gap, the rate-limiﬁng step for the
process. To facilitate the removal of the electrolytic products, conical electrodes were
employed to take advantage of gravitational separation. The performance was
reinforced by centrifugal force with the current efficiency almost 45% higher than the
value obtained in the stationary cell at only 100 rpm (about 20 G).

A laboratory scale fused salt electrolysis cell for manufacturing Zn was constructed

to further reduce large energy consumption and raise low space-time yields in fused
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salt electrowinning [14]. The cell consisted of a recrystallised alumina crucible
supported in a stainless steel container on a retractable arm. This allowed the cell to
be easily placed in and removed from the furnace using an air-hydraulic system.
Anode and cathode were both graphite. The cell was rotated by direct drive through
the stainless steel rod and shaft system from an overhead electric motor. The upper
anode plate was perforated to allow the chlorine gas to escape from the gap between
the electrodes. The spacing between the electrodes was adjustable through the use of
alumina spacer rings. The inter-electrode spacing was reduced from 100 mm (typical
of commercial cells) down to less than 10 mm which served to significantly reduce
the resistance between the electrodes. However, narrowing the spacing between the
electrodes introduced the side reaction, i.e., the recombination of Zn and Cl..
Application of a centrifugal field increased the current efficiency obviously, for
example, from 43% to 93% when the rotating speed was increased from 0 to 100 rpm.
The centrifugal force minimises turbulence effect and maximises physical separation
of phases.

1.3.4. The Rotary Chlor-Alkali Cells

A rotating chlor-alkali membrane cell was designed at ICI [5]. In this cell, all buta 20
degree sector of the inter-electrode space was blanked off by a polypropylene spacer
in order to restrict the current to the capacity of the slip ring assembly. When
operated under the similar conditions as those encountered in commercial FM21
cells, very significant overall voltage savings was achieved in centrifugal fields[5].
Even at 25 G, the overall cell voltage reduced to 2.85 V at 3 kAm?, which is much
lower than 3.17 V obtained in FM21 cells. The largest value of the cell voltage was

attained at 200 G, i.e., about 2.8 V at the same current density.
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The above pioneeriné work provided a very useful reference point for this work.
Unfortunately, only the cell voltage behaviour was checked. The previous work did
not mention the anodic behaviour itself, although this is very important from both a
theretical and practical viewpoint.

1.3.5. The Rotary Air Cathode Cell

A new type of the rotating air cathode cell was designed [15]. The main components
of the cell are Ag/carbon fibre cathode, anode, and Nafion membrane. The cell
assembly was immersed in a rotating pool of electrolyte and the electrolyte was
circulated through the cathodic and anodic chambers. Oxygen was supplied to the
base (outer radius) of the cell and bubbled inwards through the cathode surface.
This arrangement causes oxygen bubbles to split as they negotiate the cathode and
stimulate excellent gas/electrolyte and electrolyte/electrode mass transfer. A cell
voltage reduction of about 1 V could be achieved at a current density of 1 kAm?,
when the oxygen (400 ml/min) was applied to the air cathode, rather than 400
ml/min nitrogen. This is due to the cathodic reduction of oxygen and corresponds
remarkably closely to the maximum theoretical value under the prevailing
conditions. A similar experiment was performed with a stationary equivalent of the
rotating unit. In the unit, the electrolyte was pumped through the fibrous electrode,
parallel to the current feeder. A maximum 0.8 V cell voltage reduction was achieved
at a current density of only 0.1 kAm2. The good operating characteristics of the cell
was attributed to the excellent mass transfer environment prevailing in the
electrolytic cell operating in centrifugal fields. Although only cell voltage data are -
available in these work, it demonstrated the beneficial effect of centrifugal fields on

the cell voltage. However, it is difficult to assess how centrifugal fields affect the
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oxygen reduction reaction and to what extent. This knowledge is necessary because
the cell voltage reduction resulted may not only be from the cathode potential
reduction but also from the anode potential reduction.

The aforementioned research demonstrates that the aim of intensifying the
electrochemical processes can be realised by using the intensified electrodes and

high acceleration field. This thesis outlines the efforts made to reach the goal.
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Chapter 2. Experimental and Techniques

This chapter gives detailed information on the practical aspects and the experimental
techniques used in this project. They are the centrifugal rig, the cell design, electrode
fabrication and analysis techniques. Other specific aspects about experiments are
covered in the related chapters.

2.1. Centrifugal Rig

The centrifugal rig is presented schematically in figure 2.1 (a) and its photo is given
in figure 2 (b).

Compressed Air

Computer

/

Air Heater

Hot Air Outlet

A

Hot Air Inlet

|Membrane @ (5 Q) d)
= ——

Centrifuge Potentiostat
Figure 2.1 (a). Schematic of the centrifugal rig.
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Computer and potentiostat Air heater Centrifuge

Figure 2.1 (b). Photograph of the centrifugal rig.

22 ()



The electrochemical process intensification was realised in an acceleration field
generated in a MSE Super Minor Centrifuge (England). To achieve constant higher
temperature cell operation, the compressed air was introduced into the centrifuge
using copper tubing. The tube was heated when required using 200 W barrel
heaters. A thermocouple junction was attached to the air outlet tube to determine the
temperature of the outlet air. The system was heated for 20 to 30 minutes before the
measurements and the hot air was passed through the centrifuge pool during the
experiments. The electrolytes were also preheated to the desired temperature before
measurements.

The membrane cell (detailed in section 2.2) is housed within the centrifuge pool. The
electrode is held between two electrically conducting meshes (usually made up of
expanded Pt/Ti metal) into which channels are formed. The channels supply
reactants to the respective side of the electrode. In the case when gaseous reactants
were used, a subsystem outside of the electrode housing was introduced, which is
responsible for delivering hydrogen, oxygen or air to the electrode surface. The
gases were supplied from pressurised cylinders using a regulator and a needle valve
to control the flow rate. The gases were directed into the working compartment of
the cell through a 1 meter length of silicone rubber tubing. The exhaust outlet of the
cell was located on the top of the cell.

The electrochemical set-up is presented in section 2.5.

2.2, Electrochemical Cells

This section describes the cells used for the studies in centrifugal fields, for routine
electrochemical measurements, and for electrodeposition of catalyst.

2.2.1. The Rotary Cells

23



Design Considerations - The major goal of the cell design was the achievement of a

large area for reaction in a compact space, especially for rotary cells. The distinctive
feature of the electrolytic cell designed in this work is that both electrodes and
electrolyte rotate at the same speed. There is no slip and negligible power dissipation
and thus a low cost in operation. This is in marked contrast to other cells, for
example, spinning disc or pump cell, in which there is a large electrolyte-electrode
speed difference and a correspondingly high power loss. The design was made
based on electrochemical engineering principles which integrate engineering
concepts with electrochemistry theory [1-5]. The most important guidelines come
from energy consumption consideration:
Omolar = N F Ecett/ @ (2.1)

E=Ea+ |Ecl +Va+Vc+Vy+ Vs + Ve (2.2)
where @molar represents molar energy consumption, n is the number of electron
transferred, F the Faraday constant, and o is the current efficiency, Ecu is the cell
voltage, E and Ec are the anodic and the cathodic electrode potential respectively
and Vi, V¢, Vi, Vsa, and Vic are the voltage drops caused by ohmic resistance on the
anode, cathode, membrane, and in the anolyte, catholyte, respectively.
The following requirements should also be satisfied for good performance of the
rotary cell:
(i) Low cell voltage at high current density. In principle, low cell voltage guarantees
low energy consumption and high current density gives high productivity;
(i) High catalytic activity of the working electrode to minimise the overpotential;

(iii) High mass transfer rate which will also lower the overpotential.
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(iv) Low cell resistance. The design of cells with minimum resistance is a major
concern in electrochemical engineering. A significant reduction in cell resistance was
expected to be achieved in a high acceleration field. The internal cell resistance was
also minimised in this work through “the zero interelectrode gap” design and using
highly conducting electrolytes. The electrical circuit resistance was reduced by using
high conducting current collector and connection wires;

(v) The cell must be constructed from low corrosion, thermally conducting and

cheap material.

The Cell Sketch - According to the above principles, a rotary cell was designed and is

shown schematically in figures 2.2 and 2.3.
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Figure 2.2. Schematic views of the components in the rotary cell.
1: Inlet and outlet; 2: Counter electrode current feeder (the counter electrode directly
contacts the feeder); 3: Membrane; 4: Gasket; 5: Working electrode current feeder; 6:
Working electrode; 7: Reference electrode; 8: Rotating axis; 9: Polypropylene block;
10: Belt hole; 11: Rotating direction.
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Figure 2.3 (a). Schematic views of the rotary cell.
1: Gas distributor (used for the gas consuming reactions only); 2: Polypropylene
block; 3: Wire to the working electrode; 4: Inlet and outlet; 5: Hole for the cap; 6:
Working electrode; 7: Electrode current feeders and electrolytes; 8: Cap; 9: Hole for
the gas distributor; 10: Reference electrode; 11: Wire to the reference electrode; 12:
Membrane; 13: Wire to the counter electrode; 14: Counter electrode; 15: Gaskets.

The centrifuge assembly including the position and rotating direction of the rotary

cell are displayed in figures 2.4 and 2.5.

Front view

6 10 11 12

5

Figure 2.4 (a). The centrifuge assembly (front view).
1: Centrifuge; 2: Control key; 3: Rotary cell; 4: Cap; 5: Wires to electrodes;
6: Rotation direction; 7: Slip ring; 8: Screw; 9: To power supply;
10: Axis; 11: Revolution meter; 12: Counter part of the rotary cell.

The rotary cell, when operated at 0 rpm, was positioned in vertical direction while

the cell was positioned in a horizontal plane at other rotation speeds. The cells and
the position at 0 rpm were photograpged in figures 2.3 (b) and 2.4 (b).
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Figure 2.3 (b). Photographs of the rotary cells.
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Figure 2.4 (b). The position of the rotary cell at 0 rpm in the centrifuge
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Top view

Figure 2.5. The centrifuge assembly (top view).
1: Rotation direction; 2: The rotary cell; 3: Axis; 4: Counter part of the rotary cell.

When gaseous reactants were used in the cell, a gas distributor system was
constructed. This consisted of a hard plastic tube or a stainless steel tube with 24
holes as gas inlets within the rotary cell. A 20 cm long silicon tube (about 0.5 mm in
diameter) was used as a gas supply, which serves to connect the inlets of the cell and
the outside gas inlet on the axis. The gas was introduced from the gas cylinder to the
inlet on the axis through a 2 m long silicon tube (about 4 mm in diameter).

A suitable gas distributor is important for the operation of the electrolytic cell,
especially when operated in centrifugal fields where high pressure in the cell is often
met. A good gas distributor will serve to achieve a high and uniform rate of mass
transfer of material to or from the electrode surface. This improves the space-time
yield and fractional conversion as well as minimises side reactions.

2.2.2. Polarisation Cells

Conventional three-electrode type glass cells with glass frit separator were adopted
for measurements under static conditions. The cells have capacities of either 50, 100,
250, or 500 ml, for linear sweep voltammetric and steady-state measurements as well

as bulk electrolysis, respectively. Working electrodes are described in the section 2.3.
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Several counter electrodes were used, i.e,, a platinum foil, a platinised carbon cloth, a
platinised titanium (expanded metal), or a platinised titanium mesh. A commercial
saturated calomel electrode was used as the reference, but all the potential values are
reported on the RHE scale. For the measurements using three electrodes, a luggin
probe was used to measure the electrode potential. The tip of the luggin probe was
positioned within 0.5 mm of the surface of the working electrode. An agar salt
bridge was used to connect the reference electrode and the luggin probe.

The details of electrochemical measurements are presented in the section 2.6.

2.2.3. Electrodeposition Cells

The electrochemical cell used during electrodeposition of Pt, Ag and Ru was similar
to that used for polarisation studies and provided varying exposed electrode areas.
The cell (100 ml) was fitted with a platinum foil counter electrode and a commercial
saturated calomel reference electrode with a luggin probe and an agar salt bridge.
2.3. Intensified Electrodes

2.3.1. General Considerations and Materials

General Consideration: The following requirements are considered in manufacturing
the intensified electrodes:

(i) Effective catalytic reactions of reactants to the desired products;

(ii) Effective dispersion of the catalyst throughout the electrode structure presenting
the maximum possible catalyst surface area;

(iii) Open structure for efficient transportation of reactants and products at the
catalyst surface;

(iv) Mechanical stability and flexibility.
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(v) Chemical stability towards corrosive electrolytes and electrochemical redox
conditions.

Materials: The following substrates were used: titanium mesh, expanded titanium
metal, nickle foam, stainless steel mesh and foam, carbon cloth, carbon paper, and
carbon fibre. The catalysts tested were platinum, silver, ruthenium, ruthenium
dioxide. The catalysed titanium mesh is perhaps the most interesting because of its
large catalytic surface area, short diffusion path of the reactants, chemical and
mechanical stability, as well as its very open structure. The challenge was met in
obtaining high dispersed catalyst particles while maintaining accessibility of the
reactants to the electrode. The preparation of the catalysed electrodes is highlighted
below.

2.3.2. Preparation Methods

This section describes the preparation of novel technical electrodes that are not
commercially available but have potential application in the intensified
electrochemical processes.

Chemical Methods - Of the many procedures that have been employed to prepare

supported metal catalyst, the most commonly used has been impregnation of the
support material with an aqueous solution of the catalyst compounds. Following a
drying procedure, the support is heated under a gas-phase reductant, usually
hydrogen, to give the metal. The interaction between metal salt and the support
surface is of great importance. It determines the size of the metal particles obtained,
as do the conditions used during adsorption of the metal salt onto the catalyst
support. If the metal salt does not adsorb on the support, the salt will concentrate in

the pores of the support during the drying step. The resulting catalyst will yield
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metal crystallites. The number, and hence size of which, will be determined by the
pore size and structure of the support [5]. Reduction of the metal salts carried out in-
situ to form a colloid without the drying-in process yields smaller catalyst
crystallites that are then strongly adsorbed onto the support. For carbon-type
electrodes, the highest activity was attained by in-situ reduction of the metal salt
with strong reducing agents such as formaldehyde. The higher activities attained by
those electrodes was related to the smaller particle size which led to an increase in
surface area. This is not surprising since smaller particles are likely to contain a
larger proportion of low-co-ordination surface Pt atoms. These atoms have been
associated with the enhanced activity of particles over that of the bulk material [5].
The Pt, Ru and RuO:; catalysts were prepared using chemical deposition method. The
Pt and Ru catalysts were prepared according to the literature method [6].
Appropriate volumes (15-25 ml) of the stock solution(s) were agitated and the pH of
the solution was adjusted to 7.0 with 1 M NaHCO; before boiling for 1 hr. After this
period of time, excess formaldehyde solution was added and the suspension further
boiled for 1 hr until complete de-colourisation of the metal salt solutions occurred.
After cooling, the suspension was filtered and the residue washed with copious
quantities of boiling Millipore conductivity water until free of any chloride (detected
by adding AgCl solution) and organic content.

An important step to achieve good coatings is substrate pre-treatment, which is
usually carried out by chemical etching for thermally applied coatings. The etchant
(10 wt/vol.% oxalic acid or 20 wt% HCIl solution) preferentially attacks grain
boundaries to form a micro-rough surface. This provides a reproducible and well

defined surface that gives an adherent key for the coating. In practice, Ti mesh
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surface was first abraded with emery paper and rinsed thoroughly with water. After
drying, the Ti mesh was rinsed in acetone. Following etching with 20% HCI solution
at 90°C for 1 min, a catalyst slurry was painted onto the substrates. The resulting
paint was applied as a thin layer followed by thermal decomposition in air within a
cubic furnace at 350~500°C for 1 hr. The process was repeated about 10 times to
build up the desired coating thickness. Tight control of the furnace temperature is
important to achieve the correct coating characteristics. For example, ruthenium
trichloride requires a temperature in excess of 400°C to form the oxide but heating
above 500°C will produce ruthenium metal leading to an electrode with inferior
properties. Also the rate of substrate oxidation increases and a resistive layer of
titanium dioxide is formed between the substrate and the coating at temperatures in
excess of 500°C. For those electrodes obtained by gas phase reduction in a hydrogen
atmosphere, a known weight of the catalyst salt solution was carefully painted onto
the substrates. Samples were heated to either 300°C or 200°C for 1 hr in a steady
stream of hydrogen atmosphere within a cubic furnace.

Electrochemical Methods: Electrodeposition techniques ensure that catalyst material

is not deposited at electrically and ionically isolated positions within the electrode.
Electrochemical deposition is a rather simple procedure for producing active catalyst
material within an electrode when compared to some of the more complex chemical
deposition techniques. Of course, deposition from chloride-containing metal salt
requires scrupulous cleaning of the electrode following the deposition process.
Moreover, extension of the electrochemical deposition technique to bimetallic
catalysts was very difficult. Codepositon of bimetal materials is complex. Hence, it is

difficult to control the composition of the deposit [6].
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The important experimental factors that must be considered include: method of
deposition, potentiostatic vs. galvanostatic; composition of the plating solution;
temperature; pH of the plating solution; and the cathode efficiency.

In operation, the substrates were degreased in acetone and washed in Millipore
conductivity water for nearly 15 min prior to mounting into the electrodeposition
cell. The cell was then filled with Nz-saturated chloroplatinic acid or ruthenium
chloride solution of known concentration and stirred mechanically. The catalyst was
electrodeposited onto the substrate under potentiostatic control. The amount of
charge required to deposit the catalyst was monitored through a computer-
controlled potentiostat (Model 273 EG&G Princeton). During the deposition, the
charge passed for the first 15 sec was not counted as it mainly consumed for
charging the double-layer on the substrate and reducing adventitious oxygen.
Following deposition, electrodes were extensively washed with boiling Millipore
conductivity water until free from any chloride content. Electrochemical deposition
was carried out with a number of electrodes to check reproducibility.

Some difficulties were founded initially in the co-electrodeposition of Pt-Ru
bimetallic deposits. Since only Pt features were seen for the electrodeposited
material, it is reasonable to assume that only a very small amount of Ru has been
codeposited. This is not surprising since Pt is more noble than Ru, and hence, is
more easily deposited. Therefore, a new deposition strategy was designed, i.e,
depositing Ru followed by depositing Pt. Both carbon cloth-type and Ti mesh-type
electrodes were prepared using this method. At first, the depositing potentials were

chosen according to the linear voltammograms (e.g. figure 2.6):

32



jmAan -2

0 200 600

' E'vs.SCE/mV
Figure 2.6. Linear voltammograms for evaluating the deposition potentials of
platinum and ruthinium co-electrodeposition on titanium mesh.

Cathode: Ti mesh for Pt deposition and Pt/Ti mesh for Ru deposition; Catholyte:

0.02 M H2PtCls or RuCls in 0.1 M HCl solution; Anode: Pt foil; Anolyte: 0.05 M H2SO;4
solution; Scan rate: 5 mV/s; ambient temperature.

The linear voltammograms gives a clear indication of the suitable deposition
potentials. For the platinum solution, a current plateau appears between 0.02 and -
0.1V vs SCE. The corresponding current densities vary from -3.1 to -4.6 mAcm-2 At
more negative potentials there was an evolution of molecular hydrogen. The
behaviour in the ruthenium solution is different from that in the platinum solution,
i.e.,, a well formed limiting current plateau (-1.54 mA cm?2) was observed between
0.14 and -0.3 V vs SCE. Also, the hydrogen liberates at more negative potentials. The
electrodeposition of the Ti mesh electrodes was therefore carried out under
potentiostatic control at -0.05 V vs. SCE. Following the electrodeposition, electrodes
were extensivly washed with boiling Millipore water until free from any chloride
content.

The platinum deposits obtained by the above procedure were bright and the
ruthenium deposit tended to be dark gray in colour. The deposits appeared uniform

to the eye and appeared to adhere quite strongly to the Ti mesh, requiring forceful
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scratching to remove them. More details were assessed by scanning electron
microscopy described later. Electrodeposition was carried out with several
electrodes to check reproducibility.

The electrochemical method gives better electrodes than the chemical method.

2.3.3. Characterising Methods

Scanning Electron Microscopy - Scanning electron microscopy (SEM) is often used to

provide detailed knowledge of the physical nature and chemical composition of the
solid surfaces on a submicrometer scale. It is especially useful to study surface
topography and bulk microstructure [7, 8]. In such experiments, the surface of a
solid sample is swept in a raster pattern with a finely focused beam of electron until
a desired area of the surface has been scanned. Several types of signals, e.g.
backscattered, secondary electrons, are produced from a surface when it is scanned
with an energetic beam of electrons. In such a way, a map of the sample was
produced, in which there is a one-to-one correlation between the signal produced at
a particular location on the sample surface and a corresponding point on the
cathode-ray tube display. Scanning electron microscopy (SEM) was performed using
a Hitachi 5-2400 scanning electron microscope at an acceleration voltage of 25 kV.
The samples of the platinised carbon cloth and titanium mesh electrodes were
prepared by cutting a piece of the platinised carbon cloth and titanium mesh
electrodes and sticking them onto the specially made disks. Figure 2.7 gives the
scanning electron micrographs of the Ti mesh and the catalysed Ti mesh prepared by

the steady-potential method, with a loading of 1 mg Pt+0.5 mg Ru/cm?2
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Figure 2.7. Scanning electron micrographs of the (a) Ti mesh, (b) Pt (1 mg cm)-Ru

(0.5 mg cm?)/Ti mesh, (c) Enlarged Pt-Ru/Ti mesh.

The SEM micrographs of the mesh show that the titanium mesh surface appears
smoother after the deposition (figure 2.7, b). The Pt and Ru particles are distributed
homogeneously across the matrix (figure 2.7, c). The electrode obtained using
electrodeposition method shows significant phase segregation as illustrated in figure
2.7 (c). Discrete regions of substrate (dark) and Pt-Ru particles (white) are observed.
The majority of the catalyst particles range from 250 to 500 nm in diameter and there
are some bigger clusters (about 1.5 pm in diameter). These deposits are similar in
size with those previously reported using the electrodeposition methods [10-12]. It is
worthwhile to note that the catalysed titanium mesh after use in the methanol
oxidation gave nearly the same SEM micrographs, i.e., there is no observable change
resulting from use.

The electrode obtained using chemical deposition method show quite different

characteristics to those obtained by electrodeposition, as shown in figure 2.8.
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Figure 2.8. Scanning electron micrographs of the chemically prepared Pt (2 mg cm2)-
Ru (1 mg cm?)/Ti mesh (a) before and (b) after using in methanol oxidation.

The SEM pictures show that the platinum and ruthenium particles are highly
aggregated to form large clusters (75 to 200 pm diameter) which partly block the
mesh holes(figure 2.8, a). After using in the methanol oxidation, the catalyst particles
become detachal from the substrate matrix (figure 2.8, b).

Figure 2.9 displays scanning electron micrographs of the platinised carbon cloth.
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Figure 2.9. Scanning electron micrographs of the (a) carbon cloth, (b) Pt (2 mg cm-2)-
Ru (1 mg cm?)/carbon cloth before use.
When a carbon substrate was used, poorer adherence between the catalyst particles

and carbon was observed, which are shown Chapter 6.
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Electrochemical Characterising Technique - Most catalysed electrodes were

characterised by electrochemical measurements which are presented in the related
sections.

2.3.4. Electrode Pre-Treatment

The electrodes were treated before each experiment according to different
procedures. For electrochemical pre-treatment of a Pt or Pt-based electrode used in
collecting kinetic data, insert it, together with a saturated calomel reference electrode
and a Pt counter electrode in 0.5 M sulphuric acid. Set the potential to 1.8 V vs. RHE
for 30 seconds to oxidise impurities. Change to 1.2 V for 30 seconds to remove
oxygen formed at the higher potential. Switch to 0.05 V for 30 seconds to reduce
surface oxides formed in the previous steps. Repeat this procedure at least three
times [6, 17, L. D. Burke and D. T. Buckley, J. Electroanal. Chem., 366, 239, 1994.].
The pretreatment method for the electrodes used was not found to be critical, but
most electrodes were pretreated before experiments using chemical cleaning
procedures, i.e.,, inmese them in 2 M H;SO, solution or 2 M NaOH solution for 5
minutes followed by rinsing with tap water and finally ultrapure water thoroughly.
2.4. Fabrication and Operation of Direct Methanol Fuel Cells

2.4.1. Catalyst and Electrode Preparation

Catalysts for both electrodes were prepared according to the procedure outlined
elsewhere [12]. Pt-Ru catalysts used were: Electrochem. Inc (USA); Pt 20wt%k,
Rul0wt% on Vulcan XC-72R carbon or Johnson Matthey (UK); 35wt% Pt, 15wt% Ru
or catalyst 40wt% Pt, 20wt% Ru on ketjen black carbon [13].

Each of the electrodes consists of a backing layer, a gas diffusion layer, and a

reaction layer. A teflonised carbon cloth (E-TEK, type A) of 0.35 mm thickness was
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employed as the backing layer in both electrodes. To prepare the gas diffusion layer,
the required quantity of isopropanol was added to a pre-teflonised Ketjen Black
carbon to make the paste required. The resulting paste was spread onto the carbon
cloth and dried in an air oven at 85°C for five minutes. To prepare the reaction layer,
the required quantity of Pt-Ru/C (anode) or Pt/C (cathode) was mixed with 10 wt%
teflonised carbon. The required quantity of Nafion solution was added to the
mixture with continuous stirring. The resulting paste was spread onto the gas
diffusion layer of the electrode and dried in an air oven at 85°C for five minutes. The
catalyst content on the anode was maintained at a level of 2 mg Pt cm? while that on
the cathode was 1 mg Pt cm2 Finally, a thin layer of Nafion solution was spread
onto the surface of each electrode.

2.4.2. Membrane Electrode Assembly

The membrane electrode assembly is housed within the mechanical framwork of the
cell. The electrode is held between two electrically conducting field meshes (usually
made of expanded Pt/Ti metal) into which channels are formed. The ridges between
the channels are responsible for the electrical contact with the backs of the electrode
and conduct the current to an external load. The channels between the ridges supply
fuel and oxidant to the respective side of the electrode. The subsystems outside of
the electrode housing are: An oxidant system, which is responsible for delivering
oxygen or air to the electrode surface; a fuel injection system for fuel delivery to the
electrode surface. The sandwiched membrane electrode assembly (MEA) was
obtained by hot pressing the anode and cathode on either side of the pre-treated
Nafion 117 membrane at 100 kgem2 and 125°C for 3 minutes. The membrane pre-

treatment involved boiling the membrane for 1 hr in 5 vol% H:0; and 1 hrin1 M
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sulphuric acid before washing in boiling Millipore water (> 18 mQ) for 2 hrs with
regular changes of water. The thickness of the MEA is approximately 0.8 mm
depending on the diffusion layer thickness. The resulting MEA was installed in the
cell after pressing, and hydrated with water circulated over the anode at 75°C for 48
hrs. After allowing 48 hrs to condition a new MEA in the test fuel cell at 75°C and
atmospheric pressure with continuous feed of 2 M methanol, the galvanostatic
polarisation data were obtained at various operating conditions. Several MEAs were
tested to ascertain reproducibility of the data. The extent of the conditioning period
is of significance in the performance of the cells.

2.4.3. Fuel Cell Assembly

A liquid feed DMFC was assembled employing the MEA sandwiched between two
graphite blocks with parallel channel flow paths cut out for methanol and
oxygen/air flow. The cell was held together between two aluminium backing plates
using a set of retaining bolts positioned around the periphery of the cell. Both
electrodes were contacted on their rear with gas/liquid flow field plates machined
from impregnated high density graphite blocks in which channels were formed. The
ribs between the channels make the electrical contact to the back of the electrodes
and conduct the current to the external circuit. Electrical heaters supplied by Watson
Marlow were plécéd behind each of the graphite bldcks in order to heat the cell to
the desired oper{ntional temperature. The graphite blocks were also provided with
electrical contacts and small holes to accommodate ‘thermocouples. The fuel cells
were used in a simple flow rig which consisted of a Watson Marlow perilstatic pump

to supply aqueous methanol solution, from a reservoir, to a Eurotherm temperature
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contoller to heat the methanol. Oxygen and air were supplied from the cylinders at
ambient temperature,

and the pressure regulated at inlet by pressure regulating valves. All connections
between the cells and equipment were with PTFE tubing, fittings and valves.

2.4.4. Rotary DMFC

The rotary fuel cells have been constructed by putting the fuel cell assembly into the
rotary cell blocks described in previous section.

2.4.5. Measurement Set-Up

The measurement set-up was sketched in figure 2.9.
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Figure 2.9. The Fuel Cell Measurement rig. 1: Electrometer for current measurement;
2: Electrometer for cell voltage measurement; 3. Ministat precision potentiostat;

4: Fuel cell.

2.5. Reference Electrodes

Saturated _Calomel _Electrode: For those measurements using stationary

electrochemical cells, a commercial saturated calomel electrode was used and
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potentials are also reported relative to the reversible hydrogen electrode. A double-
junction SCE reference electrode, immersed in satﬁrabed KCl, was connected to the
cell through a luggin capillary salt bridge that was filled with the same electrolyte
solution used in the working chamber of the cell as the supporting electrolyte.
Special care was taken in positioning the reference electrodes or the luggin capillary
with respect to the working electrode. This is due to a substantial iR drop may
distort the shape of the polarisation curves, particularly in the vicinity of the peak or
high current density range.

Nafion Membrane Electrode: The electrochemical measurements in the rotary cells
with routine reference electrode were tried and failed. It was clear that commercial
SCE reference electrodes could not use in the rotary cells due to the easy damage by
powerful centrifugal force generated in the centrifuge. An alternative reference
electrode, a Nafion membrane reference electrode, was designed and used for the
measurements in centrifugal fields in this work.

In practice, the Nafion membrane reference electrode utilizes a small thin piece of
Nafion 117 membrane having a surface area about 0.5 cm2. A stainless steel wire was
sealed to the membrane and acted as the internal conducting lead. The evaluation of
such a reference electrode is necessary because this type of electrode has rarely been
used in electrochemical measurements and no rerefence about its use in rotary cell
was found, although other types of membrane reference electrodes have been
preliminarily evaluated [14, 15].

The thorough assessments of the Nafion 117 membrane electrodes were carried out
by comparing the electrochemical response towards the investigated processes using

this reference with that of a commercial SCE reference. This was first checked in the

43



stationary cell both in the blank solution as well as in the electrolyte with
electrochemical active species. The interference of acidic, neutral, and alkaline
solution was investigated up to a concentration corresponding to the value used in
experiments; there is no notable interference within experimentally permitted error
during a moderate operation period. The response to the variation in temperature of
the medium was also studied. The results were also satisfactorily, compared to those
referred to the commercial SCE reference. However, the deviation of the
electrochemical measurements using the Nafion 117 membrane reference electrodes
from those referred to the SCE was observed for long term tests. Most of the Nafion
membrane electrodes used in this work are not good for long term operation. For
example, the stabiblity of the Nafion membrane reference electrodes towards
hydrogen and oxygen evolution reactions was studied for a period of about 72 hours
in the sulphuric acid, sodium sulphate, or potassium hydroxide solution,
respectively. During the first 24 hours, there was no notable fluctuation in the linear
sweep voltammetric responses for the processes, compared to the results obtained
using the commercial SCE reference. However, the deviation became larger later and
developed to an unacceptable extent at last. The deviation become severe in
centrifugal fields for long term usage, although the results suggest that such a
reference electrode could be reliable for a moderate operation period even at high
rotating speeds. The problem arose from eventual mechanical damage of the sealing
stainless steel conducting wire of the electrode, which was exposed partly or
completely to the electrolytes.

The direct measurement of electrochemical parameters in centrifugal fields was

achieved by placing this type of reference electrode near the working electrode. To



get reliable and reproducible data, the new reference electrode was used for every
experiment and the reference electrodes were regularly calibrated against a
commercial saturated calomel reference electrode. All anode potentials are corrected,
and quoted against the Reversible Hydrogen Electrode (RHE) by adding about 5 mV
to the potential values measured against the Nafion membrane reference. All
measurements were repeated with fresh solution at least twice under the same
conditions to ensure reproducibility.

Potential drift is a common source of inaccuracy during direct potentiometric
measurements with membrane electrodes. Inherent defects or “poisoning” of the
membrane by other constituents of the solution and temperature heterogeneity
within the electrode body are the main causes of potential drift. Miniaturisation of
the membrane reference electrodes was recommonded as an effective way to
improve their thermal hysteresis characteristics, i.e., reach a target of a small
temperature coefficient [7]. In our case, the membrane reference electrodes were
minimised and very simple structure was adopted, the accuracy for a moderate
measuring period satisfactorily agreed with that obtained using the commercial SCE
reference, regardless of changes in the rotating speed, concentration, and
temperature. It is possible to improve the long term stability of Nafion membrane
reference electrode. However, this is beyond the range of this work.

2.6. Electrochemical Measurement Techniques

This section describes the basic electrochemical technique used in this work. More
complete descriptions about practical operations and theoretical treatments may be
found elsewhere [16, 17]. In the electrochemical measurements, current densities

refer to a superficial area, i.e., a geometric surface of the electrode projected onto the
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membrane. To get meaningful and consistent data, a standard testing procedure was
adopted as described in the following sections. All data are reproducible and are the
average of at least two, and usually three or more, trials.

2.6.1. Linear Sweep Voltammetric Technique

The linear sweep voltammetric technique has been employed in most of the work
described in this thesis for the evaluation of electrodes and the effects of centrifugal
fields. The technique involved sweeping the electrode potential or cell voltage
continuously between two pre-set limits (initial potential and final potential) at a
known scan rate. The current response was measured as a function of potential or
cell voltage; scan rates can vary from less than 1 mV/s to several hundred V/s
depending on the experimental need. A scan rate of 5 mV/s was chosen throughout
this work, as the results obtained using 1 mV/s show the same features as those at 5
mV/s.

The currents are reported in accord with IUPAC convention (anodic current is
positive and cathodic current is negative). For the reactions investigated in this
thesis, examinations of the curves obtained in the blank solutions are used to reveal
any competing currents in the potential range of interest. Generally, the background
currents were insignificant and were therefore neglected.

2.6.2. Steady-State Polarisation Measurements

Steady-state polarisation measurements were carried out in a conventional three-
electrode cell or the rotary cell with the Nafion membrane reference for the data
comparison between the static cell and the rotary cell. Two methods were used, i.e.,

galvanostatic polarisation technique and potentiostatic polarisation technique.
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Galvanostatic Polarisation Measurements - Galvanostatic polarisation measurements
were performed. The technique can avoid gas bubble inteference and is more suited
to higher currents where large quantities of gas are evolved.

A current was applied to the working electrode or the cell assembly and the
potential monitored until it remained constant for a specified time (5 to 10 minutes)
and monitors the resulting potentials. For half-cells, the electrode polarisation was
measured at current densities of 0, 5, 20, 40, 60, 80, 100, 120, or 150 mAcm-2 for most
temperatures and reactant concentrations. The current density was automatically
controlled by a computer.

Potentiostatic Polarisation Measurements - Potentiostatic polarisation technique was

also used for steady state polarisation curves. For half-cells, constant anode
potentials applied to the electrodes, and the current density of the electrode recorded
as a function of time. This was also automatically controlled by a computer. In these
measurements, the current-time transient typically showed an initial sharp rise
associated with double-layer charging and then the current decayed with time in a
hyperbolic fashion as a result of depletion of the reactant near the electrode surface.

Tafel Constant Measurements - The Tafel plots were constructed in order to

determine if the kinetic parameters of Tafel slope b and exchange current density jo
for the investigated reactions, i.e., the oxygen reduction and evolution, hydrogen
oxidation and evolution, chlorine evolution and methanol oxidation, are affected by
the experimental conditions. First, the experiments were done galvanostatically or
potentiostatically with a conventional three-electrode glass cell. and the curves

converted into the corresponding Tafel plots. This has been done by plotting average
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overpotentials versus logarithmic current density. Tafel parameters were obtained
from these plots according to the Tafel equations:
Cahtodic: Ec- Ec,e = ac* bclog |jc| (2.3)
Anodic: Esa-Eae=aat+balogja (2.4)

where Tafel constants are

Anodic: as=-(23RT/aanF)logjao ba=23RT/oanF (2.5)

Cathodic: ac = (2.3 R T/ocn F) log |jc o] bc=-23RT/aanF (2.6)
and n is the number of electron transferred, F the Faraday constant, and o is the
current efficiency, Ex and Ec are electrode potentials for the anodic and the cathodic
reactions respectively, Ec, . and Ea . are equilibrium potentials for the anodic and the
cathodic reactions respectively, ja and |jc| are the anodic and the modula of the
cathodic current density respectively, ja, 0 and jc, o are exchange current densities for
the anodic and the cathodic reactions respectively, aa and oc are the transfer
coefficients for the anodic and the cathodic reactions respectively. The equilibrium
potentials were replaced by the rest potentials observed after polarisation
measuring. This method was claimed as the most reasonable potential at which to
determine the intercepts of Tafel plots [3,17].
The Tafel data are reported in the related chapters.
2.6.3. Controlled Potential Coulometry
Controlled potential coulometric experiments were carried out to determine the
electrolysis products in methanol oxidation. In the experiments, the potentiastat
steps the potentials from the open circuit potential to a programmed potential while
stirring the sample solution and monitors the current that follows. The technique

was used to determine the total charge passed in the experiments. The methanol
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samples were added after pre-electrolysis of the blank solution. The background
current was subtracted from all subsequent current measurements.
2.6.4. Mass Transfer Measurements
As usual, the mass transfer coefficients in the rotary cell were determined using the
diffusion limiting current technique [2-4, 18-20]. The reduction of ferricyanide at a
platinised titanium cathode was chosen as a model reaction

Fe(CN)e> + e = Fe(CN)s* 2.7)
Current density versus cell voltage curves were recorded at each rotation speed. The
application of the ferricyanide reduction with cell voltage values, rather than
electrode potential measurements, is considered as a very useful method for the
determination of mass transfer rates in electrochemistry which avoid the
experimental difficulties associated with the incorporation of a reference electrode
[21]. The limiting current densities, jim, were obtained from the limiting current
plateau and used to calculate the mass transfer coefficients, ki, according to

kL = jim/(n F Cb) | (2.8)
where n is the number of electrons involved in the reduction, F the Faraday constant
and equals 96485 C/mol, and C; the bulk concentration of ferricyanide (mol m3).
The limiting current is obtained from steady state polarisation curve which showed a
clear limiting current plateau. The cell was charged with 50 ml fresh catholyte and 30
ml fresh anolyte for each run. High ratio of ferrocyanide to ferricyanide (0.05 M:0.01
M) was used to ensure that the cathode reaction is under electron transfer control
and the reduction of ferricyanide to ferrocyanide will occur efficiently. The use of

KOH solution ensured that the contribution of migration to mass transfer was
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negligible. The catholyte was purged with nitrogen for 20 min before measurements
were taken to avoid the effect of oxygen reduction.

The mass transfer data are reported in Chapter 7.

2.7. Gas Chromatography

Gas chromatography is a technique for separating mixtures of relatively volatile
compounds into their components. The sample is injected into the carrier gas. The
vapour is then carried through a column which is usually prepared by deactivating
the sillica surfaces prior to coating with the stationary phase, such as
dimethylsiloxane and polyethylene glycol. This stationary phase was immobilised
by surface bonding and/or cross-linking. As each component reaches the end of the
column it is detected and the detector issues an electrical signal to the recorder. The
gas-liquid and gas-gas GC were used.

All the gas samples produced by the electrolysis were analysed using GC - 8A Gas
Chromatography controlled by C - R6A Chromatopac computer Apparatus
(Shimadzu Corporation, Kyoto, Japan ). The amounts of CO; and O; evolved from
the anodes were determined using standard calibration curves for CO; and O,
respectively. The peak area values in the gas chromatographic reports were used for
these determination.

2.8. Membrane

General Considerations - Use of a membrane causes IR loss in a cell and increases

the cost and complexity of cell construction. But this is essential for the rotary cell for
two reasons: (i) to prevent physical contact between the anode and cathode as the

electrodes are closely spaced; this also serves to separate gases in the cathodic and
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anodic chambers; (ii) to guarantee good contact between reactant and the working
electrode surface so as to make full utilisation of reactant.

Membrane Pretreatment - Prior to use, membranes were cleaned by the following
procedure [22, 23]. First, membranes were heated at 80°C in 5% H;O; solution for 1
hr to remove any residual organic species present. The membranes were thoroughly
washed with Millipore conductivity water and boiled in 1 M aqueous sulphuric acid
for 2 hrs. Following washing, the electrodes were then boiled in Millipore
conductivity water for a further 2 hrs. Membranes were stored in a glass container
and were boiled for 1 hr in Millipore conductivity water prior to use.

2.9. Reagents and Electrolytes

Reagents - The chemical reagents and materials with their respective suppliers are:
Nafion 117 membrane (Aldrich); Carbon paper (PC 206) (Stackpole); Carbon
cloth(GC-14) (E-Tek Inc.); Carbon fibre felt; Hydrogen hexachloroplatinate (H:PtCls,
Janssen); Ruthenium(III) chloride (RuCls, Aldrich); Sodium carbonate (Na:COs, BDH
AnalaR); Sodium hydroxide (NaOH, BDH AnalaR); Hydrochloric acid (HCl, BDH
AnalaR); Sulphuric acid (H:SOs, BDH AnalaR); Methanol (CHsOH, Fisons HPLC-
grade). Millipore water, obtained from a Milli-U 10 water purification system, was
used during all electrochemical experiments.

Electrolyte Pretreatment - Bubble the electrolytes with purified nitrogen for 10
minutes and continue passing nitrogen over the solutions during the experiments for

routine electrochemical measurements.
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Chapter 3. Gas Consuming Reactions

3.1. Introduction

Two industrially important electrochemical gas consuming reactions, i.e., oxygen
reduction and hydrogen oxidation are investigated in this chapter.

Oxygen reduction and hydrogen oxidation have generated much interest and a
significant amount of research due to their importance both for the basic
electrochemical theory development and for the technical applications [1-5). Their
potential technical applications particularly attract us to explore the possibility of
intensifying both processes in centrifugal fields.

3.2. The Past Work On Oxygen Reduction And Hydrogen Oxidation

It appears that there is only one piece of research which considered centrifugal fields
for gas consuming reaction, i.e., oxygen reduction [6]. Among a large amount of
work in static cells, the technical aspects are of interest in this review.

3.2.1. Oxygen Reduction

Cathode - To be suitable for technical applications, oxygen reduction should
proceed at suitably low overpotentials. This is determined to a great extent by the
catalytic activity of the cathode. Efficient catalysts for oxygen reduction accelerate
the rate of charge transfer and increase the reduction current. Platinum has been
found a material of preference, although in order to save cost, other materials have
been exploited.

* Pt and Pt Alloys - Platinum is considered an active electrocatalyst for oxygen
reduction. It provides maximum activity and long term stability. To balance the

efficiency and cost, platinum is often used in a highly dispersed form on various

conductive supports or as Pt alloys. The typical substrates used for dispersing



platinum are high surface area carbon and titanium [7-10]. The electrochemical
reduction of oxygen were reported to be a 4e- process in alkaline electrolytes:
0:+2H,0+4e =40H (3.1)
For example, this 4e reduction proceeded on Pt/ TiO; electrodes as a 4e- process in 1
M NaOH commencing at potentials of about -0.8 V vs. SCE [11, 12]. Tafel plots with
two different slope regions were observed for oxygen reduction at Pt/Ti cathodes in
0.1 M KOH solution [13]. At low current densities the slope was around -60
mV/dec, whereas at high current densities the slopes ranged from -260 to -490
mV/dec when the Pt film thickness increased from 1 nm to 20 nm [13]. This
transition in Tafel slope was analogous to those observed on Pt/Glass carbon
cathodes and was caused by the slow oxygen adsorption, a rate determining step
[13]. The exchange current densities of the low current density region changed from
about 2x10° to 9.4x10-1°© Acm2 corresponding to the increase of Pt film thickness
from 1 to 20 nm [13].
As for Pt alloys, some interesting examples include Pt-Ir-Au [14] and Pt-Cobalt
oxide [15]. These electrodes display improved performance for oxygen reduction in
alkaline solution. Using Pt-Cr-Cu or Pt-Cr-Cu alloy, oxygen reduction in solid
polymer electrolyte fuel cells was greatly improved [16].
*Au - Oxygen reduction on gold is remarkably influenced by crystallographic
orientation. Notable examples of such an influence are a complete 4e- reduction on
the Au(100) face, and a 2 e process on the Au(111) face with a Tafel slope of - 175
mV/dec [17, 18]. The well ordered strcture of the Au(111) flat surface was found
unsuitable for a stronger adsorption of Oz, reaction intermediates and OH- anions.

The slow H,O; desorption partially blocked the surface for oxygen reduction. In
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contrast to this, the chemisorption of the OH- anions, giving the AuOH* (a is a
structure constant) layer, catalysed a 4e- reduction on Au(100) surface [17, 18].
*Ag and Ag Alloys - Silver is also an effective catalyst for oxygen reduction in
alkaline electrolyte [19]. A great deal of work has been done on this topic. Both the
direct 4e- pathway (equation (3.1) and the sequential pathway

O:+ H,O +2 e =HOx + OH- (3.2)

HOy+ H:O+2e =3 0OH- (3.3)
have been shown to occur simultaneously on silver [20]. In 6.5 M NaOH solution at
259C, the sequential pathway dominates the direct 4 e pathway prevails on silver
[19].
It was reported that silver containing very low percentages of Sb or Bi was very
active for oxygen reduction in alkaline solutions [21]. Silver containing 2 to 5 atom%
Sb and 2 to 5 atom% Bi was fabricated as smooth solid disc electrodes for oxygen
reduction. For example, the Tafel slopes changed from 85 mV/dec on the Ag
cathode to 55 mV/dec on the Ag-Sb (2 atom%) and to 50 mV/dec on the Ag-Bi (2
atom%). The exchange current densities decreased from 7.0x107 Acm? on the Ag
cathode to 2.0x107 Acm2 on the Ag-Sb (2 atom%) and to 4.5x107 Acm2 on the Ag-Bi
(2 atom%) [21]. Based on the kinetic analysis, it was proposed that the oxygen
reduction kinetics on these electrodes was controlled by the diffusion of the
dissolved oxygen from the bulk to the electrode surfaces and the transfer of the
second electron to the absorbed oxygen is the rate determining step of the oxygen
reduction [21].
* Stainless Steel Composite - In fabricating high surface area carbon electrodes,

problems of catalyst support were often experienced. Carbon black is usually used



in a powdered form but it cannot be easily supported unless polytetrafluorethelene
or other types of binders are employed. To overcome this limitation stainless steel-
carbon composite electrodes were produced [22-27]. The approach chosen was to
combine dissimilar and normally incompatible materials, i.e, high aspect ratio
carbon fibres , conductive metal fibres, and cellulose fibres. These materials form a
highly porous yet physically stable and highly conductive structure. The
performances of various composite fibre electrodes without the use of Pt catalyst
were examined for oxygen reduction in 45 wt% KOH electrolyte at ambient
temperature. The tested composite electrodes exhibited Tafel slopes ranged from 40
to 50 mV/dec, which is similar to that obtained on a commercial Teflon bonded
platinum gas diffusion electrode (Prototech electrode with 045 mg Pt cm?,
Electrosynthesis, Inc.), i.e., 40 mV/dec. However, exchange current densities
derived from the composite electrodes ranged from 1.1x104 Acm2 to 9.4x10~4 Acm2
which is larger than that obtained on the Prototech electrode, i.e., 4.0x10¢ Acm?2
Furthermore, the composite provided about seven times higher current per electrode
weight than the commercial electrode, i.e., 8.13 A/g for the composite and 1.15 A/g
for the commercial electrode at - 525 mV vs. SCE [27]. The sintered metal fibre
networks in the composite structure provide a highly conductive three dimensional
current collecting medium as well as a structure support to the active carbon within
the electrode. The dual functionality reduces electrode weight and is more efficient
than other forms of current collectors such as perforated metal foil or wire screens
and meshes. The electrode material was considered as a suitable candidate for

applications in various air elecirodes.
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* Other Materials - Porous gas diffusion electrodes prepared by using amorphous
Ni-Zr or Ni-Ti alloys+Pt-Ru, or Pt-Rh, or Pt catalyst powders [28]. They were
employed for electrochemical reduction of oxygen and oxidation of hydrogen in 1 M
H,SO; solution [28]. The Tafel slope of the Pt- and Rh-containing amorphous alloy
electrodes coincided with these previously reported values for the Pt group metals,
i.e.,, about -120 mV /dec. The Tafel slopes were about - 180 mV /dec for the Ru- and
Ir-containing electrodes and about - 60 mV/dec for Pd-containing electrode. The
overpotential of the Pt-containing electrodes for oxygen reduction was about 250
mV, while that of the electrodes without Pt is higher than about 350 mV.
Semiconducting elctrocatalysts containing clusters of transition metal atoms provide
the reservoir of charges for the multi-electron charge transfer. They can avoid the so-
called relaxation of the electronic states to a great extent. Therefore, oxygen
reduction proceeds mostly via four-electron transfer reaction to water [29-30]:
O;+4H*+4e=2H0 (3.4)
For example, the chalcogenide materials based on Mo-Ru-Se was used for oxygen
reduction in 0.5 M H;SO;. The electrocatalytic activities of the material was
improved through reducing the overpotential.
Applications
*Fuel Cells - Most research work in O; reduction are related to fuel cell
development. This is due to the fact that the performance of fuel cells is limited by
the slow kinetics of the oxygen reduction. The problem is much more significant
when air is used as the cathodic reactant.
Polymer electrolyte fuel cells have especially high power density compared with

other fuel cell systems. Oxygen reduction and hydrogen oxidation proceed very



efficiently in such systems. For example [31], a cell with only 0.4 mg Pt cm?2 can
achieve a current density of 20 kAm- at the cell voltage of 0.5 V with H,/O; at 5 atm
pressure without any mass transfer limitation. The excellent performance of the cell
was attributed to the superior electrode structure with highly porous catalyst layer.
This facilitates good electrolyte uptake and establishment of the maximum three
phase boundary. Also the catalyst layer, facilitates fast transport of reactants, in the
gaseous form and in the dissolved form, to the catalyst site leading to minimum
mass transfer and ohmic overpotentials. The excellent performance of the fuel cell
was attributed to significant improvements in oxygen reduction.

Various methods have been tried to improve the performance of oxygen cathodes.
These include: improving the wettability of the gas diffusion electrodes [32] or
improving the structure of the catalyst layer [33]. Another approach is through the
use of different electrolytes. A typical example is in the phosphoric acid fuel cell,
where performance is often limited by polarisation of the oxygen cathode. Replacing
phosphoric acid with perfluoroethlene-1,2-bis-phosphonic acid, the cathode
performance was improved [34, 35]. This is due to modification of the interfacial
dielectric properties by the fluorocarbon moiety thereby favouring oxygen
adsorption at the platinum electrolyte interface. On the other hand, the high ionic
conductivity was still retained thereby avoiding resistive voltage losses.

* Chlor-Alkali Industry - From the viewpoint of electrochemical engineering,
replacement of the hydrogen reduction reaction with the reduction of oxygen in
chlorine cells can produce a theoretical reduction in cell voltage up to 1.2 V. This

voltage reduction was nearly realised in modern membrane chlor-alkali cells and is
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one of the promising ways to reduce the power consumption in chlor-alkali
electrolysis [36, 37].
* Waste Water Treatment - Oxygen-fed cathode have been used in electrochemical
treatment of waste water [38]. The oxygen-fed cathode electrogenerates H;O, from
the reduction of pure O; via reaction:

O;+2H*+2e =HO; (3.5)
The method showed high decontaminating power in degradations of the acidic
aniline solutions. The degradations were performed in an undivided cell with an Fe
anode and a carbon-polytetrafluoroethylene O, - fed cathode which continuously
generated H,O.. Benzoquinone, nitrobenzene, NHy*, and NOs were detected in
electrolysed solutions. For example, in a solution of 0.05 M Na;SOs+H;SO; solution
with 1000 ppm aniline at initial pH 3.0 and 25°C, total organic removal from a 120
minutes electrolysis at a current density of 45 mAcm-2 are 91% for the oxygen-fed
cathode and 12% for the graphite cathode [38].
3.2.2. Hydrogen Oxidation

Mechanisms and Kinetic Data - Hydrogen oxidation is a very important reaction

occurring in some kinds of fuel cells and electrochemical sensors [68] and has
received renewed attention recently with respect to electrode kinetics and reaction
mechanisms. The accepted mechanism of hydrogen oxidation reaction is formed by
a Tafel reaction
H;+2M=2MH (3.6)
and/or a Heyrosky adsorption reaction
H,+ M=MH+ H*+ e 3.7)

followed by a Volmer reaction



MH=M+H*+e (3.8)
where M is an active site on electrode surface [39, 40]. The mechanism is dependent
on electrode material and electrolyte. For example, a Tafel/Volmer mechanism, with
Tafel being the rate determining step and a Tafel slope of about 70 mV/dec, has
been proposed for the hydrogen oxidation reaction on Pt electrode and strong acid
media [39, 40]. In 0.5 M K:;SOs solution, the Heyrovsky/Volmer mechanism, with
Volmer being the rate determining step and a Tafel slope of about 40 mV/dec has
been proved [41]. With a CW 87.8 Mo012.2 electrode in 0.5 M H;SO4 solution, a
Tafel/Volmer mechanism is also suitable but the Tafel slope changed to 170 mV/dec
and the exchange current density was 5.2x107 A cm2 [42].

Fuel Cells - Most research of Hz oxidation at high surface area electrodes is related to
fuel cell development. A major application is the use of hydrogen in
hydrogen/oxygen fuel cells for static power generation, transportation and compact
power supplies [5]. Recently the use of hydrogen to power buses and automobiles
has seen major investment by multinational companies determined to overcome the
environmental problems with the use of petroleum and diesel fuels [43].

Very high chemical-to-electrical conversion efficiencies have been achieved in
hydrogen-driven fuel cells. Highly dispersed noble metals (e.g. platinum alloys) on
high surface area supports (e.g. carbon blacks) are currently the most favourable
electrocatalysts for applications in phosphoric acid fuel cell systems [44, 45].

Zinc Electrowinning - A novel high speed zinc electrowinning cell using a hydrogen

anode was developed [46-49]. The cell consists of an Al rotating disc cathode driven
by a motor via a shaft and a Pt gas diffusion anode (0.56 mg cm2 Pt). An electrolyte

containing 60 g/l Zn+160 g/1 H;SOs was fed to the cell through a pump, while
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hydrogen gas was supplied to the anode through a mass flow controller. Hydrogen
oxidation took place at such an anode with high rate and a low overpotential in a
sulphuric acid solution. The cell not only replaced the oxygen evolution reaction at
the anode but also reduced the gap between the anode and cathode to 4 mm. This
leads to high operating current densities up to 10 kAm2 which was eighteen times
higher than that in conventional zinc electrowinning cells. At a current density of 5
kAm?2 the cell operated at a cell voltage of 1.8 V, which is only half of that of the
conventional cell. The current efficiency (86%) and the purity of the zinc (at least
99.999%) are also high. The energy consumption of the system reached as low as
1400 kWh per tonne of zinc, compared to 3300 kWh per tonne of zinc in the
conventional cell, at the expense of 380 m® H: gas, of course. During a 200 h
continuous operation, no noticeable decrease in activity of the hydrogen anode and
change in the overpotential of the hydrogen oxidation reaction were observed.
Moreover, the zinc deposit formed was uniform and no nodular or dentritic phase
formation was observed.

Salt Splitting - Salt splitting is a relatively new technology to produce caustic soda

without the co-production of chlorine so as to reduce the cost for disposing of
heavily laden salt solutions. Using a hydrogen depolarised anode, the cell voltage
can be over 1V lower, as realised in the Hydrina™ process piloted by DeNora [50].
A similar process was also developed in The Electrosynthesis Company [51]. It takes
advantage of gas diffusion electrode technology to accomplish low cell voltage. The
key step in the process is hydrogen oxidation at a platinum catalysed gas diffusion
electrode. The process is able to produce high purity and high concentrations (up to

32%) caustic soda at current densities of 2.5 kAm2 and a cell voltage of less than 1.6
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V. This corresponds to a total power consumption of less than 1200 kWh/ton of
caustic which is much lower than in conventional processes (2000 to 4000 kWh/ton

of caustic).

Waste Treatment - The destruction of low-level radioactive waste containing species

such as nitrites and nitrates is a difficult task. The operating current required to
achieve an economic reduction of nitrate results in the generation of hazardous
ammonia, which also can combine with the oxygen generated at the anode to form
an explosive mixture. Moreover, the anodic evolution of oxygen consumes a high
amount of energy. An attempt was made to avoid the high energy consumption
associated with oxygen evolution and to use the hydrogen generated at the cathode
[52]). Using a commercial hydrogen gas diffusion electrode with 30 ml/min
hydrogen, a substantial cell voltage reduction from 0.4 to 1.8 V at 2.5 kAm2 was
observed, compared to that obtained in the absence of a hydrogen gas diffusion
electrode.

Anode Catalysts - As platinum is relatively expensive, the practical application of

such an electrode is unlikely, where cost effectiveness is a concern. Therefore,
hydrogen anodes with low Pt loading are highly desirable. One way of achieving
this is based on the gas diffusion concept, using high surface area catalysed carbon.
The reaction at such anodes takes place within the pores of the anode at the three
phase interface formed between the gas, liquid electrolyte and anode surface. So
high efficiency can be achieved with low Pt loadings. It was also found that the
catalysis of H: oxidation reaction is usually promoted by the platinum catalyst
dispersed as fine particles (about 20 pm in diameter) on high surface area carbon

supports [45, 53] in acid media.



Another way to efficiently use platinum is through Pt alloys. Teflon bonded Pt-Ir
bimetal catalyst - based porous carbon electrodes were fabricated and found
applications in chlor-alkali industry [54]. The Pt alloys electrodes, Ni-40Zr-Pt, Ni-
40Ti-Pt, Ru-Pt, and Rh-Pt, have higher electrocatalytic activity for H, oxidation and
Oz reduction reactions than Pt black catalyst [55]. The gas diffusion electrodes made
of the alloys, such as Co-Mo, Ni-Mo, Ni-Zr, Ni-Ti, and Pd-H,MoO, have also been
investigated for H, oxidation [56, 57].

Electrodeposition is another method to improve the catalyst use. Pt catalyst particles
can be selectively deposited in electrode regions with both jonic and electronic
accessibility [58, 59]. The increased utilisation of Pt catalyst was attributed to the
selective location of the Pt catalyst only in electrode region with ionic and electronic
| conductivity. Moreover, this approach enables operation, with hydrogen saturated
electrolyte, in a flow through arrangement with a dispersion of hydrogen in solution
to promote good mass transport to the electrode surface. This type of electrode is
simple to operate and can in principle extend the reaction zone to a significant depth
of the electrode, thereby increasing the surface area for oxidation.

3.3. Experimental

The general aspects of the experimental equipments were described in Chapter 2.
Some special considerations for the the gas consuming processes are highlighted in
this section.

Gas Path - In the early experiments of oxygen reduction, the reduction current was
small and almost independent of the gas flow rates. A simple experiment using a
transparent cell in which the gas bubbles could be clearly observed was designed to

check whether oxygen passed on the cathode surface or not. It was found that the



most oxygen was by-passing the electrolyte rather than the cathode surface, as
shown in figure 3.1.
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Figure 3.1. Schematic views of the transparent cell for observing the bubblr paths.
1: Gas inlet; 2: electrolyte; 3: Gas bubbles; 4: Gas outlet; 5. Transparent cell
frame; 6. Electrode.

Through blocking the gas by-pass, using a PVC separator and reducing the distance

between the cathode and the membrane, the gas utilisation was greatly increased.

The Separator - The PVC separator was used to support the membrane, which was

situated between the cathode and anode, and to guarantee efficient use of the
oxygen, increased the cell resistance due to the enlarged gap between the cathode
and the anode. When a dimensionally stable anode (DSA) was introduced instead of
the PVC separator, the cell resistance was reduced dramatically. In addition, the gas
evolved on the anode surface during oxygen reduction was therefore easily
removed. Consequently, the cell resistance was reduced drastically. A cell voltage
reduction of about 1.5 V was achieved at a current density of 2 kAm?2 when the PVC
separator was replaced by DSA.

3.4. Electrochemical Characteristics In The Static Cell
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As a starting point, electrochemical measurements were carried out in a static cell to
identify the key factors which promote process intensification. High purity oxygen
or hydrogen (BOC) was bubbled at a rate of 400 ml/min continuously through the
electrolytes during the experiments. Most data were collected at ambient
temperature between 21 and 25°C. Typical results are reported in this section.
3.4.1. Oxygen Reduction
Pt and Ag were tested as the catalysts for oxygen reduction. As shown in figure 3.2,
the Pt catalysts gave slightly better performance for oxygen reduction compared to
Ag catalyst. Under same conditions and at a cathode potential range of -0.9 to -1.1' V
vs. RHE, the oxygen reduction current density at the Pt/carbon cloth anode was
only 1 to 2 mAcm2 higher than at the Ag/carbon cloth anode.
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Figure 3.2. Linear sweep voltammograms of oxygen reduction on Pt/carbon cloth
and Ag/carbon cloth anodes (10 mg Pt or Ag cm?2). Scan rate: 5 mV/s; Cathode:

Stainless steel foam; Gas bubbling rate: 400 ml/min Oz; Temperature: 20.5°C; The
rotary cell (static mode).




After about 20 hour operation, a peel-off of the Ag layers from the carbon cloth
substrate was observed, while no obvious change for the Pt anode was observed.
This demonstrates that the Pt cathode is better than the Ag cathode under the
experimental conditions.

Two ways were adopted to change the catalyst loading. One was changing catalyst
loading on a single layer substrate; the second way was using the multilayer
catalised cathode, i.e., the catalyst was deposited on each substrate and two or more
deposited layers were contacted each other and constituted cathodes for oxygen
reduction. Figure 3.3 shows the effect of catalyst loading (designated as d in a unit

of mg Pt or Ag cm) on the current density for oxygen reduction.
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Figure 3.3. Current density (j at -0.8 V vs. RHE)-catalyst loading (d) plots for oxygen
reduction at a single layer cathode. Anode: DSA; O; flow rate: 400 ml/min;
Electrolyte: 1 M NaOH solution; Temperature: 21°C; The rotary cell (static mode).

The data was collected at -0.8 V vs. RHE to avoid the interference of the current

from hydrogen evolution. The major effect of the increased catalyst loading is a
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steady increase in electrochemical active area and therefore increase in reduction
current. In the range 3 to 6 mg Pt or Ag cm?, a significant increase in current density
was observed for the both cathodes. Further increase of catalyst loading gave better
performance. Above a catalyst loading of 10 mg cm?, the effect of catalyst loading
on the current density was small, as seen from figure 3.3.

The multi-layer cathodes gave better performance than single layer cathode.
However, the improvement is relatively small. An example is given in figure 3.4
where one, two or three layer electrode, constituted by the Pt/carbon cloth with 10
mg Pt cm2, were used. This means that the catalyst loadings are 10, 20, and 30 mg Pt
cm2 for one, two or three layer electrode respectively.
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Figure 3.4. Linear sweep voltammograms of oxygen reduction on Pt/carbon cloth
cathodes. Cathode catalyst loading: 10, 20, and 30 mg Pt cm? for the one-, two- and
three-layer electrode respectively; Anode: DSA; Scan rate: 5 mV/s; Gas bubbling
rate: 400 ml/min O,; Temperature: 20.5°C; The rotary cell (static mode).



It can be seen from figure 3.4 that increase in current density at a constant potential
is not proportional to electrode layer. For example, current densities at a cathode
potential of -0.95 V vs. RHE are -15.52, -19.55 and -23.24 mA cm? for the one-, two-
and three-layer electrode respectively. For the multilayer electrode, catalysts
between each layer could not be completely used for the oxygen reduction. Also,
electrolytes could not pass through a small gap between electrode layers.
Theerefore, the performances of the multilayer electrodes were poorer than single
layer electrode. Considering the effectiveness and cost, one-layer cathode seems the
best choice.

3.4.2. Hydrogen Oxidation

Effect of Anode Material - As expected from the literature, the anode material had a

big effect on hydrogen oxidation in the experiments. Some results are shown in
figure 3.5. In order to establish an electrochemical effectiveness rating of each anode
for hydrogen oxidation, the current density (in mA cm-) at an anode potential of -
0.05 V vs. RHE, which was‘or nearly corresponding to maximum current densities
for hydrogen oxidation at the anodes tested, was evaluated from figure 3.5.The data
shows the following order was found in 1 M NaOH solution at 25°C:
Pt/ carbon cloth (6. 56) > Stainless steel foam (3.35) > Ni foam (2.25)
> TYSAR foam (2.20) > Carbon cloth (1.50).

As would be expected, platinised carbon cloth gave the best performance due to the
efficient use of the catalyst and the high surface area structure. According to the
measﬁrements, the foam materials also show high effectiveness for the hydrogen

oxidation reaction due to their high catalyst loading per unit volume.
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Figure 3.5. Linear sweep voltammograms of hydrogen oxidation on several anodes.
Electrolytes: 1 M NaOH solution; Catalyst loading of Pt/carbon cloth anode: 10 mg
Pt cm?; Scan rate: 5 mV/s; Cathode: Stainless steel foam; Gas bubbling rate: 400
ml/min Hz; Temperature: 21.5°C; The rotary cell (static mode).

It is interesting to compare the behaviour of the platinised carbon cloth with that of
a commercial platinised high surface anode made from titanium fibre TYSAR™ (The
Electrosynthesis Co. Inc., USA). This material has a specific area of 60 cm2/cm? and
a platinum loading of 7.8 mg cm2 when purchased. It only gave a peak current
density of 2.20 mAcm at -0.05 V, with a scan rate of 5 mV/s. This is only about one-
third of that obtained using platinised carbon cloth anode. The Pt loading seems
lower than the value when purchased.

Effect of Electrolyte - The behaviour of hydrogen oxidation depends on the

electrolyte chosen, in this case, 1 M H.SO;, 1 M Na;SOs, or 1 M NaOH solution.
Figure 3.6 shows the influence of electrolyte on the linear sweep voltammograms for

operation in acidic, neutral, and alkaline electrolytes at a potential sweep rate of 5
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mV/s. For comparision, the polarisation curves obtained in the blank solutions, i.e.,
used nitrogen rather than hydrogen, are also given in the figure.
No oxidation peak was observed when nitrogen was used (Curves d, e, and f,
Figure 3.6). However, when hydrogen was used to replace nitrogen, the oxidation of
hydrogen ocurred in the three electrolytes (Curves a, b, and ¢, Figure 3.6). A current
density peak responsible for hydrogen oxidation, resulting from mass transport
limitation associated with dissolved hydrogen, was observed in all solutions, as
shown in figure 3.6.
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Figure 3.6. Linear sweep voltammograms of hydrogen oxidation on Pt/carbon cloth
anode (10 mg Pt cm2). (a, d): 1 M NaOH solution; (b, €): 1 M NazSO; solution; (c, f):
1 M H:SO; solution; Cathode: Stainless steel foam; Scan Rate: 5 mV/s; Gas bubbling
rate: 400 ml/min H: (a, b, and c) or N2 (d, e, f); Temperature: 21.5°C; The rotary cell
(static mode).

The electrocatalysis benefits from operation in an alkaline environment, by

operating at several hundred millivolts lower peak potentials, i.e., about -130, 150,



and 330 mV vs RHE for alkaline, neutral, or acidic medium, respectively. This effect
has previously been reported for the oxidation using different electrode material
[60].

Effect of Potential Scan Rate - Figure 3.7 shows the effect of sweep rate on the linear

sweep voltammograms for hydrogen oxidation in alkaline solution.
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Figure 3.7. Linear sweep voltammograms of hydrogen oxidation on Pt/carbon cloth
anode (10 mg Pt cm2) as a function of scan rate. Cathode: Stainless steel foam; Gas
bubbling rate: 400 ml/min Hy; Temperature: 21.5°C; The rotary cell (static mode).

The linear sweep voltammograms exhibit mass transport limitations associated with
the diffusion limitations related to the stationary electrolyte solutions used. This can
be explained by considering the concentration profiles of the reactants, i.e.,
hydrogen in this case [62]. Within the region next to the electrode, known as the
nernst diffusion layer, the concentration gradients are essentially linear. As the
potential was made more positive the surface concentration of the reactant must be

progressively decreased. The concentration gradient is thereby increased, and hence
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the current also increased until the surface concentration of the reactant approached
zero and then the current reached a maximum value. When the sweep rate was
increased, the diffusion layer did not have sufficient time to relax to its equilibrium
state and did not extend as far into solution, and the concentration profiles were not
yet linear. However, the electrode potential was still increasing, and therefore the
surface concentration of the reactant is further decreased until it reached zero. Once
the surface concentration of the reactant reached zero the concentration gradient
started to decrease, due to the relaxation effect and hence the current flowing also
decreased. Overall, this behaviour have rise to a peak shaped current-potential
responseas shown in figure 3.7. A clear current peak was observed for three scan
rates at a range of anode potential between 100 mV vs RHE and about 360 mV vs
RHE. The peak current density also increases with increasing scan rate, i.e., 6.6, 11.8,
and 21.56 mAcm?2 at 5, 50, and 100 mV/s, respectively. At higher potentials the
polarisation curves were influenced by the simultaneous evolution of oxygen at the
surface as masé transport limitations, for hydrogen oxidation, in the porous
electrode become apparent.

3.5. Electrochemical Behaviour In The Rotary Cell

3.5.1. Oxygen reduction

The results of effect of centrifugal fields on the cell voltage and the cathode potentiél
during oxygen reduction are described. The effect of the other operating conditions
is also discussed.

Cathode Polarisation - The cathode polarisation behaviour was dramatically

changed in centrifugal fields, as shown in figure 3.8 for oxygen reduction at a

Pt/carbon cloth electrode.
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Figure 3.8. Cathode polarisation curves for oxygen reduction - Effect of rotating
speed. (a, €)1100, (b, f) 800, (c, g) 400, and (d, h) 0 rpm; Pt/carbon cloth cathode (10
mg Pt cm2); DSA anode; Gas flow rate: 400 ml/min O; (a, b, ¢, d) or N2 (e, f, g, h);
1M NaOH electrolytes; Temperature: 21.5°C; Temperature: 21.5°C; The rotary cell.

Three features of the effect of rotating speed are apparent. Firstly, at less negative
potential range, the polarisation curves obtained from nitrogen is almost
independent of rotating speed while larger difference can be seen for the
polarisation curves obtained from oxygen. This indicates that although oxygen
reduction, which occured at the low potential range, can be intensified in centrifugal
fields, the intensification degree decreased with increasing rotating speed which
may be due to some chemical and physical problems, which need to be identified.
Secondly, at more negative values, the difference between the polarisation curves

obtained from the oxygen systems at high potential range became very significant.

Bear in mind that the hydrogen evolution took place at a significant rate at the high
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potential range. This suggests that centrifugal force affects the process of gas
removal (hydrogen evolution in this case) from the electrode surface more
significantly than the gas consuming process (oxygen reduction in this case).
Thirdly, in the oxygen saturated solutions, the hydrogen evolution potential shifted
to less negative values, compared to the nitrogen systems.
In alkaline media and at less negative potential, the main reaction at the cathode is:
0;+2H,O0+4e=40H (3.9)
Due to mass transfer limitation for oxygen reduction, a current plateau in the
stationary cell (curve at 0 rpm, figure 3.8) can be seen. The oxygen reduction and the
hydrogen evolution processes are clearly distinguished in figure 3.8 (the curve d at
about -1.1 V vs. RHE). Of course, hydrogen evolution becomes a dominant reaction
at more negative potential. These two reactions are quite different processes. One
involves reduction of oxygen on the cathode and the other evolution of hydrogen
gas from the cathode surface. It seems that centrifugal force has bigger effect on the
gas removing process than on the gas adherence process. This may be the possible
reason responsible for the difference between the results obtained at the high
current density (the hydrogen evolution was a major process) and at low current
density (the oxygen reduction was a major process). Similar observation was
reported on an oxygen cathode [61]. It is worthwhile to point that the setup used in
the above work was not optium. Also, a further work is needed to know the bubble
paths in the rotary cell and the electrolyte circulation over the electrode, which have
not been clear yet. Therefore, more investigation is needed to obtain conclusion

about the above observation.
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Quantitatively, it is safe to analyse the effect of centrifugal fields on the oxygen
reduction process by using the data obtained at less negative potentials. As
expected, the reduction current increases with increasing rotating speeds. For
example, at a potential of -0.92 V vs. RHE, the current density is -33.5, -72.9, -94.5,
and -112.9 mAcm? at 0, 400, 800, 1100 rpm, respectively. This means that the
magnitude of the cathode current density at 1100 rpm was about 3-fold higher than
that at 0 rpm.

Figure 3.9 shows the Tafel plot obtained on Pt/carbon cloth cathode in 1 M NaOH

solution.
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Figure 3.9 Tafel plots for oxygen reduction reaction on Pt/carbon cloth electrode.
Pt/carbon cloth cathode (5 mg Pt cm?); DSA anode; 400 ml/min O,; 1M NaOH
electrolytes; Temperature: 20.5°C; The Rotary cell.

The Tafel slopes in an overpotential range of 0.67 and 0.72 V obtaining from figure

3.9 are about 65 mV /decade; the exchange current densities by extrapolating to (Ec-

76



Ec,¢)=0 are 107 A cm2 for both the rotary cell and the static cell. The reported Tafel
slopes range from 40 to 70 mV/decade [63, 64]. The reported exchange current
densities are 104 A cm2 on Pt/carbon black electrodes [63, 65, 66] and 102 Acm on
Pt black electrode [67] and 1011 A cm2 on Pt electrodes [64]. The data of this work
exhibit that the Tafel parameters keep constant in an acceleration field.

It is common for a Tafel slope to be observed over three orders of magnitude of

current [62]. Only about one order of magnitude of current could be observed in

these experiments due to hydrogen evolution at more negative potentials. Also, the
exchange current density based on geometric projected are greater than those based
on real electrode area (up to several orders of magnitude) [63] Thus, the Tafel slopes
and exchange current densities obtained here should not be considered as rigorous
quantitative data.

Cell Voltage - When air cathodes are used in industrial cells, cell polarisation

characteristics are important. The effect of centrifugal fields on the cell voltage
reduction with oxygen bubbling cathode is reported in Figure 3.10.

The values of cell voltage reduction were obtained by subtracting the cell voltage at
_ 0 rpm from the values at different rotating speeds. Several features can be seen in
figure 3.10. The cell voltage reduction increased rapidly from 200 rpm to 400 rpm,
after which the rate of increase slows. The maximum reduction in cell voltage of 740
mV was realised in a cell with the Pt/carbon cloth cathode at 1100 rpm (190 G).
From the previous section, it was known that the effect of centrifugal fields on the
oxygen reduction is relatively small. Also, one of the major intrinsic properties of
centrifugal force is that it can disengage gas bubbles from the electrode surface very

effectively. Therefore, the major contribution for the cell voltage reduction comes



from the improvement in anodic oxygen evolution process, although the cathode

performance improvement in centrifugal fields contributed to the cell voltage

reduction.
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Figure 3.10. Cell voltage reduction (Eo rpm - Ev at 1 kAm2) versus rotating speed (v)
plots for oxygen reduction. Cathode catalyst loading: 10 mg Pt or Ag cm? Anode:
DSA; O; flow rate: 400 ml/min; Electrolyte: 1 M NaOH solution; Temperature: 20.5°C;
The Rotary cell.

Effect of the Partial Pressure of Oxygen - Figure 3.11 shows the effect of oxygen

pressure on the oxygen reduction process in an acceleration field of 190 G.
The effect of oxygen partial pressure can be discerned by comparing the current
data collected at -0.9 V vs RHE in figure 3.11. Namely, -52.9, -75.4, -84.1, and -112.9

mA cm? for air, 50% O+50% N, 80% O,+20% N, and O, respectively. This is a

steady increase in j with oxygen partial pressure.
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Figure 3.11. Cathode polarisation curves for oxygen reduction in an acceleration
field of 190 G-Effect of the partial pressure of oxygen. (a) Oz; (b) 80% O2+20% Ng;; (c)
50% O,+50% Ny; (d) air; (e) N2; Cathode: Pt/carbon cloth (10 mg Pt cm-2); Anc?de:
DSA; Scan rate: 5 mV/s; Gas flow rate: 400 ml/min; Electrolyte: 1 M NaOH solution;
Temperature: 20.5°C; The rotary cell.

3.5.2. Hydrogen Oxidation

Relative Acceleration Rate - Figure 3.12 presents data for the effect of relative

acceleration rate on the anode polarisation behaviour of hydrogen oxidation at a
Pt/ carbon cloth electrode.

An increase in rotating speed increases the current density at a fixed potential. For
example, at a anode potential of -0.1 V vs. RHE, i.e., corresponding to the peak
potential in a stationary cell, current density is 6.40, 19.14, 22.04, 24.88, and 28.75

mAcm? at 0, 400, 600, 800, 1100 rpm, respectively. The magnitude of the anode
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current density at 400 rpm was more than three times greater than that at 0 rpm. The

current density increase was relatively small for further increase in rotating speed.
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= Ea vs. RHEN

Figure 3.12. Polarisation curves for hydr;g;t»\'dxidaﬁ'dr-\ - Effect of rotating speed.
Anode: Pt/carbon cloth (10 mg Pt cm-2); Cathode: Stainless steel foam; Electrolyte: 1
M NaOH; Scan rate: 5 mV/s; 400 ml/min Hz; Temperature: 21.5°C; The rotary cell.

The Tafel plot obtained from the rotary cell as well as from the static cell, are shown
in figure 3.13. The data in the figure 3.13 gives Tafel slope of 60 mV/decade in an
overpotential range of 0.15 to 0.19 V. The literature Tafel slopes vary from 40 to 120
mV /decade depending on oxidation mechanisms [68-71]. The Tafel data obtained in
this work qualitatively agree with the literature data for Heyrovsky/Volmer
mechanism with a Heyrovsky rate determining step [68]. The exchange current
densities by extrapolating to (Ea-Ea, )=0 from figure 3.12 are 1052 and 1052 A cm?
for the rotary cell and the static cell respectively which are smaller than the

literature value (about 1038 A cm2 on Pt/carbon cloth electrodes [72]).
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Figure 3.13. Tafel plots for hydrogen oxidation reaction on Pt/carbon cloth
electrode. Anode: Pt/carbon cloth (5 mg Pt cm2); Cathode: Stainless steel foam;
Electrolyte: 1 M NaOH; 400 ml/min H;; Temperature: 21.5°C; The rotary cell at 1100
rpm.

As mentioned in section 3.5.1, a Tafel slope should be observed over three orders of

magnitude of current [62]. Only about one order of magnitude of current could be

observed in this work due to oxygen evolution at more positive potentials. Also, the
exchange current densities based on geometric area are greater than those based on
real electrode area (up to several orders of magnitude) [63] Thus, the Tafel slopes
and exchange current densities obtained here should not be considered as rigorous
quantitative data.

Itis obvious that the major effect of an centrifugal field if any is from enhanced mass
transport at the anode rather than change in kinetic parameters. As described in the

section 3.5.1, high G can produce finer bubbles and reduce boundary layer thickness
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which tend to increase hydrogen oxidation current. However, centrifugal force can
not fully overcome hydrogen solubitity and kinetics obstacles. Also, as mentioned
above, the setup used in the above work was not optium and a further work is
needed to know the bubble paths in the rotary cell and the electrolyte circulation
over the electrode, which have not been clear yet. Therefore, more investigation is
needed to know why the limited degree of intensification was observed.

More significantly, at higher potentials, an increase in current density with
increasing rotating speed was observed. Of course, the increase in current density
includes the influence of oxygen evolution which simultaneously occured at the
anode surface.

Electrolyte - Figure 3.14 shows the influence of electrolyte on the anode potential-
current density behavioure for hydrogen oxidation. Different responses to

centrifugal fields were observed in acidic, neutral, and alkaline media.
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Figure 3.14. Linear sweep voltammograms of hydrogen oxidation at a rotating speed
of 1100 rpm on Pt/carbon cloth anode (10 mg Pt cm2). (a, b): 1 M NaOH solution; (c,
e): 1 M HzSO; solution; (d, f): 1 M Na;SO; solution; Cathode: Stainless steel foam;
Scan Rate: 5 mV/s; Gas bubbling rate: 400 ml/min H; (a, ¢, and d) or N (b, e, f);
Temperature: 21.5°C; The rotary cell.

Figure 3.15 shows the influence of applied G on the current density obtained at the
anode potential corresponding to the anodic peak potentials in the static cell. The
anode current densities increase significantly with a centrifugal field of 25 G for the
three electrolytes. Increase the applied “G” up to 200, show further improvement

but beyond 200 G little enhancement is achieved. Overall, the effect of centrifugal

fields on hydrogen oxidation can be discerned in all these media.
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Figure 3.15. Current density against relative acceleration rate curves for hydrogen
oxidation - Electrolyte effect. (a). 1 M NaOH solution; (b): 1 M H;SOjs solution; (c): 1 M
Na;SO; solution; Anode: Pt/carbon cloth (10 mg Pt cm-2); Cathode: Stainless steel foam;
Scan rate: 5 mV/s; 400 ml/min H; Temperature: 21.5°C.; The rotary cell.

3.6. Conclusions

The results for the gas consuming reactions leads to the following conclusions:

*The oxygen reduction and hydrogen oxidation processes are moderately
intensified in centrifugal fields. The current density for oxygen reduction is about
three times that at 200 G than that at 0 rpm. For hydrogen oxidation, the anode
current density at 1100 rpm is about 4 times higher than that at 0 rpm in all
electrolytes used. But the absolute amplitudes are small and of limited value for
industrial application. The relatively slow kinetics for oxygen reduction and
hydrogen oxidation as well as low oxygen and hydrogen solubilities can not
overcome by means of centrifugal acceleration field.

*Centrifugal fields affect the cell voltage of the rotary air cathode cell to a greater

extent than reported in literature. More importantly, this work identifies the cause of



the cell voltage reduction as a reduction in the anode potential rather than the
oxygen reduction reaction.

*A catalysed cathode with high surface area was necessary to intensify the gas
consuming processes. The catalyst utilisation was the most efficient in the cell with
the single layer cathode. Pt and Ag catalyst showed similar catalytic activity for the
oxygen reduction process. Although Pt is more expensive than Ag, it has better
adhesion with the substrate. Carbon cloth is a more suitable substrate than carbon
fiber. Platinised carbon cloth exhibits the best activity for hydrogen oxidation.

*The partial pressure of oxygen affects the oxygen reduction process in centrifugal
fields. The hydrogen oxidation reaction gives superier polarisation characteristics in

an alkaline environment compared to an acidic electrolyte.
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Chapter 4. Chlorine Evolution

4.1. Introduction

Chlor-alkali production is the largest scale industrial inorganic electrosynthesis at a
rate of 3.5~4.0x10” tons Cl; per year world-wide[l, 2]. The primary reactions in a

chlor-alkali membrane cell are:

Anode: 2NaCl = CL,+2Na*+2e 4.1)
Cathode: 2H,0+2e = H,+20H- 4.2)
Membrane: 2Na*(anolyte) = 2Na*(catholyte) 4.3)
Overall reaction: 2NaCl+H.0 = Cl;+H,+2NaOH 44)

Under typical operating conditions the reversible potentials are, at the anode 1.247 V
(versus reversible hydrogen electrode, RHE), at the cathode -0.797 V (vs. RHE),
giving a total reversible cell voltage of 2.23 V [3]. At the very high current densities
were used, i.e., 1 to 5 kAm?, one of the major issues confronting the chlor-alkali
industry is the high power consumption, about 108 MWh of electricity per year [2].
This is becoming more significant in an environment of rising energy costs. It was
estimated that the power consumption accounts for 35% to over 50% of the operating
costs [4]. More recent estimations indicate that electrical energy is the major cost
factor in production, typically up to 60-70% of plant running costs [5]. Significant
improvement of the electrolytic process would be tremendously beneficial, both
economically and environmentally and has stimulated extensive research works of
the brine electrolysis process. The introduction of two technologies, i.e., substituting
DSA anodes for graphite anode and replacing the traditional mercury and/or
diaphragm cells with membrane cells, has revolutionized the chlor-alkali industry. It

was reported [6] that a 1.07 V decrease in cell voltage, in mercury cells, resulted
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when RuOz-based anodes replaced graphite anodes at 10 kAm2 This cell voltage
reduction is a result of

(i) the decrease of 0.1 V in overvoltage on going from graphite to RuO;

(ii) 0.2 V due to reduction in ohmic loss because anodes can be moved closer to the
cathodes; and

(iii) 0.77 V related to gas bubble effects. This means that 90% of the total reduction in
cell voltage is due to certain properties that may not be directly related to the
electrocatalytic properties.

It is possible to reduce gas bubble effects further when the chlor-alkali cells are
operated in centrifugal fields. In addition, the mass transport in the chlor-alkali cell
will be enhanced in a high acceleration field. In other words, there is the opportunity
for the use of high acceleration field to reduce power consumption through
improved mass transport and reduced gas bubble effects. Furthermore, considering
that the cells can run at a very high operating intensity, the plant modules will be
severely reduced in size, thereby contributing to further reductions in plant system
costs [7]. The idea was demonstrated by pioneering work at ICI with a rotating
chlor-alkali membrane cell [7]. The present work has been done to continue the
progress in development of chlor-alkali technology.

4.2. Literature Review

The progress in chlor-alkali technology has been reviewed extensively in
literature[e.g. 2, 8-16], which will be briefly covered in this section with particular
interest in electrodes, membrane and electrolytes. The only work in rotary chlor-

alkali cells has been described in Chapter 1.



Mechanism and Kinetic Data - Chlorine evolution on RuO;-based anodes has several

possible mechanisms based on the following reaction [17-20}:

Discharge reaction Cl = Clgte- (4.5)
Recombination reaction 2Claa = Cl- 4.6)
Electrochemical desorption reaction Cl.a+Cl- = Clte- 4.7)

Industrial electrolysis is carried out in about 5 M NaCl solution at a pH of 2 and a
temperature of 90°C. Plots of E (anode potential) versus logj (current density) with
Tafel slopes of 3040 mV /decade were observed in such solutions corresponding to
intensive chlorine evolution (j>20 mA cm-?) [2, 18-23). The theoretical Tafel slopes are
30 and 40 mV/decade for DR, i.e., the mechanism consisted of the discharge and
recombination reactions (rate determining step), and DE, i.e., the mechanism made
upon of the discharge and the electrochemical desorption reactions (rate determining
step) respectively. Thus, for chlorine evolution under the industrial electrolysis
conditions with a Tafel slope of 30 or 40 mV/decade, DR or DE are accepted
mechanisms [2, 16, 18-23].

The reported exchange current densities range from 1063 (on a DSA anode in 3.0 M
NaCl + 0.01 M HCl solution at 25°C [24]) to 104 (on a DSA anode in 4.3 M NaCl with
pH=1.6 at 87°C [21]) mA cm-2.

The DR mechanism requires a reaction order of 2 with respect to Cl and of 0 with
respect to H* at concentrations of NaCl between 0.5 and 5.0 M at constant pH (0.01 M
HCI) [25]. Reaction orders of 1 to 2 with respect to Cl for the DE mechanism was
also reported [16, 19]. The experimental reaction order of 1.5 for Cl- for chlorine
evolution on RuO; anode, independent of composition, was explained in terms of

specific chloride adsorption, i.e, the adsorbed negative charge retarding the

93



discharge of Cl ions [26]. A reaction order of 1 with respect to Cl for chlorine
evolution on RuO; anode in 5 M NaCl + 0.01 M HCl at 25°C was also reported [27].
Anode - The anode plays a very important role in chlor-alkali cells. The selection of
the anode material for chlor-alkali cells should take account of the corrosion
environment in the anode chamber of chlor-alkali cells, the requirements of high
efficiency and low energy consumption. A variety of metal/metal oxides have been
examined as anode materials [10, 11, 28, 29], usually consisting of valve metals (e.g.,
Ti, Zr, Hf, Nb, Ta, W, Al, Bi), noble metals (e.g., Pt, Ir, Ru, Rh, Os, Pd, Au), and
nonnoble metals (e.g., Cu, Ag, Fe, Co, Ni, Sn, Si, Pb, Sb, As, Cr, Mn). The patents that
describe the composition of anodes containing these metals are summarized in [29].
Oxide-coated titanium anodes consisting of RuO; and TiO;, usually with >50% RuO;
(registered trade name DSA for Dimensionally Stable Anode, Diamond Shamrock
Technologies, S.A., Geneva, Switzerland), have great advantages over other anode
materials. They are recognized as the best anodes for Cl; evolution for two reasons:
(i) excellent catalytic activity for Cl; evolution reaction. The lower overpotential for
CI; evolution on DSA compared to carbon has enabled the cell voltage reductions of
the order of 0.5 V. So these anodes possess very low operating voltage, acceptable
efficiency and cost.

(ii) excellent stability in very strong corrosive environment. They do not undergo
passivation and detectable dissolution phenomena so that overvoltage may be kept
constant over long periods of operation. Also, they are not wetted by Cl; gas so that
wear and gas bubble effects are minimised [6, 29, 30].

RuOz-based anodes have replaced graphite as the preferred material for anodes in

chlor-alkali cells, which has led to a reduction of the energy consumption by 10-15%
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[2]. For example, in the early of 1980s, about 60% of the world production of Cl. (36
ktons/day) used metal anodes of the DSA type. It was estimated that the use of the
DSA electrodes in USA and Canada resulted in energy savings of 3.2 billion kWh
during the year 1977 [31].

About 30 to 40 mol % of RuO; seems to be a critical composition for RuO,-TiO;
mixed oxide films. For lower RuO: content the performance of the electrodes
deteriorates [32, 33]. The titanium support is also very important to obtain the rutile
structure of such electrodes [34].

Other metal oxides, such as Pt-Ir coated on Ti [35, 36, cobalt spinel coatings [37],
and PdO [38], have also been evaluated as alternatives to RuO,-TiO; coatings for
high performance anodes in chlor-alkali cells.

Cathode - With the tremendous development in the anode and separator
technologies, the cathode is one of the last remaining areas for significant cell voltage
improvement [39].

Industrial cathodes, such as mild steel and nickel plate cathodes, have significant
overpotentials for hydrogen evolution. They have been gradually replaced by
precious-metal/Ni or high area nickel cathodes. The overpotentials for hydrogen
evolution using these cathodes are as low as 50 mV, which gave about 10% energy
saving [2].

Catalysed with Pt, Pd, Ru, Ir, Rh, or Os show good performance in minimizing
overpotential losses. To fully utilise the chlor-alkali cells, they should be operated at
increasingly high current densities. This led to side effect, such as increased rate of

heat evolution in the cells due to ohmic resistance and overpotential losses.
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"Catalysed cathodes not only increase cell efficiency but minimise heat evolved as a
by-product of the electrolysis process [39].

Membranes - Membrane-cell technology, almost unknown in 1970, has advanced

rapidly. It was responsible for about 10% of the total world production in 1987 and
was considered as the dominant technology within the chlor-alkali industry by the
year of 2000 [2]. In addition to other advantages, such as high purity products, easier
operation, and elimination of environmental problems, the membrane cell has more
compact cell room design and therefore very low total energy consumption [40], e.g.,
2770 kWh/MT Cl,, which is much lower than that in diaghragm cell (3638 kWh/MT
ClL) [8]. Energy savings in membrane cells will be achieved by addressing the
cathode overpotential, the membrane voltage, electrolyte ohmic losses and structural
ohmic losses. The power consumption for the ion exchange membrane cells of Asahi
Chemical is quoted at approximately 2200 kWh/t NaOH at a current efficiency of
95% and a current density of 4 kAm2 [41].

Electrolytes - It is well known that the low oxygen polarisation of metal oxide
electrodes in chlor-alkali cells reduces the current efficiency for Cl; generation as a
result of parasitic generation of oxygen. Oxygen generation can be minimized when
chlor-alkali cells operate with concentrated NaCl solutions. For example, the current
efficiency of a RuO,-TiO; anode (Ru/Ti mole ratio = 0.5) for Cl. evolution was
reported to be higher than 99% in 4 M NaCl, 97% in 1 M NaCl, and 92% in 0.4 M
NaCl solutions [42, 43]. In more dilute solution, at stationary electrodes, the current
efficiency for Cl; evolution may decrease at higher currents because chloride ion
discharge produces chloride depletion at the electrodes, thus favoring O

production. Also, as such electrodes are sensitive to Oz evolution, their stability is



thus reported to decrease as the chloride ion concentration decreases as a result of a
decreased current efficiency[39, 44, 45].

Using acidified brine solutions is another way to improve the performance of chlor-
alkali cells. In industrial operation, hydrochloric acid is added to the feed brine to
improve chlorine purity by reducing oxygen discharge at the anode. The oxygen
levels declined from around 1.5%, a typical level in commercial chlorine plants
operated at high current efficiency, to well below 1% by hydrochloric acid addition
[46]. In acidified 3 M NaCl solution of pH 1, the current efficiency is >98% over a
wide range of current densities 20 to 150 mAcm?2, In dilute, acidified NaCl solutions,
polarisation curves for both the chlorine and oxygen evolution reactions, as well as
the overall polarisation curve in 0.5 M NaCl of pH 1 at 70°C were obtained. The
results show that the Tafel slope for oxygen evolution is higher than that of the
chlorine reaction, especially at low current densities. Consequently, the current
efficiency increases with an increase in current density and stays at a level about 90%
for 1 M and 2 M NaCl solutions [46]. However, in dilute acidified 0.5 M NaCl
solution of pH 1, a current efficiency of <80% was obtained at low current densities.
4.3. Design Of The Rotary Chlor-Alkali Cell

This section describes the design and fabrication of the rotary chlor-alkali cell.

The Cell Design - The designed rotary chlor-alkali cell was presented in Chapter 2.

The basic design criteria are to fabricate a membrane cell which can be conveniently
operated in the centrifuge (could be simply assembled or dismantled) and combine
the need for a low energy consumption unit with low cost. Thus, a two compartment
“zero-gap” ion-exchange membrane cell of 50 ml capacity was designed and used

for most measurements. The anode and cathode were separated by a Nafion-117 ion-
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exchange membrane (Aldrich) and sandwiched between two polypropylene cell
bodies, which wére joined by bolting. A pair of rubber gaskets was used to avoid
liquid leaking.

Anode - The anodes used in this work were one of the the following materials: nickel
foam (60 pores per inch, 6 cm?), carbon cloth (3 cm2, GC-14, E-Tek Inc.), carbon fiber
paper (6 cm?, PC 206, Stackpole) with a thickness of 0.5 mm, carbon fiber felt (8 cm?,
SPC 7011, SIGRATEX Carbon Group) with a thickness of 8 mm, platinum/titanium
mesh (6 cm2), TYSAR™ EP mesh (The Electrosynthesis Co., Inc., USA; designated as
TYSAR), commercial dimensionally stable mesh anode (2 cm?, consists of thin metal
rods) with a thickness of about 0.5 mm (designated as DSA thereafter). The “anode
area” used to calculate the current density is the overall anode area projected onto
the membrane.

The RuO:-TiO2/Ti mesh anode was prepared according to published methods [47,
48]. Ti mesh, pretreated by mechanical and chemical methods, was painted with a
solution of RuCl; and Ti(OCsHs) in n-butyl alcohol containing a few drops of 20%
HCL. The typical catalyst loading of the Ru component was 2 mgem2 After drying
below 100°C and heating at 450°C for 10 minutes, the coated Ti mesh was painted
again, and the procedure was repeated until the desired catalyst loading was
achieved. The final annealing treatment was carried out at 450°C for 1 hour.
Considerable difficulty was experienced in finding a suitable current feeder material
for the anode which would work in a strong corrosive environment. Stainless steel
mesh was chosen first. It was difficult to give reproducible results and even
dissolved in the anolyte. As platinized titanium mesh anode only gave low current

density for the chlorine evolution reaction, i.e., very low background current was
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produced when using this material as a current collector, and to date no evidence of
surface corrosion, under the experimental conditions, was found, it was therefore
used as the current collector.

Cathode - Nickel foam, stainless steel mesh, and TYSAR platinised mesh were tested
as the cathodes of the rotary chlor-alkali cell.

Electrolytes - Most experiments used NaCl solutions as the electrolytes. For
comparison purpose, the acidified NaCl anolytes and the NaOH catholytes were
using for several runs.

4.4. Polarisation Behaviour In the Static Cell

This section highlights the polarisation characteristics of the rotary cell operated in a
static mode.

4.4.1. Anode

Tafel Plots and Reaction Order - Figure 4.1 displays typical steady-state Tafel plots
for the chlorine evolution in different NaCl solutions.

The Tafel slope obtained at a overpotential range of 0.02 to 0.06 V from figure 4.1 is
36 mV/decade for all solutions. The exchange current densities are 103, 104, 10-
360, and 1028 A cm2 for the 6.2, 4.5, 1, and 0.5 M NaCl respectively. These data
qualitatively agree with the literature data, which are 35 to 40 mV/decade and 1042
to 10330 Acm<2 in a about 5 M NaCl solution at a pH of 2 and a temperature of 90°C
[21, 22, 49, 50]. These data show that the concentration affect the Tafel parameters.
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Figure 4.1. Tafel plots for chlorine evolution reaction on DSA anode - Concentration
effect. Cathode: Pt/ Ti mesh (2 mg Pt cm-2); Electrolyte: NaCl solutions; Temperature:
80°C; The rotary cell (static mode).

Figure 4.2 shows the dependence of the reaction rate at constant potentials on the
chloride ion concentration. The order of reaction with respect to Cl- determined at a
constant potential, as resulting from the linear section of the logj vs. logCnaci (Cnac1 in
mol dm?) curves (figure 4.2) is about 1.2. the reported reaction order are 1.5 with
respect to Cl- in 0.5 to 5.0 M NaCl solutions at 90°C [25] and 1 in 5 M NaCl + 0.01 M

HCl at 25°C [27].
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Figure 4.2. Reaction rate for chlorine evolution on DSA anode at variable CI-
concentration (in mol dm) solutions. Cathode: Pt/Ti mesh (2 mg Pt cm-2);

Electrolyte: NaCl solutions; Temperature: 80°C; The rotary cell (static mode).

The cell temperature had a large influence on the Tafel intercepts, as shown in figure
4.3. The Tafel slope obtained from figure 4.3 is about 36 mV/decade at the three
temperatures and exchange current densities are 10335, 10255, and 104° A cm at 80,
50, and 25°C respectively. These data also qualitatively agree with the literature data
which are about 36 mV/decade and 1042 A cm2 at 80°C [21, 22, 50]; 31 mV/decade

and 105 A cm2 at 25°C [25, 26, 50].

It is worthwhile to note that, during the anodic polarisation of all electrodes used
here in NaCl solutions, two major processes take place: (i) chlorine evolution
reactions; (ii) oxygen evolution reactions. The latter and/or other side reactions, if
had, only occupy a very small proportion of the total current, especially at high
current densities and in concentrated NaCl solutions [42, 44, 45]. Therefore, the effect
of O, evolution and other possible reactions on the polarisation curves is assumed

negligible.
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Figure 4.3. Tafel plots for chlorine evolution reaction on DSA anode - Temperature
effect. Cathode: Pt/ Ti mesh (2 mg Pt cm-2); Electrolyte: 6.2 M NaCl solutions; The
rotary cell (static mode).

Anode Material - The anode in chlor-alkali cells should preferentially evolve

chlorine at low overpotential and not support the oxidation of water to oxygen.
Figure 4.4 shows polarisation curves obtained at different anodes.

Anode material affects the anodic polarisation behaviour obviously. For example, in
6.2 M NaCl solution at 80°C, the current density is 224, 218 and 49 mA cm? at an
anode potential of 2.2 V vs RHE for the RuO./Ti mesh, commercial DSA and carbon
paper anode respectively. The TYSAR foam, carbon cloth and Pt/Ti anode gave 36,
21 and 3 mA cm? at an anode potential of 2.7 V vs RHE respectively. The data gave
the following order about the effectiveness of the anodes for the chlorine evolution:

Pt/Ti expanded metal < Carbon cloth < TYSAR mesh

< Carbon paper < Commercial DSA < RuO./Ti mesh
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Figure 4.4. Anode polarisation curves for Cl, evolution reaction. Cathode: Pt/Ti
mesh (2 mg Pt cm?); Electrolyte: 6.2 M NaCl solution; Scan rate: 5 mV/s;
Temperature: 80°C; The rotary cell (static mode).

From these results, two factors emerge immediately: (i) The most important quality
as an anode is the effectiveness for Cl; evolution reaction. RuO./Ti mesh anodes and
commercial DSA anodes display excellent Cl, evolution behaviour; (ii) Effective
surface area is a major factor in determining the electrode catalytic activity and
therefore the operating efficiency for the same material. Among the anodes made up
of the same material and with same geometric surface area, the anode with high
specific surface area gives better performance. For example, carbon paper is better
than carbon cloth; TYSAR is better than Pt/ Ti expanded metal; and RuO;/Ti mesh is

better than commecial DSA.

Catalyst Loading - Figure 4.5 exhibits the effect of catalyst loading on the anode

polarisation behaviour. It is seen that there is an increase in current density from 1 to

3.35 kA m? with increasing catalyst loading from 1 to 5 mg Ru cm2 Above this
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value, no significant improvement is seen with a greater loading of the catalyst

(Figure 4.5).
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Figure 4.5. Anode current density as a function of catalyst loading for Cl; evolution
reaction. Anode potential: 1.5 V vs. RHE; Anode substrate: Ti mesh; Cathode: Pt/Ti
mesh (2 mg Pt cm2); Electrolyte: 6.2 M NaCl solutions; Scan rate: 5 mV/s;
Temperature: 80°C; The rotary cell (static mode).

The performance improvement using multi-layer anodes is not as significant as
expected. For instance, in a static cell using the anode with 2 mg Rum?, at 1.5V vs.
RHE, the increase in current density was small from one layer to double layers (2.08
to 2.85 kAm2) and even lower for a further increase in the anode layer (only 0.3 kA
m2). The average rate of increasing current density for the single layer anode is
about 0.54 kAm2/mg Ru cm2, which is greater than that achieved (0.15 kAm2/mg
Ru cm?) for the three layer anode, between the catalyst loading of 1 and 5 mg Ru cm

2 It is clearly that better catalyst utilisation is realised using a single layer electrode

with moderate catalyst loading. The possible explanation can be reached from three
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aspects. Firstly, the diffusion path length within the anode of the cell was increased
by using the multi-layer anodes due to increased anode thickness and decreased
porosity due to blocking the mesh holes. Thus the rate of transport of chloride ions to
the electrode may be insufficient to sustain the high cell current by discharge of
chloride ions to produce chlorine, minimising co—evolﬁtion of oxygen. Secondly, the
true surface area of catalysed anode can not be proportional to increasing the anode
layers due to blocking the catalyst active sites during using the multi-layer
electrodes. Finally, poor current distribution and resisitivity may be problems for the
multi-layer electrodes. Even for compact films, which exhibit resisitivities of the
order of 104 ohm cm? the resistance may amount to 0.1 ohm cm? with a 10 um
thickness. This value would not be negligible at very high current densities.
Theoretical calculation [49] and the industrial cell performance [51, 52] show the
close relationship between the polarisation curves and the ohmic resistances,
especially at high cell voltage or high cell current, e.g., when cell ohmic resistance
increases from 2.1x10 to 4.1x10# ohm cm?, the cell current density decreases from
1.5 to 0.85 kAm-2 at a cell voltage of 3 V; the value drastically decreases from about 8
to 4.1 kAm2 at 4.5 V [53]. It is thus seen the significant effect of cell ohmic resistances
on the cell polarisation behaviour. For a membrane gap cell, it was reported that a
significant portion of the electrolysis occurs at the inner walls and back of the
electrode structure [54].

4.4.2. Cathode

Figure 4.6 shows effect of the cathode on the chlor-alkali cell performance.

105



&0 1 Stainless steel foam

350 +

200

, 3.4 4
22 28 Eeat/V

Figure 4.6. Cell voltage against current density curves for Cl, evolution reaction in a
cell with different cathodes. Anode: DSA; Electrolyte: 6.2 M NaCl solution; Scan rate:
5 mV/s; Temperature: 80°C; The rotary cell (static mode).

Nickel foam cathode is better than stainless steel foam and TYSAR foam cathodes for
the cell performance, as shown in figure 4.6. For example, at a current density of 400
mA cm? the cell voltage are 2.82, 3.18 and 3.28 V for the Ni foam, stainless steel and
TYSAR cathode respectively.

4.4.3. Effect of Electrolyte

NaCl Concentration - Figure 4.7 records the anode polarisation curves as a function
of NaCl concentration.

The anode potential decreases rapidly at a fixed current density, e.g., about 3.81,
292, 254, and 2.16 V at 3 kAm?2 for 0.1, 1, 4.5, and 6.2 M NaCl solutions,
respectively. At about 3.1 V vs. RHE, a current plateau appeared in 0.1 M NaCl

solution, indicating mass transport limitating conditions. Much better performance
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in the concentrated NaCl solutions was observed. Evidently, concentrated electrolyte
should be utilized in chlor-alkali cells in order to maximise operating current density

at low cell voltage and/or low anode potential.

| | |
| | | I ]

l I 1 1

1.5 2 E2.5 REIE S5 4 45
a Vvs.

Figure 4.7. Anode polarisati:(?);\we'tir;é; for Cl, evolution reaction. Anode: RuO;/Ti

mesh (2 mg Ru cm2); Cathode: Pt/Ti mesh (2 mg Pt cm-2); Electrolyte: NaCl solutions

concentration: indicated above the curves); Scan rate: 5 mV/s; Temperature: 80°C; The
rotary cell (static mode).
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Electrolyte Type - As mentioned above, in industrial operation, hydrochloric acid is

added to the feed brine to improve chlorine purity by reducing oxygen discharge at
the anode. In a slightly acid solution, the hydrolysis of the chlorine to hypochlorite
can be prevented. This also reduces the oxygen evolved in competing water
oxidation at the anode and accelerate the anodic process. Chronoamperograms
obtained at a RuO,/Ti mesh anode in 0.5 M HCI+6.2 M NaCl solution are shown in

figure 4.8. A curve for 6.2 M NaCl solution is also presented for comparison.
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_I?igure 4.8. Chronoamperometric curves for Cl, evolution reaction. Anode: Rqu/ Ti
mesh (2 mg Ru cm?); Cathode: Pt/Ti mesh (2 mg Pt cm?); Anolyte: 0.5 M
HCl+saturated NaCl solution; Catholyte: 10% NaOH solution; Scan rate: 5 mV/s;
Temperature: 80°C; The rotary cell (static mode).

It can be seen that the current density at 2.5 V vs. RHE is about 1 kAm- higher with
the acidified anolyte rather than the 6.2 M NaCl solution.

4.4.4. Temperature

Electrochemical measurements were carried out at varying cell temperatures from 25
to 80°C. Representative data about temperature effect, are given in the steady-state
polarisation curves (figure 4.9), obtained using the chronoamperograms of figure 4.8.
A systematic increase in the current density at a constant anode potential with
temperature was noted in figure 4.9. The best performance was achieved at 80°C
which is the typical chlor-alkali plant operating temperature.

It was well known that an increase in the electrolyte temperature to about 70°C

results in faster reaction kinetics for Cl; evolution reaction. The reaction proceeds at a

much higher rate when the temperature is increased, due to an increase in the

108



reaction and/or mass transfer rate. The results obtained here about temperature

effect confirm the faster rate of chlorine evolution due to increase the temperature.
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Figure 4.9. Steady-state polarisation curves (chronopotentiometric method) for Cl
evolution reaction. Anode: RuO,/Ti mesh (2 mg Ru cm-2); Cathode: Pt/Ti mesh (2 mg
Pt cm2); Electrolyte: 6.2 M NaCl solution; Scan rate: 5 mV/s; Temperature: as shown
above the curves; The rotary cell (static mode).
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4.5. Electrochemical Characteristics In The Rotary Cell

As stated above, the chlor-alkali process is energy-intensive and should be
intensified to reduce the energy consumption. Low power consumption is
determined by the current efficiency and the cell voltage. Centrifugal acceleration
field provides a means to minimise cell voltage and increse current efficiency.

The energy consumption of chlor-alkali industry were reduced drastically through
the introduction of membrane cells. However, even in ordinary membrane cell, it
was found that a realistic linear velocity cannot remove gas from the

perfluorocarbon membrane surface [55]. One of major effects of this is that the cell
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voltage increases only about 0.04 V when the linear velocity of electrolyte changes

from 5 up to 20 cm/sec [55], as shown in figure 4.10.
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Figure 4.10. Dependence of chlor-alkali cell voltage on electrolyte linear velocity
(from [55]).

Obviously, only an increase of the flow rate could not overcome mass transport
limitation. On the other hand, putting the cell into a centrifugal field provides an
effective way to intensify chlor-alkali process. The work presented here was
therefore carried out based on these considerations and the early promising work in
rotary chlor-alkali cell.

4.5.1. Cell Voltage

Cell Polarisation Curves - Figure 4.11 shows a representative comparison of the

voltammetric responses of the rotary cells at various rotating speeds. The cell
polarisation behaviour changed rapidly in centrifugal fields. All polarisation curves
obtained in centrifugal fields were moved to lower cell voltages. For example, at a
current density of 4 kAm?2, the cell voltage decreased from 3.2 V at the static cell to

2.81, 2.68, and 2.63 V at 400, 800, and 1100 rpm, respectively.
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Figure 4.11. Representative cell voltage against current density curves for Cl;
evolution reaction in centrifugal fields. Rotating speed: Indicated above the curves;
Anode: RuO,/Ti mesh (2 mg Ru cm?); Cathode: Pt/Ti mesh (2 mg Pt cm?2); Anolyte:
0.5 M HCl+saturated NaCl solution; Catholyte: 10% NaOH solution; Scan rate: 5
mV /s; Temperature: 80°C; The rotary cell.

Cell Voltage Reduction - The pronounced dependence of the cell voltage reduction

on rotating speed, which directly reflects the effect of centrifugal fields, is shown in
figure 4.12. It was strongly related to NaCl concentration and temperature (figures
4.12 and 4.13). The cell voltage reduction increased with increasing rotating speed at
all tested temperatures, as shown in figure 4.12.

Typical chlor-alkali plant operates at between 80 and 90°C. It was reported that the
membrane cell voltage decreased 50 to 100 mV with each ten-degree increase in
temperature, while no effect on current efficiency was observed [46]. In commercial
static cells, the high temperature operation can generate internal forces beyond the
interlayer bond of the polymer membrane and separate the two polymer layers,

which are intimately bonded in the manufacturing process, and thereby forming
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blisters. This will increase electrical resistance and distribute more current to
unblistered areas [46]. At higher temperatures, the gas bubbles produced on the
electrode surfaces are more easily removed than at lower temperatures, which leads

more pronounced effect.
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Figure 4.12. Cell voltage reduction against applied “G” curves for Cl. evolution.
Current density: 4 kAm% Anode: RuO, /Ti mesh (2 mg Ru cm?); Cathode: Pt/Ti
mesh (2 mg Pt cm2); Anolyte: 0.5 M HCl+saturated NaCl solution; Catholyte: 10%
NaOH solution; Scan rate: 5 mV/s; The rotary cell.

The concentration of NaCl has a significant effect on the polarisation behaviour, as
presented in figure 4.13. At a fixed current density, cell voltage decreases with the
increase of NaCl concentration.

It is noteworthy that a more significant cell voltage reduction was achieved in the
dilute than concentrated solutions at higher operating current densities. The cause
appears to be that centrifugal acceleration field promotes mass transport as well as

the disengagement of gas bubbles from the electrode surface. Both functions of
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centrifugal fields enhance the cell process and therefore greater intensification for the
process can be expected in the dilute solutons. Of course, in industry, concentrated

solution is used to minimise the cell voltage.
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Figure 4.13. Cell voltage reduction against applied “G” curves for Cl. evolution.
Current density: 4 kAm2; Anode: RuO;/Ti mesh (2 mg Ru cm?); Cathode: Pt/Ti
mesh (2 mg Pt cm-2); Electrolyte: NaCl solution (concentration: indicated above the
curves); Scan rate: 5 mV/s; Temperature: 80°C; The rotary cell.

The reduction in cell voltage in centrifugal acceleration field can lead the major
savings in power consumption. This reduction comes mainly from the anodic
behaviour, which is discussed below.

4.5.2. Anode Potential

Anode Polarisation Curves - Anode potential changes radically with rotating speed

at a constant current density, as shown in figure 4.14.
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Figure 4.14. Anode polarisation curves in centrifugal fields for Cl; evolution. Rotating
speed: Indicated above the curves; Anode: RuO,/Ti mesh (2 mg Ru cm?; Cathode:
Pt/Ti mesh (2 mg Pt cm); Anolyte: 0.5 M HCl+saturated NaCl solution; Catholyte:
10% NaOH solution; Scan rate: 5 mV/s; Temperature: 50°C; The rotary cell.

Ata current density of 5 kAm-, the anode potential is reduced from 2.42 V at 0 rpm
to 2.12, 2.01, and 1.94 V at 400, 800, 1100 rpm, respectively. This confirms that the
performance improvement of the rotary cell, as describt;d in the previous section,
majorly results from the anode performance enhancement.

Tafel Plots - Figure 4.15 gives a representive steady-state Tafel plot for the rotary cell
as well as the static cell. The Tafel slopes obtained from figure 4.15 is 40 mV /decade
both for the static cell and the rotary cell. The exchange current densities are 10315
and 1033 A cm for the rotary cell and the static cell respectively. The static cell data
qualitatively agree with the literature data which are quoted in the sections 4.2 and
4.4 [21, 22, 49).

These data show the acceleration field has a small effect, on the Tafel parameters.
The possible reason for this may be due to different anode surface concentrations in

the rotary cell and the static cell, however, this needs further investigation.
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Figure 4.15. Tafel plots for chlorine evolution reaction on DSA anode - Effect of
relative acceleration rate. Cathode: Pt/ Ti mesh (2 mg Pt cm2); Electrolyte: 6.2 M
NaCl solutions; Temperature: 80°C; The rotary cell.

Effect of Temperature - Temperature has a large effect on the chlorine evolution

reaction. Interestingly, this effect was intensified in centrifugal fields as shown in
figure 4.16.

It is clear that the increase in current density with temperature in centrifugal fields is
greater than in the stationary cell. The slope is about 43 Am2/°C at 1100 rpm,
compared to 24 Am2/°C obtained in the stationary cell. This demonstrates that the

temperature effect was intensified in centrifugal fields.
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Figure 4.16. Anode current density against temperature curves for Cl. evolution
reaction. Anode potential: 1.9 V vs RHE; Anode: RuO./Ti mesh (2 mg Ru cm2);
Cathode: Pt/Ti mesh (2 mg Pt cm2); Anolyte: 0.5 M HCl+saturated NaCl solution;
Catholyte: 10% NaOH solution; Scan rate: 5 mV/s; The rotary cell.

Effect of Concentration - The anode potential in centrifugal fields is also

concentration sensitive; the concentration effect was also intensified in centrifugal
fields, which are shown in figure 4.17. The anode potential increased rapidly with
increasing electrolyte concentration at lower concentrations. The rate slowed at
higher concentration. More importantly, the current density increased more rapidly
in the rotary cell than in the static cell. The average slope is about 0.49 kAm2/M at
1100 rpm, compared to 0.28 kA m2/M obtained in the stationary cell. It is evident
that centrifugal fields not only reduce mass transport limitation but also disengage
gas bubbles from the electrode surface. Both factors intensified the concentration

effect.
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Figure 4.17. Anode current density against NaCl concentration curves for Cl
evolution reaction. Anode potential: 1.8 V vs RHE; Anode: RuO;/Ti mesh (2 mg Ru
cm2); Cathode: Pt/ Ti mesh (2 mg Pt cm2); Scan rate: 5 mV/s; Temperature: 23.5°C;
The rotary cell.

4.5.3. Summary

In a gas-evolving process, gas bubbles block the electrode and membrane surfaces
and increase the solution resistivity, and therefore introduce large energy losses [56,
57]. These effects are largely eliminated in the rotary cell. The most striking feature
of this work is that the higher the current density, the more significant the the effect
of centrifugal field on the anode potential as well as cell voltage. Apart from the
peculiarity of gas-evolving electrodes, this results from the fact that the reaction on
RuO; anode demands the generation of higher oxidation state surface species,

essentially surface-bonded strong oxidants [58]. These species can be obtained only

at higher anode current densities. The above results also corroborate that
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intensification of the chlor-alkali process mainly comes from improving mass
transport environment and reducing the cell resistance.

It was reported that the overall rate of the chlorine evolution reaction is strongly
influenced by slow transfer of produced Cl; away from the interface [59]. As is well
known, under intensive gas evolution on the electrode the mass transfer of reaction
product into the bulk solution is strongly affected by the convection fluxes existing
near the electrode surface, determined not only by breaking-off and removal of the
gas bubbles from the surface, but also by the process of their growth occuring both at
the surface and after their break-off in the supersaturated bulk solution in the
vicinity of the electrode [60-62]. These processes, as well as the accompanied mass
transport limitations, should be sharply affected by a powerful centrifugal
acceleration field due to its function of promoting mass transport. Consequently, the
significant process intensification would be achieved. For example, a cell voltage
reductions of 500-650 mV at 3-5 kAm-2 was derived in an acceleration field of 190 G
at 80°C in acidified NaCl solutions, compared with a static cell. Under similar
conditions, the reported cell voltage reduction is about 400 mV, compared to the
industrial FM21 chlor-alkali cells, at 3-5 kAm- [7].

On the other hand, the cell resistance also plays important role for the process. It was
determined in Hoechst-Uhde membrane flow cell at a current density of 3 kAm?,
both electrode chambers was completely filled with gas-electrolyte mixture. The
average gas bubble content was 9-10% in the cathode chamber and 29% in the anode
chamber [63]. At higher current density, the gas content will definitely increase.
Undoubtedly, these bubbles will be efficiently removed from the electrode surfaces

as well as from the electrolytes by a powerful centrifugal acceleration field due to its
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function of disgaging gas bubbles from the electrode surface. This, in turn, reduces
the cell resistance drastically and therefore greatly intensified the process.

As already noted, at ambient temperature, the partial pressure of water vapour over
the brine is low. However, in industrial practice the cells operate at about 90°C at
which the water partial pressure is relatively high (about 0.67 Atms). This results in
a larger volumetric flux of gas being generated from an electrode operating at a
given current density and makes the electrode more susceptible to gas blinding.
Therefore, for the current densities explored in this study the impact of higher
acceleration fields, as expected, is even more marked when the cells are operated
under practical conditions. Interestingly, both effects of temperature and electrolyte
concentration were intensified in centrifugal fields.

4.6. Conclusions

The following conclusions can be drawn from the above results:

* Not surprisingly, the chlor-alkali process under industrial chloralkali electrolysis
conditions can be significantly intensified in centrifugal fields, particularly at high
current densities and in concentrated solutions. The outstanding performance was
demonstrated by subjecting the electrolytes to centrifugal force to promote the
separation of gas bubbles from the electrodes. The high acceleration field exerts an
effect on the cell voltage and the anode and cathode potentials. Cell voltage
reductions of 500-650 mV at 3-5 kAm-2, an anode current density of 2.5-3.8 kAm? at
1.8V vs RHE were derived in an acceleration field of 190 G at 80°C in acidified NaCl
solutions, compared with a static cell. These results show that the centrifugal force

provides the following benefits for the rotary cell: (i) Maximising mass transport
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rate; (ii) Minimising ohmic resistance by removing gas bubble faster than it was
formed.

The results also demonstrate that an application of high acceleration field in
commercial chlor-alkali cells can lead to a substantial reduction in electric energy
and, consequently, in the operational cost of the system.

* Centrifugal fields affect a gas evolution process much more significantly than a gas
consuming process, in particular at high current densities, as can be seen from the
comparison between this Chapter and Chapter 3. In the other words, centrifugal
force accelerates the gas bubble removal more easily and efficiently than promotes
the reactant gas adhesion on the electrodes or diffusion in aqueous solution. This is
also hardly surprising because of the peculiarity of the electrode process with gas
evolution. In these processes, the removal of the end product from the electrode
surface may proceed not only through its diffusion into the bulk solution, but also by
gas bubbles formation at the electrode surface. Thus, if the rate of the electrochemical
step of the overall process, say, anodic reaction, is very high, and the preceding
diffusion step does not affect its kinetics (e.g., under chlorine evolution from
concentrated chloride solution), then its rate-determining step is the removal of
reaction product from the electrode surface. At relatively low current densities this
removal will proceed only through diffusion of the reaction product molecules into
the bulk solution; at high current densities, however, under supersaturation of the
near-electrode solution layer by the reaction product and intensive evolution of gas
bubbles, its removal would preferentially go through gas evolution. Obviously,
centrifugal fields play very significant role in this aspect and leads the above

observations.
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» Apart from using high acceleration field, the most important factor affecting the
the intensification is the effectiveness of the anodes for the chlorine and hydrogen
evolution processes. RuO;/Ti mesh anode showed the best performance in acidified
NaCl solutions due to its high density of the catalysts and low electrode resistivity.
Commercial DSA also gave encouraging results.

» Concentrated electrolyte solution and high temperature are necessary for high
efficiency performance, i.e., operating chlor-alakli cells at low cell voltage and high
current density. An increase in the electrolyte concentration can lead to a dramatic
reduction of the cell resistance. On the other hand, an increase in working
temperature also benefits the operational characteristics of the cells, although the
effect is smaller than powerful centrifugal acceleration field. Both effects of

temperature and concentration were intensified in centrifugal fields.
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Chapter 5. Water Electrolysis

5.1. Introduction

Water electrolysis is an attractive process for the production of oxygen and
hydrogen in aqueous solutions, particularly for the small-scale production of the
high-purity gases. The process involves the splitting of water into ionic charged

components and finally to hydrogen and oxygen:

Anode (alkaline medium): 40H: = 2H0+0,+4e 6.1
Anode (acidic and neutral medium): 2H;0 = O, +4H*+4e (5.2)
Cathode (alkaline medium): 4H,0O+4e = 4OH-+2H; (5.3)
Cathode (acidic and neutral medium): 4H*+4e = 2H; (5.4)

Overall: 2H;0 = O;+2H; (5.5)

All conventional commercial electrolysers use alkaline electrolyte (~30 wt% KOH)
and operate at temperatures ranging from 70 to 90°C and 1 atm pressure [1,2]. Due
to high overpotentials of anode and cathode, the typical cell voltages of water
electrolysers (about 1.8-2.0 V at operating current densities of 1~3 kAm?) are
considerably higher than the thermodynamic decomposition voltage (1.229 V at 25°C
and 0.1 M Pa) [1,2]. This high energy comcumption has limited the production of
hydrogen and oxygen using electrolysis. Only ~5% of the world hydrogen
production was accomplished by electrolysis [3]. Oxygen is produced for
commercial and industrial use primarily also by nonelectrochemical processes [1].

The high anode and cathode overpotentials are the major factors attributed to high
energy consumption [1,2]. The ohmic potential drop due to the presence of the gas
bubbles in the solution and the electrode surfaces enhances the energy losses. The

overpotentials can be lowered by using effective catalysed electrodes and operating
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the cell at elevated temperature. Part of this work will be concentrated on this
aspect. On the other hand, the high ohmic drop can only be overcome to a limited
extent in the commercial water electrolysers. A reason for this is that cells have been
dependent upon normal gravitational force for separation of the evolved gas
bubbles from liquid electrolyte, i.e., a limitation imposed by the slowness with
which gas bubbles separate from the electrodes and ascend through the electrolyte.
When the current dénsity is increased to speed up the production of gas, then the
collection of gas bubbles at the electrodes unduly increases the electric resistance of
the cells. To overcome this difficulty, one option is designing equipment wherein the
electrolyte is subjected to centrifugal force to promote the separation of gas bubbles
from the electrodes. In this way, the significant intensification of the water
electrolysis process can be reasonably expected. It was therefore decided to
investigate the behaviour of a water electrolysis cell in a simple laboratory
centrifuge, in order to provide the basis for a more realistic cell design.

5.2. Literature Review

The past work in water electrolysis is briefly reviewed in this section.

Mechanistic Study - Oxygen and hydrogen evolutions have been studied both in

acidic and alkaline solutions. The representative mechanisms of oxygen and
hydrogen evolution are listed in Tables 5.1 and 5.2.

Table 5.1. Mechanisms of Oxygen Evolution

Media Mechanism Refrence(s)
Acidic solutions M+2H:O = MOH+H*+e (5.6) (4]
(M is active site of electrode) =~ MOH = MO+H*+e- (5.7)
MOH+MOH = MO+M+H:O (5:8)
MO+MO = 2M+0; (5.9)
Alkaline solutions M+OH- = MOH+e (5.10) [5]
MOH+OH- = MO+H,O+e (5.11)
2MO = 2M+0O: (5.12)
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Table 5.2. Mechanisms of Hydrogen Evolution

Media Mechanism Refrence(s)
Acidic solutions M+H*+e=MH (5.13) [6]
(M is active site of electrode) MH+H*+e = M+H, (5.14)
Alkaline solutions M+H;O+e = MH+OH- (5.15) 7]
MOH+ H:O+e = H;+M+OH-  (5.16)
2MH = 2M+H: (5.17)

The Tafel slopes and exchange current densities of oxygen and hydrogen evolution
change with different conditions, which are shown in Tables 5.3 and 5.4.

Table 5.3. Tafel Slope (b) and Exchange Current Density (jo) of Oxygen Evolution

Electrode Media Temperature/°C b/mVDec! jo/Acm? Refrence(s)
Pt 1M NaOH 25 55 1.0x10-11 [1]
Pt 0.5 M HzS04 20 107 7.6x10-10 1]
Pt 0.5 M H:SO, 80 90 1.3x101 [1]
RuO; 1 M H2SO4 80 30-40 (5-15)x10° 1]
RuO, 30% KOH 80 68 9.3x10-7 1]
Ni 50% KOH 70 48 6.0x10-8 [5]
Ni 50% KOH 100 57 4.0x107 [5]
Ni 50% KOH 150 98 3.0x10+4 [5]
Ni-Co 50% KOH 70 41 5.4x108 [5]
Ni-Co 50% KOH 100 54 3.6x107 [5]
Ni-Co 50% KOH 150 77 4.0x10+4 [5]

Table 5.4. Tafel Slope (b) and Exchange Current Density (jo) of Hydrogen Evolution

Electrode Media  Temperature/°C -b/mVDec?! jo/Acm? Refrence(s)
Ni - 50% KOH 70 142 4.8x10+ [5]
Ni 50% KOH 100 178 3.2x10-2 [5]
Ni 50% KOH 150 194 9.7x103 (5]
Ni-Fe 50% KOH 70 93 2.1x10° [5]
Ni-Fe 50% KOH 100 97 6.0x103 [5]
Ni-Fe 50% KOH 150 73 1.2x102 [5]
Pt 0.5 M NaOH 25 117  1.0x1038 [8)
Pt 0.5 M H2SO4 25 30 1.0x10+4 [8]

Rotary Electrolyser - Literature records on rotary water electrolysis cells are scant.

The first description of this type apparatus, a rotary water electrolyser comprising a
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plurality of annular cells arranged around an axis of a hollow shaft, appeared in
1920s [9]. The shaft has two compartments communicating with the cells by a
plurality of ducts for delivering hydrogen and oxygen.

A similar proposal was patented in 1964 where in the cell, the electrolysis proceeds
in concert with a rotary motion induced therein to ensure efficient separation of the
liquid and gas phases [10]. The liquid electrolyte was thrown towards the periphery
of the apparatus while the product gases were withdrawn along the axis of rotatioﬁ.
The entrained droplets of liquid electrolyte can be removed in the centrifugal field.
More recently, a rotary water electrolyser, for supplying hydrogen and oxygen to an
automobile or household, was patented [11]. It was said that the membrane cell was
adapted to rotate about an central axis and the fuels would be efficiently produced
in a centrifugal acceleration field and directly conducted to an automobile.
Unfortunately, these patents neither gave any experimental data, nor found any
practical application.

Electrodes - It is estimated that, at current densities of the order of 1.5 kAm-2, the
practical voltage efficiency of conventional water electrolysers is around 65-75%.
The anode and cathode polarisations are major contributors to the energy losses in
water electrolysers and depend strongly on electrode materials [12, 13]. So exploring
electrodes for water electrolysis has received considerable attention, particularly in
the development of improved electrocatalysts. While some improvement in overall
cell efficiency has been obtained in recent years, the problem of long-term stability
of the electrodes under the rather severe operating conditions still remains to be
solved. To date, the commercialy available water electrolysers are largely based on

nickel and steel electrodes [1]. Other materials were also studied but have not found
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use yet as technical water electrolysis cells due to either high cost or poor long-term
stability.

* Anode - Because the oxygen electrode is highly irreversible, high anodic potentials
were encountered during oxygen evolution. This demands the use of highly stable
anodes. The goals in the development of practical anodes are to find stable, electro-
conducting oxides with low overpotential for oxygen evolution and long life.
Currently, nickel and nickel-based materials are typically used for anodes in
alkaline water electrolysers [14-18].

However, the anodic overpotential at nickel electrodes increases with time due to
the growth of poorly conducting nickel oxide layers [19] and so noble metal oxides
have been evaluated. The Tafel intercepts, which represent the experimental
activation overpotential at a current density of 1 A cm2, were measured and taken
as a criteria of the effectiveness of various metal oxides for oxygen evolution. In 30
wtXd KOH at 80°C, this effectiveness decreases in the order Ru oxide (0.37 V) > Ir
oxide (0.41 V)~Pt oxide (0.41 V) > Rh oxide (0.43 V) > Pd oxide (0.45 V)~Ni oxide
(0.45 V) > Os oxide (0.49 V) >> Co oxide (0.69 V) >> Fe oxide (0.91 V) [18].

Although RuQ; is highly active for oxygen evolution due to the presence of reactive
surface groups [20], it lacks long-term stability. By adding a controlled amount of an
inactive oxide, e. g., SnO,, both the long-term stability and electrocatalytic activity of
RuQ; electrodes can be improved. For example, an anode composing 40:60 RuO;/
SnO; mol% has a service life of 220 hours, compared to 50 hours of the RuO;
electrode. The service life was determined by recording the time required for total
removal of the electro-active surface layer during continuous electrolysis in 6 M

NaOH at 0.75 A cm2 and 80°C.At this time, a large increase in anode potential was
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observed which was associated with the formation of a poorly conducting oxide on
the Ti substrate. These electrodes remain in contention as possible candidates for
large-scale water electrolysis cells [21].

* Cathode - The cathode materials used in commecial water electrolysers nowadays
are smooth nickel, Raney-nickel, nickel sulphide, steel, and nickel coated or painted
steel [18, 22]. In order to reduce the high electric energy demand of alkaline water
electrolysers, the structure of Ni cathodes was improved by using highly porous
electrodes. The performance of such cathodes is further improved by adding active
Raney Ni catalysts and/or other metals. The cathodic polarisation at 2 kAm2 for
hydrogen generation by electrolysis of 6 M NaOH was decreased by about 230 mV
when using Ni/Al coated electrode compared with pure Ni ones for water
electrolysis [23]. A further decrease of the polarisation voltage by 80-100 mV was
obtained by alloying with Ti, B, Zr, and Mo [23]. RuO; coated Ni electrodes were
also prepared and tested for the hydrogen evolution reaction in alkaline media [7].
Transition metal oxides are claimed to have good electrocatalytic performance for
hydrogen evolution [24-26]. Platinum group metals or their oxides were also used as
cathodes for hydrogen evolution [27-29].

5.3. Design Of The Rotary Water Electrolyser

General Aspects - The electrolytic flow circuit and the rotary cell are descibed in
Chapters 2 and 4. Most experiments were carried out in KOH solutions at 80°C and
atmosphere pressure. Before starting the elevated temperature experiments a
warming-up period of about 30 minutes was required to reach a desired constant
temperature. Many series of experiments were carried to optimise the system and

some results are given below.
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Effect of Anode Material - Anode materials have an obvious effect on the anode

potentials and therefore on the cell voltages. Figure 5.1 shows anodic polarisation

curves obtained on different electrodes.

j/mAcm

—
1 1.5 . 25

Figure 5.1. Steady-state anodic polarisation curves for oxygen evolution reaction -
Effect of anode material. Electrolyte: 4.5 M KOH solutions; Cathode: Pt/Ti mesh (2
mg Pt cm-2); Scan rate: 5 mV/s; Temperature: 80°C; The static cell.

At 300 mA cm?, the anode potential is 1.38, 1.63, 1.92, 2.09 and 2.30 V vs. RHE for Ni
foam, DSA, Pt-Ru/Ti mesh, Pt/ Ti mesh, and carbon paper anodes, respectively. The
value for Ni foam anode is in the range of those from polymer-electrolyte water
electrolysers [9, 12]. These data clearly shown that the effectiveness of the materials
for oxygen evolution followed the order:

Ni > DSA > Pt-Ru/Ti mesh > Pt/ Ti mesh > Carbon paper.
The high efficiency of the nickel foam resulted in its high Ni loading in a unit

volume. From the viewpoint of electrochemical engineering, an increase in electrode

activiity can be achieved through: (a) increase of intrinsic activity and (b) increase in
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the real surface area. Because the main contribution to the total activity arises from
an increase of the real surface area [30]. Therefore, the active reaction sites were
tremondously increased by using this material.

Effect of Cathode Material - Several materials were tested as cathode for water

electrolysis and results are shown in figure 5.2.

j/mAcm®
T >0 Nifoam [BA TYSAR  Stajpless steel foam

Ecvs. 'RHE/V

Figure 5.2. Steady-state cathodic polarisation curves for hydrogen evolution reaction
- Effect of cathode material. Electrolyte: 4.5 M KOH solutions; Anode: Ni foam; Scan
rate: 5 mV /s; Temperature: 80°C; The static cell.

From figure 5.2, the cathode potential at -300 mAcm-2 is -0.65, -0.85, -1.50, and

-1.79 V vs. RHE for Ni foam, DSA, TYSAR foam and stainless steel cathode,
respectively. The values for Ni foam anode and DSA are in the range of those from
polymer-electrolyte water electrolysers [5, 7]. According to these data, the cathodic
effectiveness of these materials for the hydrogen evolution decreased showed the

following order:

Nickel foam > DSA > Tysar > Stainless steel
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Again, the nickel foam cathodes gave the minimum cathode potential at a fixed
current density. As stated in the anode section, the high efficiency of the nickel foam
resulted in its high density of the catalyst per unit volume and therefore the high
density of active surface sites. Of course, nickel can only be used in alkaline media.
Electrolytes - Electrolyte type and concentration affect the polarisation behaviours of
the anode, cathode, and cell. For nickel electrodes, the electrolyte is limited to
neutral and alkaline media. Using Pt/Ti mesh electrodes rather than Ni foam allows
the selection of a wide range of electrolytes. Thus, most experiments examining the
enfluence of electrolytes were carried out using Pt/Ti mesh electrodes and/or
stailess steel cathode. When the Pt/Ti mesh electrodes were used, KOH seemed the
best anolyte.

5.4. Electrochemical Behaviour In The Stationary Cell

This section summarises the polarisation behaviours of the static water electrolyser.
5.4.1. Cell Voltage

Cell voltage is a critical parameter for the water electrolysis industry. The cell
voltage is closely related the electrode used. Ni foam electrodes gave the best
performance for water electrolysis process in a static cell. This is due to high total
surface area of the Ni foam electrodes which effectively decreased anodic and
cathodic overpotentials with KOH electrolytes [30]. In addition, the cell voltage was
affected by electrolyte concentration, pH, and temperature.

Effect of Concentration - Figure 5.3 shows the effect of electrolyte concentration on

the cell polarisation curves. The cell polarisation decreases with increase in
concentration. For example, at a cell voltage of 3 V, the cell current density is 2, 3.7,

4.1, and 4.9 kAm? for 0.5, 1, 4.5, and 6.3 M KOH solution, respectively. The
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maximum increase in current density at the given cell voltage was observed when
the concentration changed from 0.5 to 1 M. Both reduction in a cell resistance and

mass transport improvement are responsible for this.

j/mAcm™
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Figure 5.3. Cell polarisation curves for water electrolysis. Anode and cathode: Ni
foam; Electrolyte: KOH solutions; Scan rate: 5 mV/s; Temperature: 23.6°C; The static
cell.

Effect of pH - The electrolyte has a significant effect on the cell voltage, as shown in

figure 54. At 200 mAcm2, the cell voltage is 2.22, 2.6, and 3.36 V for 1 M H.SO,,
KOH, and Na;SO; electrolyte, respectively. Sulphuric acid gave the best

performance.
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Figure 5.4. Cell polarisation curves for water electrolysis - Effect of pH. Anode and
cathode: Pt/Ti mesh (2 mg Pt cm2); Scan rate: 5 mV/s; Temperature: 23.6°C; The
static cell.

Effect of Temperature - The cell voltage decreased with increasing cell temperature,

as shown in figure 5.5.

The reduction of about 280 mV was realised when the temperature changed from 25
to 80°C. Obviously, higher operating temperatures increase electrolyte conductivity

and reduce overpotentials, facilitating a lower cell voltage.
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Figure 5.5. Cell polarisation curves for water electrolysis - Effect of temperature.
Anode and cathode: Ni foam; Electrolyte: 4.5 M KOH solutions; Scan rate: 5 mV/s;

The static cell.

5.4.2. Oxygen Evolution

The anodic evolution of oxygen in electrolysis cell, is affected by the concentration,

pH, and temperature of the anolyte.

Effect of Concentration - Figure 5.6 exhibits effect of electrolyte concentration on the

polarisation behaviour for oxygen evolution in alkaline media. It can be seen that
the anode potential decreases, at a constant current density, with increasing
concentration and is more significant at higher current density. For example, at 300
mAcm?, the anode potential is about 2.6, 2.5, 2.1, and 1.8 V vs RHE in 0.5, 1, 4.5, and
6.3 M KOH solutions respectively. The anode potential changes in a smaller extent at
low current density say 50 mAcm?, i.e., 1.05, 0.96, 0.90 and 0.82 V vs. RHE in 0.5, 1,

4.5, and 6.3 M KOH solutions respectively.
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Figure 5.6. Steady-state anodic polarisation curves for water electrolysis-
concentration effect. Electrolyte: KOH solutions; Anode and cathode: Pt/Ti mesh (2
mg Pt cm2); Temperature: 80°C; The static cell.

Concentration affects the oxygen evolution kinetics, as exhibited in the Tafel data
(figures 5.7 and table 5.5).
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Figure 5.7. Tafel plots for oxygen evolution reaction on Pt/Ti electrode -
Concentration effect. Electrolyte: KOH solutions; Anode and cathode: Pt/ Ti mesh (2
mg Pt cm?); Temperature: 80°C; The static cell.
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The Tafel slope b in an overpotential range of 0.35 to 0.45 V and exchange current
densities jo obtained by extrapolating to (Ea- Ea.)=0 from figure 5.7 are listed in
table 5.5.

Table 5.5. Tafel parameters for oxygen evolution under different conditions

Cxou/M t/°C b/mVdecade? jo/ Acm-2

0.5 80 , 66 10784
1 80 66 10763
4.5 80 66 10740
6.3 80 66 10735
4.5 50 66 10760
4.5 25 66 10765

As shown in Table 5.5, the Tafel slope is same in the four solutions. There is a small
improvement in the exchange current density corresponding increasing the
concgnération. Increasing the KOH concentration from 0.5 to 6.3 M leads to an
increment in the exchange current densities from 10784 to 10735 A cm2 The reported
Tafel slope and the exchange current density are 55 mV/decade and 1.0x101! A cm2
for oxygen evolution on Pt electrode in 1 M NaOH solution at 25°C [1]. The
exchange current density obtained in this work is higher than that reported which
may be due to different electrode surface concentration. Further work is needed to
clarify this. As can be seen above, the concentration effect on the Tafel parameters is
small and only has qualitative sense, as aforementioned, in this work.

. It was worthwhile to point out that our experiments were run at high currents and
the uncompensated IR potential drop may be large, although the tip of the reference
electrode was designed for very close placement to the working electrode. The
potentiostat lost control completely over the cell when we tried to measure and
correct this IR drop during the measurements. It is difficult to correct the quantities
during the analysis of the data because the uncompensated resistance is unknown
and the geometric complexity of the electrodes used, which introduced nonuniform
distribution of current density. However, these data can still give a qualitative
picture about the effect of concentration on the oxygen evolution kinetics.

Figure 5.8 shows the dependence of current density at constant potential on KOH

concentration.
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Figure 5.8. Dependence of current density at different anodic potentials on KOH
concentration for oxygen evolution reaction on Pt/Ti electrode. Electrolyte: 4.5 M
KOH solutions; Anode and cathode: Pt/ Ti mesh (2 mg Pt cm2); Temperature: 80°C;
The static cell.

The reaction order with respect to OH- obtained from figure 5.8 are 0.7, 0.85 and 1.85
at 0.66, 0.70 and 0.74 V vs. RHE respectively.

Effect of Temperature - Figure 5.9 shows the influence of temperature on the oxygen

evolution reaction. The anode potential decreases approximately at a rate of 5 mV

per degree.
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Figure 5.9. Steady-state anodic polarisation curves for water electrolysis-
temperature effect. Anode and cathode: Pt/Ti mesh (2 mg Pt cm2); Electrolytes: 4.5
M KOH solutions; The static cell.

The effect of temperature on the oxygen evolution Tafel behaviour is shown in

figures 5.10 and table 5.5.
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Figure 5.10 Tafel plots for oxygen evolution reaction on Pt/Ti electrode -
Temperature effect. Electrolyte: 4.5 M KOH solutions; Anode and cathode: Pt/Ti

mesh (2 mg Pt cm-2); The static cell.
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Raising the cell temperature has similar effect on the kinetics as that of increasing
the concentration. The Tafel slope is constant, i.e., 66 mV/decade at all
temperatures. The exchange current densities increase from 1076 to 10740 A cm2
when the temperature increases from 25 to 80°C. There are different reports about
temperature effect on Tafel parameters for oxygen evolution, e.g., at Pt electrode in
0.5 M HSO; solution, the Tafel slopes decrease only from 107 to 90 mV/decade and
the exchange current densities from 7.6x10° to 1.3x10" A cm? when the
temperature increases from 20 to 80°C [1]; on the other hand, the Tafel slopes
increase only from 48 to 98 mV/decade and the exchange current densities from
6.0x10% to 3.0x10* A cm-2 when the temperature increases from 70 to 150°C at Ni
electrode in 50% KOH [5].

Effect of pH - The oxygen evolution is affected by pH, as shown in figure 5.11.
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Figure 5.11. Steady-state anodic polarisation curves for water electrolysis-pH effect.
Electrolyte concentration: 1 M; Anode and cathode: Pt/Ti mesh (2 mg Pt cm?2);
Temperature: 80°C; The static cell.

The anodic current density was about 200, 190, and 140 mAcm-2 at 2.0 V vs RHE for
KOH, H;SO, and NaSO; anolyte, respectively. The difference between alkaline and

acidic media is small, although at the concentration of 1 M, alkaline medium gave

the best performance.
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5.4.3. Hydrogen Evolution
The hydrogen evolution reaction is also sensitive to the operation conditions and
some steady-state measurement data are given in this section.

Effect of Concentration - The effect of electrolyte concentration on the hydrogen

evolution is displayed in figure 5.12. The cathode potential shifts to less negative
values with increasing concentration at a given current density. The effect is more

pronounced at higher current density.

Ec vs. RHEN

Figure 5.12. Steady-state cathodic polarisation curves for water electrolysis-
Concentration effect. Electrolyte: KOH solutions; Anode and cathode: Pt/Ti mesh (2
mg Pt cm2); Temperature: 80°C; The static cell.

The effect of concentration on the hydrogen evolution kinetics is shown in figure
5.13 and table 5.6. Similar as oxygen evolution, there is improvements in the
hydrogen evolution kinetics when increasing concentration. Quantitatively,

increasing the KOH concentration from 0.5 to 6.3 M leads no effect on the Tafel

slope, i.e.,, 90 mV/decade. The exchange current densities increase from 10405102
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A m?in an overpotential range of 0.11 to 0.16 V. At Pt electrode in 0.5 M NaOH
solution, the reported Tafel slope is 117 mV/decade and the exchange current

density are 1.0x103> A m2 [8]. These differences cannot be explained at the moment.
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Figure 5.13. Tafel plots for hydrogen evolution reaction on Pt/Ti electrode -
Concentration effect. Electrolyte: KOH solutions; Anode and cathode: Pt/Ti mesh (2

mg Pt cm2); Temperature: 80°C; The static cell.
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Table 5.6. Tafel parameters for hydrogen evolution in different conditions

Ckou/M t/°C -b/mVdecade’! -jo/ Acm-2
0.5 80 90 10405
1 80 90 10412
4.5 80 90 10388
6.3 80 90 10360
4.5 50 90 10395
4.5 25 90 104.00

As discussed above, the uncompensated IR potential drop may be large and it was
difficult to measure and correct during the measurements and the analysis of the
data. The above data, therefore, can only give a qualitative picture about the effect of

concentration on the hydrogen evolution kinetics.
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Effect of Temperature - Increasing the temperature shifts the cathode potential to

less negative values at a constant current density (figure 5.14).

Ec vs. RHEN
T -2 25° &50°C

Figure 5.14. Steady-state cathodic polarisation curves for hydrogen evolution-
Temperature effect. Anode and cathode: Pt/Ti mesh (2 mg Pt cm2); Electrolyts: 4.5
M KOH solutions; The static cell.

The Tafel plots for the effect of temperature effect are presented in figure 5.15 and
Tafel parameters are recorded in table 5.6.

The Tafel slope is constant at 90 mV/decade. The exchange current densities
increase from 1049 to 103% A m2 when the temperature increases from 25 to 80°C.
The reported Tafel slopes increase from 142 to 194 mV/decade and the exchange
current densities from 4.8x10 to 9.7x103 A cm2 when the temperature increases
from 70 to 150°C at Ni electrode in 50% KOH [5]. The difference between the
reported data and the data of this work may be partily due to different conditions

used. Further investigation is needed to complete understanding this difference.
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Figure 5.15 Tafel plots for hydrogen evolution reaction on Pt/Ti electrode -
Temperature effect. Electrolyte: 4.5 M KOH solutions; Anode and cathode: Pt/Ti
mesh (2 mg Pt cm?); The static cell.

Effect of pH - Figure 5.16 records the effect of electrolyte on the polarisation curves.
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Figure 5.16. Steady-state polarisation curves for hydrogen evolution -pH effect.
Electrolyte concentration: 1 M; Anode and cathode: Pt/Ti mesh (2 mg Pt cm?);
Temperature: 80°C; The static cell.
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Large difference can be seen in the cathodic polarisation curves. For example, at a
current density of 300 mAcm??, the cathode potential is -0.9, -1.4, and -2.1 V vs RHE
for H2504, KOH and Na;SOj4 catholyte, respectively. Sulphuric acid appears to be the
best medium for the hydrogen evolution reaction.

5.5. Electrochemical Behaviours In The Rotary Cell

The water electrolysis process was intensified using centrifugal fields in a relatively
simple cell, with a stationary pool of electrolyte, far from being optimised to reduce
cell voltage for water electrolysis. The focus of the work is to assess the impact of the
application of an acceleration field on the cell voltage and on the electrode
potentials. Effects of concentration and temperature were investigated.

5.5.1. Cell Voltage

Effect of a Relative Acceleration Rate - Figure 5.17 illustrates typical cell voltage-

current density plots obtained with the rotary cell using 4.5 M KOH solution at 80°C.
It can immediately be seen that there is a marked beneficial effect of an increase in
rotating speed on the performance of the cell. The application of acceleration field
drastically increases the current at fixed cell voltage or diminishes the cell voltage
for a constant current density, e.g., at 4 kAm?, the cell voltage reduction (based on
the cell voltage obtained in the static cell) is 230 mV, 390 mV, and 450 mV at 400,
800, and 1100 rpm, respectively.

The effect was more significant at high current densities than at low current
densities. For example, at 2 kAm?, the cell voltage reduction is only 80 mV, 140 mV,

and 190 mV at 400, 800, and 1100 rpm, respectively.
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Figure 5.17. Typical cell voltage versus current density curves for water electrolysis.
Anode and cathode: Ni foam; Electrolytes: 4.5 M KOH solutions; Scan rate: 5 mV/s;
Temperature: 80°C; The rotary cell.

Effect of Concentration - In a centrifugal field, the performance of the rotary cell

voltage is concentration sensitive, as shown in figure 5.18.

The cell voltage falls dramatically at a fixed current density, as shown in figure 5.18.
For example, at 3 kAm=2 and 0 rpm, about 3.80, 3.10, 2.80, 2.55, 2.46 V in 0.1, 0.5, 1,
4.5, and 6.3 M KOH solutions, respectively. This is a result of a reduction in the
electrode potentials and the increase in the electrolyte conductivity.

The cell voltage reduction, due to the effect of centrifugal fields, is also related to the
KOH concentrations. At a fixed current density, the reduction in cell voltage with
rotating speed decreases as the concentration of KOH increases. The maximum cell

voltage reduction, of approximately 1.0 V, was achieved in 0.1 M KOH solution. It is
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noteworthy that more significant cell voltage reduction was achieved in the

concentrated solutions at higher operating current densities.
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Figure 5.18. Cell voltage (at 3 kAm) as a function of KOH concentration.
Anode and cathode: Ni foam; Scan rate: 5 mV/s; Temperature: 80°C; The rotary cell.

The performance enhancement of the rotary cell is mainly attributed to the effects of
centrifugal fields on the mass transfer rate of the electrolytes and on gas
disengagement. In dilute electrolyte, the supply of the electrolytes was significantly
enhanced in centrifugal fields and therefore the gas evolution processes were
significantly enhanced. Also, the high acceleration field efficiently removes the gas
bubbles from the electrode surfaces. This reduces the cell resistance and therefore
the ohmic potential drop in the cell.

Effect of Temperature - An increase in cell temperature reduces the cell voltage as

shown in figure 5.19.
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Figure 5.19. Cell voltage as a function of temperature. Anode and cathode: Nickel
foam; Electrolyte: 6.3 M KOH; Current density: 3 kAm% Scan rate: 5 mV/s; The
rotary cell.

The cell voltage decreases by about 200 mV at 3 kAm in the static cell when the
temperature is increased from 25 to 80°C. Correspondingly, the cell voltage

reduction, as shown in figure 5.20, increases to about 300 mV at 1100 rpm. It is clear

that high temperature will benefit the intensification of water electrolysis.
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Figure 5.20. Cell voltage reduction as a function of temperature. Anode and cathode:
Nickel foam; Electrolyte: 6.3 M KOH; Current density: 3 kAm2 Scan rate: 5 mV/s;
The rotary cell.

Effect of Gap Between the Electrodes - The cell with the finite gap of 2 mm between

electrodes and membrane was compared with zero gap cell. For the stationary cells,
the zero gap cell gave larger current density than the finite-gap cell for water
electrolysis, as shown in figure 5.21.

For example, at 300 mA cm2, the cell voltage reduction when the rotating speed
changed from 0 rpm to 1100 rpm was 400 and 280 mV for the 2 mm-gap and no-gap
cell, respectively. This means that centrifugal fields will give much more benifit
when a finite-gap cell was used. This may be due to the lower resistance of the zero
gap cell in which the electrodes and membrane were directly contacted. More
investigations are needed to clarify the reasons responsible for the above

observation.
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Figure 5.21. Typical cell voltage versus current density curves for water electrolysis.
Anode: DSA; Cathode: Stainless steel foam; Electrolytes: 4.5 M KOH solutions; Scan
rate: 5 mV/s; Temperature: 80°C; The rotary cell.
5.5.2. Oxygen and Hydrogen Evolution Reactions
The cell behaviour is determined by the individual electrode behaviours which are
also strongly related to the rotating speed as briefly described in the following

sections.

Effect of a Acceleration Rate - The O or H; evolution potentials change dramatically

in a centrifugal field (figure 5.22). Both anode and cathode polarisation curves at 0
rpm are similar to those reported in the literature [6, 19, 31]. The results obtained in
the rotary cell demonstrate that centrifugal fields increase the current densities at a
constant electrode potentials. For example, at 1.25 V vs. RHE, the anode current

density is 340, 455, 530, and 570 mA cmZ at -1.45 V vs. RHE, the cathode current
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density is -383, -552, -605, and -650 mA cm?2 at 0, 400, 800, and 1100 rpm,

respectively.
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Figure 5.22. Electrode polarisation curves at differentd rotating speeds for water
electrolysis. Anode and Cathode: Nickel foam; Electrolyte: 4.5 M KOH solution;
Scan rate: 5 mV/s; Temperature: 25°C; The rotary cell.

The electrode potential reductions are also influenced by the applied acceleration
field, as shown in figure 5.23. The data demonstrate that centrifugal fields have a
large effect on the oxygen and hydrogen evolution reactions; electrode potentials are
reduced by several hundred millivolts over the range of applied relative
acceleration rate of 10 to 200 G. The large interphase buoyancy force, which controls
the fluid dynamic behaviour of the water electrolysis cell operating in a centrifugal
field, causes a very high interphase slip velocity and therefore increases the gas
disengagement. This increases the exposed electrode area and leads to lower anode

and cathode overpotentials. Evidently, it is the reduction in electrode potential that

are mainly responsible for the cell voltage reduction of the rotary cell.
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Figure 5.23. Electrode potential reduction (at 3 or -3 kAm) as a function of applied
“G” values. Anode and cathode: Pt/ Ti mesh (2 mg Pt cm-2); Electrolyte: 4.5 M KOH
solution; Scan rate: 5 mV/s; Temperature: 80°C; The rotary cell.

Figures 5.24 shows typical Tafel plots for oxygen evolution reaction. The Tafel slope
of the oxygen evolution obtained in an overpotential range of 0.5 to 0.55 V from
figure 5.24 is 68 mV/decade both in the static cell and in the rotary cell. The
exchange current densities obtained by extrapolating to (Ea-Ea, .)=0 are 1074 and 10-
766 A cm? for the rotary cell and the static cell respectively. The reported data for
oxygen evolution in a static cell with Ni electrodes in 50% KOH at 70°C are 48

mV/decade and 6x10-8 A cm2 [5].
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Figure 5.24. Tafel plots for oxygen evolution reaction on Ni foam electrode - Effect of
acceleration rate. Anode and Cathode: Nickel foam; Electrolyte: 4.5 M KOH
solution; Temperature: 80°C; The rotary cell.
Figures 5.25 shows typical Tafel plots for hydrogen evolution reaction. The Tafel
slopes of the hydrogen evolution obtained in an overpotential range of - 0.1 to - 0.17
V from figure 5.25 is - 90 mV/decade. The exchange current densities obtained by
extrapolating to (Ec-Ec,.)=0 are 103¢ and 103 A cm2 for the rotary cell and the static
cell respectively. The data show the effect of acceleration fields on the Tafel
parameters for hydrogen evolution reaction. The reported data for hydrogen

evolution in a static cell with Ni electrodes in 50% KOH at 70°C are 142 mV/decade

and 4.8x10+ A cm2 [5).
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Figure 5.25. Tafel plots for hydrogen evolution reaction on Ni foam electrode - Effect
of acceleration rate. Anode and Cathode: Nickel foam; Electrolyte: 4.5 M KOH
solution; Temperature: 80°C; The rotary cell.

The improved performance in an electrolytic cell may arise from an increase in the
real/apparent area factor or from an increase in rate constant and/or changes of
reaction mechanism [32]. The different measuring potential range can lead varying
Tafel parameters due to mechanism change [6]. These factors may result in
difference between the reported data and the data of this work. Further
investigation is needed to complete understanding this difference.

The improvement in the rotary cell performance, as indicated by the Tafel data, is
small and can be partly explained by the increase in exposed electrode area arising

from the centrifugal force. A complete understanding these results needs further

research.
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The Effect of Electrolyte Concentration - The anode and cathode potentials exhibit

the similar trend to that for cell voltage. Data obtained at a constant anode potential

of 1.25 V vs. RHE or cathode potential of -1.45 V vs. RHE are reported in figure 5.26.
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Figure 5.26. Electrode current densities as a function of KOH concentration for water

electrolysis. Anode and cathode: Nickel foam; Anode potential: 1.25 V vs RHE;
Cathode potential: -1.45 V vs. RHE; Scan rate: 5 mV/s; Temperature: 80°C; The

rotary cell.

The anodic and cathodic current densities for the both cells increase rapidly when
the electrolyte concentration increases from 0.25 M to 1 M, while with further
increase in the concentration, the increase in current densities is slower. The much
better performance in the concentrated KOH solutions, compared to that in the
dilute solutions, is predominantly due to a decrease in ohmic resistance of the
electrolytes. More importantly, at a constant potential, the current density increased

in the rotary cell at a greater rate than in the static cell. At 1100 rpm, the average
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increases in anode current density are 3.87 kAm-2/M from 0.25 M to 1 M and 0.47
kAm2/M from 1 M to 6.3 M compared to 2.81 and 0.26 kAm2/M obtained in the
static cell. Similarly, the cathode current density rate are 3.63 kAm2/M from 0.25 to
1 M and 0.50 kAm2/M from 1 to 6.3 M, which compared to 2.84 and 0.32 kAm2/M
for the static cell.

Although the concentrated KOH solutions made the cell performance improvement
less than that of the dilute solutions, concentrated electrolyte should be utilized in
water electrolysis cells to achieve high operating current density at low cell voltage

and to achieve a higher intensification.

Effect of Temperature - Figure 5.27 records the effect of temperature on the oxygen

and hydrogen evolution at Pt/ Ti mesh electrodes in 4.5 M KOH solutions.
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Figure 5.27. Electrode current densities as a function of temperature for water
electrolysis. Anode and cathode: Pt/Ti mesh (2 mg Pt cm2); Anode potential: 1.40 V
vs RHE; Cathode potential: -1.70 V vs. RHE; Electrolytes: 4.5 M KOH solutions; Scan
rate: 5 mV /s; The rotary cell.
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Anode and cathode current density both increase with increasing cell temperature in
both the static and the rotary cell. The new discovery in this work is that the
temperature effect is intensified in an acceleration field, i.e., the current density
increases faster with temperature in the rotary cell than in the static cell, as indicated
in figure 5.27. The rates of current density increase are 28.9 Am2/9C for the anode
and 29.3 Am2/°C for the cathode at 1100 rpm in the rotary cell. In the static cell, the
values are 14.6 Am2/°C for the aﬁode and 12.9 Am2/°C for the cathode. This means
that high temperatures are better for efficient performance of process intensification
in a rotary water electrolysers.

5.5.3. Summary

The results described in this section demonstrate that centrifugal fields provide a
powerful means for intensifying water electrolysis. Most of the improvements arise
directly from the improvement in mass transport and from the removal of gas
bubbles from the electrodes in the high acceleration field. The relative acceleration
rate, i.e, rotating speed, has significant effect on the cell voltage. The maximum
benefits were resulted at high currents where much more O; as well as Hz, was
evolved at the anode or the cathode, respectively. This proves again that centrifugal
field affects the gas evolution processes in a much more significant extent than the
gas consuming reactions.

5.6. Conclusions

The results cited above testify the following conclusions:

* The water electrolysis process can be significantly intensified in centrifugal fields.
The outstanding performance was demonstrated by subjecting of the cell, including

the electrolytes, to a centrifugal field to promote mass transport and to disengage
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gas bubbles from the electrode surfaces. The high acceleration field affects not only
the cell voltage, but also the anode and cathode potentials. A cell voltage reduction
of up to 700 mV , an anode potential reduction of up to 500 mV and a cathode
potential reduction of up to 350 mV at 3 kAm2 were achieved in an acceleration
field of 190 G at 80°C, compared with a static cell. These benefits result from the
centrifugal force in the rotary water electrolyser, which maximise mass transport
rate of the reactants and minimise ohmic resistance. It is obvious'that an application
of high acceleration field in commercial water electrolysis cells can lead to a
substantial reduction in electric energy and, consequently, in the operational cost of
the system.

* The results demonstrate again that centrifugal fields affect gas evolution processes
more significantly than gas consuming process.

* Apart from using high acceleration field, the most important factor affecting the
the intensification is the effectiveness of the electrodes for the oxygen and hydrogen
evolution reactions. Nickel foam shows the best performance in alkaline media due
to its high density of catalyst. Platinised titanium mesh also gave encouraging
results and could be used in acidic as well as alkaline media.

* Concentrated electrolyte solution and high temperature are important for high
efficiency performance, i.e.,, operating water electrolysers at low cell voltage and
high current density. An increase in the electrolyte concentration can lead to a
dramatic reduction in the cell resistance. Interestingly, both the effect of

concentration and of temperature were intensified in centrifugal fields.
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Chapter 6. Methanol Oxidation And Direct Methanol Fuel Cells
6.1. Introduction
There is a growing world-wide interest in the development of hydrocarbon fuel cells
for mobile applications because of environmental and legislative considerations.
Such a cell would combine both the convenience of the internal combustion engine
in terms of ease of fuel handling and the efficiency advantages of an electrochemical
conversion device. The strategic goal is a fuel cell operating at low temperature and
utilising a liquid fuel. Methanol would be an ideal fuel for fuel cell powered
vehicles owing to its low cost, good availability, liquid form and high volumetric
energy density. The direct methanol fuel cell (DMFC), in which methanol is directly
electrooxidized at the anode, could possibly lead to simplified design and reduced
weight and cost as compared with a power system having external methanol
reformation and a hydrogen fuel cell. Thereby the DMFC is being considered as one
of the most desirable fuel cells for small scale power units (<15 kW) [1,2]. The
methanol oxidation reaction has therefore been an attractive topic since the 1960s.
Methanol Oxidation - The overall methanol oxidation reaction is simple;
CH;OH+H;O = CO,+6H*+6e (acidic media) (6.1)
CH5OH+80H: = CO32+6H:O+6¢ (alkaline media) (6.2)
An acidic electrolyte is generally preferred for practical application since carbonate
residues are formed in alkaline media but not in acidic electrolyte [3].
In this work, the initial target is to select and optimise the anodes for methanol
oxidation and then, the process was expected to be intensified in a high acceleration
field. The idea comes from the fact that CO; bubbles, the products of methanol

oxidation, will stick to the anode surface, block the access of methanol to the anode
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surface, reduce the contribution of the catalysts to the oxidation reaction, as well as
increase the cell resistivity. Also, keep in mind that mass transport limitations were
often observed in conventional methanol fuel cells. The use of centrifugal
acceleration field should play some role in removing the bubbles from the electrode
surface and enhancing mass transport for the system therefore improving the overall
efficiency of the cells.

Direct Methanol Fuel Cells - Fuel cells were initially investigated by Sir William

Grove in 1839. They are one type of Galvanic cell in which the free energy change of
a chemical reaction is converted directly into electrical energy. For a fuel cell based
on CH;OH and Oz

CH30H/Pt/acid electrolyte/Pt/O2 (6.3)
the overall cell reaction is:

CHsOH(1)+3/20: (g) = 2H0(1)+CO: (g) (6.4)
for which E° = 1.212 V. In reality, fuel cells do not behave ideally due to several
factors. Firstly, electrode kinetics are a major factor for voltage deviations. At
increased current densities, both the anode and cathode potentials deviate from their
ideal thermodynamic values, due to a number of thermodynamically irreversible
processes, and lead to lower cell voltage. Secondly, the mass transport limitations
will also lower the power output. Under the extreme conditions, reactants are
consumed and products accumulated in amounts that may begin to exceed the rates
at which reactants can be supplied or products removed, and the cell potential can
fall dramatically to zero. Finally, the cell ohmic resistivity also contributes to reduce

cell voltage.
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Fuel cells experienced a rapid development in the sixties and seventies because they
offer a number of environmental and engineeriné advantages as well as the
maximum achievable energy efficiency. One of the most notable fuel cells is the
direct methanol fuel cell (DMFC). It was pioneered by Shell and separately by Exon-
Alsthom and attracted extensive investigation world-wide [4].

In the direct methanol fuel cell, the liquid methanol fuel is supplied directly to the
anode where it is electro-oxidised to carbon dioxide. Such a low temperature power
delivery device, at least in principle, offers the possibility of rapid start-up with a
very rapid response to external demand [5]. The power levels of fuel cells depend
on heat and mass transport rates, conduction of electrons and ions in the electrode,
and charge transfer rates across the interface [6]. One of the primary disadvantages
of the DMFC is related to the poor electrode kinetics at the anode side, which is
responsible for substantial inefficiencies within the cell. The electro-oxidation of
methanol only occurs at a sensible rate in the presence of platinum or a platinum-
based electrocatalyst. The surface adsorbed species present throughout its useful
potential range are responsible for the poor catalytic activity of platinum towards
methanol electro-oxidation. Mo&er problem of DMFC is related to the removal of
CO: from the anode surface. In the proton exchange membrane fuel cell, a highly
optimised electrode will not function to its full potential if this problem can not be
overcome. The function of centrifugal fields in disengaging gas bubbles from the
electrode surface should be effective in this aspect. With this in mind, this work has
been undertakeh to consider the feasibility of a rotary methaﬁol fuel cell.

6.2, Literature Review
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To our best knowledge, no paper has been published about methanol electro-
oxidation or DMFC operation in centrifugal fields, although a wealth of literature
has contributed to methanol oxidation and DMFC under ordinary conditions. This
review highlights the mechanism of methanol oxidation, the developments in the
electrodes and the DMFC.

6.2.1. Mechanism of Methanol Oxidation

The typical mechanisms of methanol oxidation are listed in Tables 6.1.

Table 6.1. Mechanisms of Methanol Oxidation

Media Mechanism Refrence(s)
Acidic electrolytes, Pt Anode CH>OH = PtCOH+3H*+3e (6.5) [7,8]
, PtCOH+OH.4s = PIC=O+H;O (6.6)
PtC=0+OH.4 = PtCOOH (6.7)
PtCOOH+Pt = CO,+H;O (6.8)
where OH.g, are absorbed radicals and formed by
H,O = OH.astH*+e (6.9)
Acidic electrolytes, Pt-Ru Anode = CH30Hea = CHsOHaas (6.10) [9]
CH30H.4s = PtCO.4+4H*+4e (6.11)
Ru+H;0 = RuOH.4s+H*+e (6.12)
PtCO.astRuOH.4, = CO+H*+e (6.13)
Carbonate Electrolytes CH>0OH+3COs2 = 4CO,+2H;0+6e (6.14) [10]
3CO;+3H,0+3C0Os* = 6HCO5 (6.15)
Alkaline solutions CH>0H+30H- = HCO,4s+3HO+3e (6.16) [11]
OH = OH.a*e (6.17)
HCO,4s+OH.4s = HCOOH (6.18)
HCOOH+OH:- = HCOO+H;O (6.19)

There remains substantial controversy regarding the composition of surface species.
For example, COH [7, 8] and CO [12] were proposed.

A reaction order of 0.5 was usually reported in both acidic and alkaline solutions [9,
11). However, higher reaction orders, i.e., 0.7-1, were reported which is due to the

beginning of the influence of the rate of methanol adsorption [13]. At higher
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potentials, when methanol adsorption becomes the rate determining step, a first
order reaction kinetics was observed for methanol oxidation on Pt electrode [13].
Some reported Tafel slopes and exchange current densities of methanol oxidation
are shown in Table 6.2.

Table 6.2. Tafel Slope (b) and Exchange Current Density (jo) of Methanol Oxidation

Electrode Media Temperature/°C b/mVDec! jo/Acm? Refrence(s)
Pt 0.1 M CHsOH+0.5 M H.SO,4 25 118 1.0x1056 (14]
Pt 0.1 M CH;OH+0.5 M H;SO;4 75 120 1.0x105¢ [14]
Pt-Ru/C 1M CH;OH+0.5 M H:SOs 25 120 1.0x10515  [15]
Pt-Ru/C 1MCHOH+0.5M H;SOs 45 120 1.0x1052 [15]
Pt-Ru/C 1M CH;OH+0.5M H,;SOs 60 110 1.0x1052 [15]
Pt 0.3 M CHsOH+1 M NaOH 22 120 1.0x10101  [11]
Pt 0.3 M CH;OH+0.1 M NaOH 22 120 1.0x10103  [11]
Pt 0.3 M CH;OH+0.01 M NaOH 22 120 1.0x10105  [11]
6.2.2. Anode

It was well known that the practical application of the direct methanol-fuel cells is
hindered by the need to use relatively large quantities of precious platinum-group
metal cafalysls, in particular Pt, the only materials suitable for the electrocatalytic
oxidation of methanol to date, owing to the inherent kinetic sluggishness of both the
anodic and cathodic reactions in acid solution. Moreover, although the overall
methanol oxidatioﬁ reaction is simple, it proceeds in a quite complicated way in
which surface intermediates play an important role [6, 9, 16]. In particular, the CO.q
produced in the reaction forms passive CO islands on the platinum surfaces, thus
blocking the surface for further adsorption of methanol [6, 9, 17, 18]. Therefore,
solving the poisoning of the anode catalysts by the reaction intermediates such as
CO.d. becomes one of the fundamental problems in development of direct methanol

fuel cells. An intense search has been initiated to improve catalysts, with particular
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attention paid to solving the catalyst poisoning problem, since the late of 1980s. The
most important progress in this area is covered in this section.

Porous Carbon Supported Platinum Anodes - In order to enhance the performances

of the platinum electrode, one possibility is to increase the active surface area, by
dispersion of the catalyst as small particles on a conducting support. A notable
method is using platinum supported on various porous-carbon electrodes [19].
Platinum (3 mgem-2) was dispersed on high surface area carbon supports with the
aid of polytetrafluorethelene binder. It was demonstrated that the methanol
oxidation in 1 M CHs;OH+2.5 M H;SO, solution is catalysed on this type of
electrodes in the presence of oxygen, shifting the onset potential of CO, production
100 mV more cathodic [20].

The use of carbon paper as the support has ameliorated several materials related
problems . With the carbon cloth collectors, the previous problems encountered with
carbon paper such as fragility have been solved. Pt/ carbon cloth anodes show
similar results for methanol oxidation as those of using other supports [21].

The Pt particle size affects the methanol oxidation activity. Unexpectedly, a decrease
in platinum particle sizes from 4.3 to 1.2 nmn results in a decrease in current density
of methanol oxidation from 0.08 to 0.032 mA cm2 at a potential of -0.05 V vs. MSE
and 23°C in 0.1 M CH;OH+0.5 M H.SO; solution In the range of 4.5-10 nm, the
current density of methanol oxidation remains almost constant [3].

Polymer Supported Platinum Anodes - To obtain an efficient dispersion of the
catalyst, porous carbon is typically choosen as a conducting support. Nafion
membrane, a perfluorinated membrane, with inert chemical property and good

stability, is another alternative support. Apart from its use as a solid polymer
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electrolyte for hydrogen/oxygen fuel cells, the membrane can be highly dispersed
with small Pt particles, on both sides, and used as the main part of the proton
exchange membrane fuel cell. The Pt loading can be as low as 1 mg Pt cm2 without
losing the catalytic activity [22]. A new method of fabricating composite polymer
anodes was introduced [14]. In this method, the metallic Pt particles were deposited
from cationic salts, using chemical reduction which was carried out through the
membrane by means of a reducing agent in contact with the opposite side. Anodes
obtained in this way gave a maximum current density of 46 mAcm2 at 0.89 V vs.
RHE in 0.1 M CH;OH+2.5 M HCIO4 solution at 25°C. Feeding with gaseous
methanol in a nitrogen flow, also at 25°C, the maximum current density reaches 150
mAcm2, At 45°C, the maximum current density can increase to 250 mAcm-2 [14].
Moreover, the poisoning effects for methanol oxidation using such a anode is
reduced. The enhanced electrocatalytic activity on such electrodes was attributed to
the uniform dispersion of Pt microparticles and synergistic effects of Pt
microparticles and the polypyrrole films [22].

Platinum Alloy Anodes - One successful approach to overcome the poisoning effects

is using composite catalysts, i.e., by the combination of Pt with other metal elements
having sites that play a different role from that of the Pt sites, i.e., form surface
oxides at lower potentials than Pt alone thus being able to oxidise the poisoning
species at more cathodic potentials [23, 24]. Pt/Ru [25-27], Pt/Sn [28, 29], Pt/Mo [30,
31}, etc., catalysts impregnated, or electrodeposited, onto carbon paper, or carbon
cloth, have shown superior performance than Pt alone for methanol oxidation. For

example, at a catalyst loading of 0.5 mg cm, current density is about 5, 10 and 70
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mA cm? at 0.5V vs. RHE in 1 M CH;OH+0.5 M H,SO; solution at 45°C for Pt/C, Pt-
Sn/C and Pt-Ru/C anode respectively [15].

Recently, Pt-Ru was electrodeposited on gold foil at a controlled potential of 0.002,
0.05 and 0.1 V vs. RHE from 0.005 M H:Cl¢Pt and 0.005 M RuCls solutions at 25°C
[32]. An electrode, obtained by passing a deposition charge of 74 C, with 80% Pt and
19% Ru, gave a current density of about 15 mA cm? at 0.6 V vs. RHE in 2 M
CHsOH+1.5 M H3SO04 solution at 70°C [32].

Other Composite Anodes -

Pt-WO; and Pt-Ru-WO; electrodes show a high activity for methanol oxidation [33].
For example, Pt-WO; gave a current of 200 mA/mg Pt at 0.4 V vs. RHE in 1 M
CH;0H+0.05 M H,SO;4 solution at 60°C. Under similar experimental conditions, the
data for the oxidation of methanol on optimised Teflon-bonded Pt/C electrode is 50
mA/mg Pt at 0.55 V vs. RHE [19] and Pt-Ru/C electrode is 50 mA/mg Pt+Ru at 0.4
V vs. RHE [28]. The superior performance was attributed to: (i) keeping the Pt sites
clean for chemisorption of methanol; and (ii) destroying the poisons. But the
stability and catalytic activity of this type of catalyst needs to be improved,
particularly in acidic media and at a high temperature above 60°C.

6.2.3. Direct Methanol Fuel Cells

Development of DMFC - The benefit of the DMFC was demonstrated at a single cell.
In general, the cell was based on a Nafion membrane electrolyte and Pt-Ru anodes
and Pt catalysed air/oxygen cathodes. Although considerable progress has been
made in achieving high energy efficiencies (about 50%) and high energy densities

(>1 Wem?) in hydrogen-oxygen fuel cells, for methanol-oxygen fuel cells, the
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reported power output density is lower (< 0.2 Wem?) [15, 34]. The power output
density is even lower (< 0.1 Wem) for the multiple cell stacks [35, 36).

Oxygen Cathode for DMFC - Oxygen reduction kinetics is very slow and limits the
performance of oxygen based fuel cells [37]. This is because oxygen reduction
proceeds primarily through a polyatomic intermediate [38, 39]). The oxygen-
containing species strongly adsorb on the cathode surface and decrease the
electrocatalytic activity of the cathode towards oxygen reduction. Moreover, in the
Nafion based DMFC, methanol crossover to the cathode, due to high methanol
permeability in the membrane [40, 41], results in a mixed cathode potential and
causes polarisaﬁon losses due to the simultaneous oxygen reduction and methanol
oxidation. Pt based catalysts seem to be the prefered choice for oxygen reduction
[15, 20, 42].

6.3. Methanol Oxidation In The Stationary Cell

This section describes the experimental data collected in a static cell, which is same
as that shown in Chapter 2, with Pt-Ru deposited Ti mesh electrodes under various
conditions.

6.3.1. General Characteristics

A typical linear sweep voltammogram of Pt-Ru/Ti mesh anode for methanol
oxidation is shown in figure 6.1. As can be seen, methanol was effectively oxidized
in the potential range of 200 to 700 mV vs. RHE at Pt-Ru/Ti mesh anode (figure 6.1)
due to the high catalytic activity of Pt-Ru catalysts for methanol oxidation. It can be
seen that the oxidation current rises rapidly from an anode potential of about 300
mV vs. RHE to a current density of 500 mA cm2 at about 660 mV. On the other

hand, oxygen evolution is not apparent until potential is excess of 900 mV and
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occure only significantly after the anode potential reaches a value of 1350 mV vs.

RHE in 0.5 M H2SOjs solution (figure 6.1). The current rises rapidly beyond 1400 mV.

200 ;17(\)/(3) HJl: ({/ 1700

Figure 6.1. Anodic polarization curves for CH;OH oxidation. Anode: Pt-Ru(2 mg Pt
cm?+]1 mg Ru cm?)/Ti mesh; Anolytee 1 M CH;OH/0.5 M H;SO; solution
(Methanol) or 0.5 M H,SOs solution (Blank); Cathode: Pt(2 mg Pt cm2)/Ti mesh;
Catholyte: 0.5 M H2SO, solution; Scan rate: 5 mV/s; Temperature: 80°C; H-type glass
cell.

The anodic current in the presence of methanol solution is mainly produced by
methanol oxidation. This was confirmed by chromatography where the only
detectable product was carbon dioxide which increases with prolonged electrolysis
time. No intermediates from methanol oxidation were found. This suggests that
methanol undergoes complete oxidation to carbon dioxide. The intermediates, if

formed, are then oxidised at the anode with facilitation, leaving no soluble products

to accumulate in the solution.

6.3.2. Effect of Catalysts
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Catalyst Loading - The catalyst loading has a significant effect on methanol

oxidation, especially at high temperature. Figure 6.2 shows data for three catalyst
loading use 2:1 ratio of Pt:Ru. Below 300 mV vs. RHE or above 670 mV vs. RHE, the
polarisation curves appear similar for all catalyst loading. At each catalyst loading,
the polarisation curve rises abruptly at different anode potential, i.e., 400, 340 and
320 mV vs. RHE for the anode with 1, 2 and 4 mg Pt/cm? respectively. An increase
in the catalyst loading from 1 to 2 mg Pt/cm? resulted in the polarisation reduction
of about 60 mV at 100 mAcm2 and 30 mV at 200 mAcm2. A further increase in the

loading has no significant benefit regarding an increase in current density.
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Figure 6.2. Comparison between anodic polarization curves for CH;OH oxidation on
Pt-Ru/Ti mesh anodes - Effect of catalyst loading. Anode catalyst loading (Pt:Ru
ratio, from left to roght): 4:2, 2:1 and 1:0.5 mg cm?% Cathode: Pt(2 mg Pt cm?)/Ti
mesh; Anolyte: 1 M CH3;OH/0.5 M HzSO;s solution. Catholyte: 0.5 M H2SOj4 solution;
Scan rate: 5 mV /s; Temperature: 60°C; H-type glass cell.

The electrode efficiency did not increase in proportion to catalyst loading, as

demonstrated by the small difference between the polarisation curves obtained
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using 2 mg Pt or 4 mg Pt/cm?2. This suggests that there is poor catalyst utilisation
above 2 mg Pt/cm?2. This can be seen from scanning electron micrographs (figure

6.3).

(a)

Figure 6.3. Scanning electron micrographs of the Pt-Ru/Ti mesh electrodes. (a) 2 mg
Pt+1 mg Ru cm%; (b) 4 mg Pt+2 mg Ru cm2 cm2.
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The Pt and Ru particles on the titanium mesh surface, with a loading of 2 mg Pt+1
mg Ru cm?, are distributed homogeneously across the matrix (figure 6.3, a). The
electrode shows significant phase segregation as illustrated in figure 6.3 (a). Discrete
regions of substrate (dark) and Pt-Ru particles (white) are observed. The majority of
the catalyst particles range from 250 to 500 nm in diameter and there are some
bigger clusters (about 1.5 ym in diameter). On the other hand, the distribution of Pt
and Ru particles on the electrode with a catalyst loading of 4 mg Pt+2 mg Ru cm? is
not homogeneously (figure 6.3, b). Very big clusters (2.5-6.5 pm in diameter). These
data confirm that a greater loading does not properly increase the active site due to
poor deposits build up.

Figure 6.4 compares data obtained from the Pt-Ru/Ti mesh electrodes with those
reported [15, 19]. At a loading of 2 mg Pt+1 mg Ru cm? the Pt-Ru/Ti mesh shows
similar performance as literature data [15]. At a loading of 1 mg Pt+0.5 mg Ru cm2
the Pt-Ru/Ti mesh gave much better performance compared to the reported data
[14]. For eample, at a potential of 0.5 V vs. RHE, current density is 78.2, 62, 60.8 and
17.2 mA cm? for Pt-Ru/Ti mesh 1, Pt-Ru/Ti mesh 2, Teflon-bonded Pt-Ru/C [15]
and Teflon-bonded Pt/C [19] respectively. The optimum catalyst utilisation for the
Ti mesh was achieved at a catalyst loading of 1 mg Pt+0.5 mg Ru cm? under the

experimental conditions.
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Figure 6.4. Anodic polarization curves showing the effect of catalyst loading on
activity for CH;OH oxidation.

Conditions for Pt-Ru/Ti meshes 1 and 2: Anode loading: 2 mg Pt+1 mg Ru cm2 for
Pt-Ru/Ti mesh 2 and 1 mg Pt+0.5 mg Ru cm? for Pt-Ru/Ti mesh 1; Anolyte: 1 M
CH50H/0.5 M H;SO; solution; Cathode: Pt(2 mg Pt cm2)/Ti mesh; Catholyte: 0.5 M
HzSO; solution; Scan rate: 5 mV /s; Temperature: 60°C; H-type glass cell.

Conditions for Teflon-bonded Pt/C electrode (from [19]): Anolyte: 1 M CH;OH/2.5
M H:SO; solution; Cathode: Au plates; Catholyte: 2.5 M H;SO,; solution;
Temperature: 60°C.

Conditions for Teflon-bonded Pt-Ru/C electrode (from [15]): Anolyte: 1 M
CHs0H/0.5 M H,SO; solution; Temperature: 60°C.

Catalyst Type - The type of catalyst also has effect on the anode polarisation

behaviour, as shown in figure 6.5 where three catalysts display different polarisation
curves for methanol oxidation. A Ru catalysed anode showed relatively poor
performance, potentials were some 150 mV greater than on Pt-Ru anodes at a fixed
current density and a peak appeared at about 950 mV vs. RHE. The absence of the
sharp decrease in current for the polarisation curve of Pt-Ru electrodes reflects the

difference in catalytic activity between the pure Ru and the Pt-Ru coatings. The
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poisoning of the catalyst during methanol oxidation was expected to be depressed at
the Pt-Ru anode, and consequently it gave the best performance of the three
catalysts for methanol oxidation. As anticipated, the effectiveness of the anode with
Pt coating for methanol oxidation was inferior to that of the Pt-Ru catalyst, due
presumably to the Pt catalyst poisoning, especially at low anode potentials, as

shown in figure 6.5.
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Figure 6.5. Comparison between anodic polarization curves for CHsOH oxidation on
different anodes. Anode catalyst loading: 2 mg Pt or Ru cm2 for Pt or Ru/Ti mesh
anode; 2 mg Pt+1 mg Ru cm? for Pt-Ru/Ti mesh anode; Cathode: Pt(2 mg Pt cm-
?)/Ti mesh; Anolyte: 1 M CH;OH/0.5 M H;SOj; solution. Catholyte: 0.5 M H.SO;
solution; Scan rate: 5 mV/s; Temperature: 60°C, H-type glass cell.

6.3.3. Effect of Temperature and Methanol Concentration

The investigation was extended to consider the effect of using linear sweep,
chronopotentiometric, and chronoamprometric techniques. Figure 6.6 shows the
polarisation curves on Pt-Ru/Ti mesh electrodes at different temperatures. An

oxidation current peak appeared at 25°C since obvious mass transport limitations. At

higher temperatures, the oxidation became more facile. From figure 6.6, it can be
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seen that above 0.5 V vs. RHE the effect of increasing the temperature from 25 to
80°C results in an approximate doubling in current density at a fixed potential. The
oxidation peak could not be seen at 60°C due to the signal output exceeded the
equipment limit. Further raising the temperature to 80°C results in an increase in the
oxidation current at a given anode potential. It is a general belief that suitable
temperatures for methanol oxidation are around 60°C and above [15]. At high
temperature, besides improving the oxidation kinetics, the effect of poisoning is less
significant, compared to that observed at ambient temperature. The above results

agree with these observations.
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Figure 6.6. Anodic polarization curves of CH;OH oxidation - Effect of temperatures.
Anode: Pt-Ru(2 mg Pt cm2 + 1 mg Ru cm?)/Ti mesh; Anolyte: 1M CH;OH/0.5 M
H2S0,; solution; Cathode: Pt(2 mg Pt cm2)/Ti mesh; Catholyte: 0.5 M H,SOjy solution.
Scan rate: 5 mV/s; H-type glass cell.

Figure 6.7 shows the Tafel plots obtained on Pt-Ru/Ti mesh electrodes at different
temperatures. As can be seen in figure 6.7, at each temperature, the overpotential

changes slowly with increasing current in the low current density range (less than 5

mAcm2). The current density increases rapidly in the range between 5 and 150 mA
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cm2. After this rapid increase, the current density rises very slowly. A significant
reduction of polarisation is observed as the temperature is raised from 25 to 80°C. In
the current density range of 10 to 200 mA cm? the polarisation is reduced
approximately 100 mV by this temperature increase. The Tafel slope obtained in an
overpotential range of 0.3 to 04 V is about 125 mV/decade at the three
temperatures. The exchange current density obtained by extrapolating to (Ea-Ea.)=0
at each temperature also has no obvious change which is about 1.0x1052 mA cm?2.
The reported Tafel slopes and exchange current density, on Pt-Ru/C anode in 1 M
CH30OH+0.5 M H2SO; solution, are 120 mV /decade and 1.0x10°2 mA cm2 at both 25
and 45°C [15].
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Figure 6.7. Tafel plots for methanol oxidation reaction on Pt-Ru/Ti mesh anode (2
mg Pt cm2 + 1 mg Ru cm?)/Ti mesh; Anolyte: 1IM CHsOH/0.5 M HzSO,) - Effect of
temperature. Cathode: Pt(2 mg Pt cm2)/Ti mesh; Anolyte: 1 M CH;OH/0.5 M H.SO;,
solution. Catholyte: 0.5 M HzSO; solution; H-type glass cell.

Effect of Methanol Concentration - Figure 6.8 shows the effect of methanol

concentration on the the polarisation curves on Pt-Ru/Ti mesh anode in different
methanol concentrations. Current peaks were observed for 0.1 M and 0.5 M
methanol solutions, suggesting that mass transport limitation may occur. At

concentration of 1 M and above, the oxidation peak could not be seen due to the
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signal output exceeded the equipment limit. At a constant current density, the
potential decreases with increasing methanol concentration. For example, at 300 mA
cm?, the anode potential is 800, 620, 580, and 520 mV for 0.5, 1, 4, and 8 M methanol
solution, respectively. The maximum anodic current density at a given anode
potential was achieved in 8 M methanol solution. However, such a high
concentration should be avoided in practical fuel cells due to cross-over of methanol

from anodic chamber to cathodic chamber.
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Figure 6.8. Comparison between anodic polarization curves for CH;OH oxidation. -
Effect of concentration. Anode: Pt-Ru (2 mg Pt cm?+1 mg Ru cm?)/Ti mesh;
Anolyte: CH;OH+0.5 M H,SO; solution; Cathode: Pt(2 mg Pt cm2)/Ti mesh;
Catholyte: 0.5 M H2SOj4 solution; Scan rate: 5 mV/s; Temperature: 60°C; H-type glass
cell.

The methanol oxidation kinetics are improved by increasing the concentration, as
shown in figure 6.9. It is clear from figure 6.9 that, for all solutions investigated, the

overpotential increases slowly with increasing current at low current density range

(less than 5 mAcm). It increases rapidly in the range between 5 and about 150
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mAcm2. After this dramatic increase, the overpotential rises very slowly. Increasing
the methanol concentration from 0.5 to 4 M resulted in a lowering the polarisation

for the oxidation of methanol by about 80 mV in the current density range of 10 to
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Figure 6.9. Tafel plots for methanol oxidation reaction on Pt-Ru/Ti mesh anode -
Effect of concentration. Cathode: Pt(2 mg Pt cm2)/Ti mesh; Anolyte: CH;OH+0.5 M
H2SO; solution; Catholyte: H,SO4 solution; Temperature: 60°C; H-type glass cell.

The Tafel slope obtained in an overpotential range of 0.35 to 0.45 V from figure 6.9 is
120 mV/decade for all solutions. The exchange current densities are 10-4%, 10-43, 10-
3% and 1037 A cm?2 for 0.5, 1, 2 and 4 M methanol solutions respectively. The Tafel
slope agrees well with the reported results which is 120 mV/decade on Teflon
bonded Pt-Ru/C anode in 1 M CH;OH+0.5 M H2SO; solution at 60°C [15] or on Pt
electrode in 0.1 M CH;0OH+0.5 M H;SO; solution at 75°C [14]. The exchange current
densities obtained in this work show that the methanol oxidation kinetics are
improved by increasing the methanol concentration. The reported exchange current
densities are 1052 mA cm2 on Teflon bonded Pt-Ru/C anode in 1 M CH;OH+0.5 M
H:S0; solution at 60°C [15] and 1.0x105¢ mA cm? on Pt electrode in 0.1 M
CH3OH+0.5 M H,SOjs solution at 75°C [14]. A complete understanding difference
between the literature and this work’s data needs further investigation.Figure 6.10
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shows log j versus log Cuethanol plots at three potentials obtained by using the steady
state current densities for methanol oxidation on Pt-Ru/Ti mesh anode in 1 M

CH3;OH+0.5 M H,SO; solution at 60°C.
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Figure 6.10. Tafel plots for methanol oxidation reaction on Pt-Ru/Ti mesh anode -
Effect of concentration (Cuethanot in mol dm-3). Cathode: Pt(2 mg Pt cm2)/Ti mesh;
Anolyte: CH;OH+0.5 M H,SO; solution; Catholyte: H2SO;4 solution; Temperature:
60°C; H-type glass cell.

The log j versus log Cwethanol (CMethanol in mol dm-3) plots are parallel at each potential
and the slope gives an apparent reaction order of about 0.8 with respect to methanol
concentration. For methanol oxidation on Pt electrode in the kinetic region, e.g.,
around 0.55 V vs. RHE for 0.1 M CH;OH+0.5 M H:SOj; solution [13], the reported
reaction order is usually 0.5 [9, 11]. Higher reaction orders, i.e., 0.7-1, were reported
which is due to the beginning of the influence of the rate of methanol adsorption
[13]. The data of this work agree with this observation.

6.3.4. Effect of Anode Substrate and Supporting Electrolyte

Effect of Anode Substrate - In developing anodes for methanol oxidation, the

general approach has been to use electrocatalysts and supports that are capable of

withstanding the high anodic potentials. In addition, the support must provide an
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acceptable porous electrode structure. The approach chosen here is to utilise
conductive Ti mesh to form a porous yet physically stable and self-supporting (no
binders was needed) structure. Ti mesh electrodes are about 0.4 mm in thickness
and had the very open structure and lower resistance than carbon electrodes. These
properties should benifit to overcome some problems identified with the carbon
cloth-type electrode, such as methanol diffusion and high electrode resistance.
Figure 6.11 compares the polarisation curves obtained with three substrates for
methanol oxidation in 1 M CH;OH+0.5 M H,SO4 solution at 60°C. The details for

preparing the gas diffusion electrodes are presented in Chapter 2.
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Figure 6.11. Comparison between anodic polarization curves for CH ; OH oxidation
on Pt-Ru catalysed anodes with different substrates. Anode catalyst loading: 2 mg
Pt+1 mg Ru cm2; Cathode: Pt(2 mg Pt cm?2)/Ti mesh; Anolyte: 1 M CH;OH+0.5 M
H250; solution; Catholyte: 0.5 M H;SOjs solution; Scan rate: 5 mV/s; Temperature:
80°C; H-type glass cell.

The performances of the carbon cloth and titanium mesh electrodes electrodeposited

with identical catalyst loading is very interesting. It can be seen that the introduction
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of an “un-optimised” Ti mesh electrode has led to a significant improvements in
electrochemical performance over the carbon cloth-type electrodes. For example, the
carbon cloth-type electrode gave an electrode polarisation of 0.70 V vs. RHE at a
current density of 200 mAcm2 compared with only 0.52 V vs. RHE for the catalysed
Ti mesh electrode. The performance of Ti mesh electrode was particularly better at
higher current densities. The gas diffusion electrode gave the poorest performance
for methanol oxidation. For example, it gave an electrode polarisation of 0.90 V vs.
RHE at a current density of 200 mAcm2 The polarisation increases dramatically
with increasing current density. One of the factors responsible for the poor
performance is the electrode resistance, which is higher than the Ti electrode.

Apart from high resistance compared to Ti mesh, the catalysed carbon cloth

electrodes easily lost the catalysts. This has been confirmed by the scanning electron

micrographs presented in figure 6.12.
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Figure 6.12. Scanning electron micrographs of the Pt (2 mg cm2)-Ru (1 mg
cm?)/carbon cloth (a) before and (b) after using for methanol oxidation in 1 M
CH5OH+0.5 M HzSO; solution at 80°C for about 10 hours.

As can be seen from the figure 6.12, the electrode surface was almost completely
covered by platinum and ruthenium particles (figure 6.12, a). Most catalyst was
removed from the carbon cloth surface after using in methanol oxidation (figure
6.12, b). This means that the adherence between the catalysts and carbon cloth is

much poorer as compared to the catalysed titanium mesh electrodes.

Effect of Electrolyte Type - Three types of electrolyte were examined as candidates

for methanol oxidation. Figure 6.13 shows the polarisation curves obtained on Pt-
Ru/Ti mesh electrode with three supporting electrolytes for methanol oxidation in 1
M CH5OH solution at 60°C. As can be seen, methanol oxidation occurs in completely
different potential regimes in alkaline, neutral, and acidic media. The oxidation
potential is up to over 1000 mV more negative in alkaline medium than in acidic
medium for a constant current density, e.g., -0.34 or 0.56 V vs. RHE at 300 mAcm2

for the alkaline or acidic medium, respectively. It is interesting to note that in
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neutral medium the current density is greater at low anode potentials, i.e., between
0.25 and 0.46 V vs. RHE. At higher potentials, in acidic medium, the current density

increases more rapidly with the anode potential.

Figure 6.13. Comparison between anodic polarization curves for CH;OH oxidation
in different electrolytes. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm-2); Cathode:
P2 mg Pt cm2)/Ti mesh; Anolyte: 1 M CH;OH in 1 M NaOH, H;SO4 or Na;SO;4
solutions; Catholyte: 0.5 M H2SOj; solution; Scan rate: 5 mV/s; Temperature: 80°C;
H-type glass cell.

Figure 6.14 shows the Tafel plots obtained on Pt-Ru/Ti mesh electrode with three
supporting electrolytes for methanol oxidation in 1 M CH3OH solution at 60°C. For
all solutions investigated, the overpotential increases relatively slowly with
increasing current density at low current density range (less than 5 mA cm?).
Current density increases more rapidly in the range between 5 and 150 mA cm?,
which the overpotential rises slowly. Changing the supporting electrolyte resulted
in different behaviour, as shown in figure 6.14. The polarisation for the oxidation of

methanol is lower for H,SO; by about 50 to 80 mV than for NaOH and Na;SO; in the

current density range of 10 to 200 mAcm2 for different electrolytes.
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Figure 6.14. Tafel plots for methanol oxidation reaction on Pt-Ru/Ti mesh anode -
Effect of supporting electrolyte. Cathode: Pt(2 mg Pt cm2)/Ti mesh; Anolyte: 1 M
CH;OH in 0.5 M H2SO;, NaOH or Na;SOj; supporting electrolytes; Catholyte: 0.5 M
electrolytes; Temperature: 60°C; H-type glass cell.

The Tafel slope obtained in an overpotential range of 0.35 to 0.5 V is 120 mV /decade
for the three solutions. The exchange current density obtained by extrapolating to
(Ea-Eae)=0, where different Ea. for the three solutions are calculated according to

the method described in Chapter 7. These data are recorded in Table 6.4.

Table 6.4. Tafel parameters for methanol oxidation in different electrolytes

Anolyte Catholyte Temp/°C b/mVdecade! -jy/Acm-2
1M CH;0H+0.5 M H;SO; 0.5 M H,SO,4 60 125 10438
1M CH30H+0.5 M Na;SO;s 0.5 M NaSO4 60 125 10637
1M CH30OH+0.5 M NaOH 0.5 M NaOH 60 125 10-884

The reported Tafel slope is 120 mV/decade and exchange current densities are 1052
and 101 A ¢cm-2on Teflon bonded Pt-Ru/C anode in 1 M CH;OH+0.5 M H,SOj
solution at 60°C [15] and on Pt electrode in 0.3 M CHsOH+1 M NaOH solution at

22°C [11] respectively.
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Methanol oxidation mechanism changes with varying electrolyte, as described in
Section 6.2.1. In alkaline medium, methanol oxidation should be linked with OH.q4
layer formation [43]. It was observed that there are two forms of OH.q radicals, i.e.,
reversible form and irreversible form. The reversible form of OHa4 produced on low
potentials is more active for “poisoning species” oxidation, as well as for methanol
oxidation than its irreversible form which participates in the total coverage with
OH.a species and becomes significant at more positive potentials. Carbonate
residues are formed during methanol oxidation in alkaline media [3]. Formation of
carbonate residues can be avoided in acidic media wherethe rate determining step is
the oxidation of methanol adsorbate by an adsorbed hydroxy species or activated
water group [10]. The different oxidation mechanisms lead different polarisation
behaviours.

Effect of Electrolyte Concentration - Figure 6.15 shows polarisation characteristics
obtained with varying supporting electrolyte compositions in the case of sulphuric
acid electrolyte. The rate of the methanol oxidation at any potential increases with
the acid concentration, as shown in figure 6.15. The anode potential decreases at a
constant current density with increasing the electrolyte concentration, as shown in
figure 7.8, although big difference can only be seen when the concentration increases
from 0.1 M to 0.5 M. For example, at 500 mAcm?, the anode potential is 1.10, 0.80,

0.76, and 0.72 V vs. RHE for 0.1, 0.5, 1, and 2 M sulphuric acid solution, respectively.
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Figure 6.15. Anodic polarization curves for CH;OH oxidation in different electrolyte
concentrations. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm-2); Cathode: Pt(2 mg Pt
cm2)/Ti mesh; Anolyte: 1 M CH;OH+0.5 M H;SO; solution; Catholyte: 0.5 M HzSO,
solution; Scan rate: 5 mV/s; Temperature: 60°C; H-type glass cell.

6.3.5. Effect of Nafion Coating

The DMFC is frequently operated with a solid polymer proton conducting
membrane. Consequently a preliminary investigation was undertaken in which the
catalysed Ti mesh was coated with Nafion. Figure 6.16 shows polarisation curves for
methanol oxidation obtained on Nafion coating and no-Nafion coating Pt-Ru/Ti
mesh electrodes in 1 M CH;OH+0.5 M H;SO; solution at 60°C. As can be seen,
coating the electrodeposited electrodes with Nafion solution had minor effect on the
performance of the electrode for methanol oxidation. The peak current density
decreases from 198 to 185 mAcm2 with coating Nafion on the electrode. It is difficult
to control quantity of Nafion to be coated for the Ti mesh electrodes and leads thick
Nafion coating on the catalysed Ti mesh surfaces. The thick Nafion coating would
present a mass transfer barrier for methanol. So the thick Nafion coating gave

additional negative effect on methanol oxidation in acidic media.
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Figure 6.16. Linear sweep voltammograms of CH;OH oxidation on electrodeposited
Pt-Ru/Ti mesh without or coating with the Nafion solution. Anode: Pt-Ru/Ti mesh
(2 mg Pt+1 mg Ru cm?); Cathode: Pt(2 mg Pt cm)/Ti mesh; Anolyte: 1 M CH;OH
+0.5 M H;SO; solutions (only 0.5 M NaOH solution for the Blank curve); Catholyte:
0.5 M H2SO; solution; Scan rate: 5 mV/s; Temperature: 60°C; H-type glass cell.

In alkaline solution, coating the electrodeposited electrodes with Nafion solution
had effect on the performance of the electrode for methanol oxidation up to -300 mV
vs. RHE, as shown in figure 6.17. The peak current density decreases from 220 to 140
mAcm-2 with coating Nafion on the electrode. In this case, the thick Nafion coating
would present a mass transfer barrier for for both methanol and OH- ions transports.
Since methanol oxidation relies on OH- transport in alkaline media, so the thick
Nafion coating gave additional negative effect on methanol oxidation in alkaline

media. More work needs to be done to improve performane of methanol oxidation

on Nafion coated electrodes.
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Figure 6.17. Linear sweep voltammograms of CH;OH oxidation on electrodeposited
Pt-Ru/Ti mesh without or coating with the Nafion solution. Anode: Pt-Ru/Ti mesh
(2 mg Pt+1 mg Ru cm2); Cathode: Pt(2 mg Pt cm?2)/Ti mesh; Anolyte: 1 M CH;OH
+0.5 M NaOH solutions (only 0.5 M NaOH solution for the Blank curve); Catholyte:
0.5 M NaOH solution; Scan rate: 5 mV/s; Temperature: 60°C; H-type glass cell.

6.4. Methanol Oxidation In The Rotary Cell

The oxidation of methanol was investigated in an acceleration field using the rotary
cell described in Chapter 2. This section describes the effect of centrifugal fields on
the process.

6.4.1. Effect of Relative Acceleration Rate

Figure 6.18 shows the effect of cell rotation rate on anodic polarisation curves of
methanol oxidation in the rotary cell. As expected, methanol oxidation behaviour

was greatly affected by the centrifugal force, with a significant enhancement in

performance as rotating speed increases.
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Figure 6.18. Anodic polarization curves for CH;OH oxidation in the rotary cell.
Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm-2); Cathode: Pt(2 mg Pt cm2)/Ti mesh;
Anolyte: 1 M CH;0H+0.5 M H,SOy solution; Catholyte: 0.5 M H,SOy solution; Scan
rate: 5 mV/s; Temperature: 80°C; The rotary cell.

The striking feature of the effect of rotating speed is the large variation of the anode
potential, at a constant current density, with the relative acceleration rate, as shown
in figure 6.19. The anode potential decreases with increasing applied G at all current
densities, although the trend varies with the specific current densities. For example,

at 300 mAcm?2, the anode potential falls from 860 to 410 mV vs. RHE when the field

increases from 1 G to 190 G; the values are 1100 to 570 mV vs. RHE at 500 mAcm-2.
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Figure 6.19. Anode potential against relative acceleration rate plots for CH;OH
oxidation in the rotary cell. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm?);
Cathode: Pt(2 mg Pt cm2)/Ti mesh; Anolyte: 1 M CH;OH+0.5 M H,SO; solution;
i&}fholyte: 0.5 M H2SOj4 solution; Scan rate: 5 mV/s; Temperature: 80°C; The rotary
Figure 6.20 shows anode potential reduction versus relative acceleration rate for
methanol oxidation in the rotary cell. The anode potential reduction increases with
increasing applied G. The higher the current density, the more marked the change.

It is easily understood to consider that mass transport limitation of methanol would
be very crucial and much more gas bubbles would be evolved at high current
densities in the static cell. This introduces bubble polarisation and limits the current
density and therefore leads to poor performance. On the other hand, this provides
the opportunity to intensify the process in a powerful centrifugal field. Thus, much
better improvement in the cell performance was observed in centrifugal fields. As

the functions of centrifugal fields is not affected by current density applied, the

higher the current density, the better the cell performance in centrifugal fields.
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igure 6.20. Anode potential reduction against applied G plots for CH3OH oxidation in
the rotary cell. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm2); Cathode: Pt(2 mg Pt

cm2)/Ti mesh; Anolyte: 1 M CH;OH+0.5 M HzSO; solution; Catholyte: 0.5 M H.SO,
solution; Scan rate: 5 mV//s; Temperature: 80°C; The rotary cell.

The Tafel data were also measured for the rotary cell which are given in figure 6.21.
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Figure 6.21. Tafel plots for methnol oxidation reaction on Pt-Ru/Ti electrode - Effect
of acceleration rate. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm2); Cathode: P2 mg
Pt cm?)/Ti mesh; Anolyte: 1 M CHsOH+0.5 M H2SOj solution; Catholyte: 0.5 M
H2S0; solution; Scan rate: 5 mV/s; Temperature: 80°C; The rotary cell.
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The Tafel curves obtained at different rotating speeds is difficult to distinguish.
Thus, only the data at 1100 rpm is presented in the figure. The Tafel slope obtained
in an overpotential range of 0.35 to 0.5 V is 125 mV/decade for both the static and
rotary cells. The exchange current density obtained by extrapolating to (Ea-Ea.c)=0
are 108 and 104 A cm? for the static and the rotary cell respectively. The data
obtained at 1 G agree with the reported results quoted in Section 6.3.3 [14, 15]. This
demonstrates that methanol oxidation kinetics is improved little when increasing
relative acceleration rate. In centrifugal fields, gas escapes relatively easily from the
electrode surfaces. Therefore, the product of methanol oxidation, carbon dioxide,
would be disengaged from the anode surface very effectively and leads to greater
exposed electrode area. The centrifugal force may also affect the surface
concentrations of the electroactive species. These are possible reasons of the
observed increment of exchange current density in the rotary cell compared to the
static cell. Further research is needed to complete understanding this effect.

6.4.2. Effect of Methanol Concentration

Figure 6.22 gives an example of the polarisation curves for methanol oxidation in the
rotary cell with vérying methanol concentrations. As shown in figure 6.22, even at a
high acceleration field of 190 G, the peak due to mass transport limitation appeared
in 0.5 M methanol solution. The mass transport limitations for the higher
concentration solutions were not observed due to the signal output exceeded the
equipment limit. The general effect of increasing methanol concentration is similar
to that observed in the static cell, ie, the polarisation curves shift to lower
potentials. Although the effect of methanol concentration in centrifugal fields is
qualitatively similar to that obtained in static cells, the cell polarisation behaviour is
intensified in centrifugal fields. This can be seen by comparing the change in rate
with methanol concentration for the rotary and static cell at a potential of 0.5 V vs.

RHE, as presented in figure 6.23.

196



j/mA cmi?

| |
i |

200
2 iy 2 el

Figure 6.22. Comparison between anodic polarization curves for CH;OH oxidation
in different concentrations at 1100 rpm. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru
cm2); Cathode: Pt(2 mg Pt cm2)/Ti mesh; Anolyte: CH;OH+0.5 M H;SO; solution;
Catholyte: 0.5 M H2SOjs solution; Scan rate: 5 mV/s; Temperature: 80°C; The rotary
cell.

Figure 6.23 shows that the current density at 1100 rpm is always greater than that at
0 rpm and that the increase of the former with increasing the concentration also
proceeds at a faster rate. At 1100 rpm, the average increase in rate of current density
is about 1.58 kAm2/M from 0.1 M to 2 M which is larger than 1.00 kAm2/M
obtained in the stationary cell. This enhancement comes from the improvement in
mass transfer environment and the gas disengagement from the anode surface. Both

factors promote more efficient methanol oxidation.

197



6 T 1100

0 | | —
. 1 1.
4 2 C'methanol/l\/I 2

Figure 6.23. Enhancement of the concentration effect for CH;OH oxidation in the
rotary cell - Current density (at 0.5 V vs. RHE) versus methanol concentration
curves. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm2); Cathode: Pt(2 mg Pt cm-
2)/Ti mesh; Anolyte: CH;OH+0.5 M H,SO; solution; Catholyte: 0.5 M H,SO,
solution; Scan rate: 5 mV/s; Temperature: 80°C; The rotary cell.

6.4.3. Effect of Temperature

The effect of temperatureon the polarisation behaviour in centrifugal fields is in
qualitative agreement with that obtained in the static cell. Figure 6.24 shows the
typical results for methanol oxidation at varying temperatures in the rotary cell with
Pt-Ru/Ti mesh electrodes and 1 M CH;OH+0.5 M HzSOj solution. It can be seen that
the rate of methanol oxidation increases with temperature at a constant anode
potential. Methanol oxidation was more efficient at 80°C, at the high anode
potentials and the low anode potential, compared to other temperatures. However,
what is quite different is that, in comparison to the results in the static cell, the effect

of temperature had a greater influence on current density in centrifugal fields, as

shown in figure 6.25.
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Figure 6.24. Anodic polarization curves of CH;OH oxidation at different
temperatures at 1100 rpm. Anode: Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm2); Cathode:
Pt(2 mg Pt cm2)/Ti mesh; Anolyte: 1 M CH;OH+0.5 M H,SOj solution; Catholyte:
0.5 M H;SO; solution; Scan rate: 5 mV/s; The rotary cell.

From figure 6.25, the average increase rate of anode current density is 57.5 Am2/°C

at 1100 rpm, and in the static cell, the value is only 36.3 Am-2/°C. This means that

higher temperature is better for high efficiency performance as well as high

intensification of the processes in a rotary cell. It needs further research to explain

the intensification of temperature effect in the rotary cell.
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Figure 6.25. Enhancement of the temperature effect for CH, OH oxidation in the
rotary cell. - Current density (at 0.5 V vs. RHE) versus temperature curves. Anode:
Pt-Ru/Ti mesh (2 mg Pt+1 mg Ru cm?); Cathode: Pt(2 mg Pt cm2)/Ti mesh;
Anolyte: 1 M CH;OH+0.5 M H,SO; solution; Catholyte: 0.5 M H,SOjy solution; Scan
rate: 5 mV/s; The rotary cell.

6.5. Direct Methanol Fuel Cells

The functions of centrifugal fields in promoting mass transport and in disengaging
gas bubbles from the electrode surface should benefit operation of DMFC where
there are problems related the mass transport of methanol and the removal of CO;
from the anode surface. This section describes the work has been undertaken.

6.5.1. Evaluation of the Ti Mesh Anode in DMFC

The Pt-Ru/Ti mesh anode was evaluated in a flow DMFC with a Teflon bonded
carbon cloth gas diffusion cathode, which was prepared according to the method
described in Chapter 2, in 2 M methanol solution at 90°C. Figure 6.26 presents a
typical result.
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Figure 6.26. Effect of changing anode type on direct methanol fuel cell performance.
Anode: Pt-Ru/Ti mesh or carbon cloth (2 mg Pt-1 mg Ru cm2); Cathode: Pt/carbon
cloth GDE (1 mg Pt cm2); Anolyte: 2 M methanol solution; Anolyte flow rate: 1.2
ml/min; Air pressure (cathodic chamber): 1.5 bar; Temperature: 90°C; Nafion 117
membrane.

Figure 6.27 shows the cell power density versus current density curves for the flow
DMFC with the Pt-Ru/Ti mesh anode and the Teflon bonded carbon cloth gas
diffusion cathode. The flow fuel cell with the Ti mesh anode delivered higher power
density (maximum power density is 102 mW cm2) compared the cell with the
carbon cloth gas diffusion anode (maximum power density is 93 mW cm?), at
potentials near 0.3 V at 90°C, as can be seen in figure 6.27. The reported maximum
cell power density data, which is 125 mW c¢m2 using O at 90°C [15] or 110 mW c¢m-
using air at 90°C [43]. Although the data obtained in this work are not optimal
compared the reported results, it is clearly shown that an improvement in the output
cell voltage about 30 mV can be achieved at all current densities by using the
catalysed titanium mesh anode rather than the carbon supported gas diffusion
anode. The improvement is not as good as expected based on the fact that the

catalysed titanium mesh anodes give much better performance than the carbon gas
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diffusion anode for methanol oxidation. This is partly due to the poor oxygen
electrode performance often limits to reach a high efficiency of fuel cells [15, 37, 40,
41].
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Figure 6.27. Cell power density versus current density plots of the direct methanol
fuel cell. Anode: Pt-Ru/Ti mesh or carbon cloth (2 mg Pt-1 mg Ru cm); Cathode:
Pt/carbon cloth GDE (1 mg Pt cm2); Anolyte: 2 M methanol solution; Anolyte flow
rate: 1.2 ml/min; Air pressure (cathodic chamber): 1.5 bar; Temperature: 90°C;

Nafion 117 membrane.

6.5.2. The Performance of the Rotary DMFC

DMFC Using Gas Diffusion Cathode - This type of fuel cell directly consumes

oxygen at the gas diffusion cathode and there is no need to use liquid catholyte.
Thus, reactants can be contacted through the gas channels directly to the electrode

rather than going through a gas-bubbling process. In this manner, the solubility
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limitation of a gasous reactant in a liquid electrolyte no longer exists, and mass
transport rate of gaseous reactants may be greatly increased. These advantages were
proved in conventional fuel cells but, unfortunately, is not the case in the centrifugal
fields. The typical results of the rotary fuel cell using Pt-Ru/Ti mesh anode and
carbon cloth gas diffusion cathode in 2 M CH;OH+1 M H;SOs anolyte at 25°C are

shown in figures 6.28.
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Figure 6.28. Output fuel cell voltage against applied relative acceleration rate plots
for the rotary fuel cell. Anode: Pt-Ru/carbon cloth (2 mg Pt-1 mg Ru cm?); Cathode:
Pt/carbon cloth (1 mg Pt cm?); Anolyte: 2 M CHsOH+1 M H:SO4; Air pressure
(cathodic chamber): 1.5 bar; Temperature: 25°C; The rotary fuel cell.

As shown in figure 6.28, a small increase in output cell voltage at all current
densities were observed when the applied relative acceleration rate increases from 1
G to 25 G; the cell voltage was nearly constant between 25 G and 100 G; Above 100

G, the reverse effect was observed with lower cell voltage achieved. Also, the higher

the output current density, the larger the decrease in cell voltages. The results were
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very disappointing, the maximum power output is only 2.55, 4.05, and 2.25 mWcm-
at 10, 25, and 50 mAcm?, respectively. At 50 mA cm2 and 190 G, almost no power
was delivered.

Figure 6.29 shows the rotary cell output voltage against current density curves
obtained from the rotary fuel cell using Pt-Ru/Ti mesh anode and carbon cloth gas
diffusion cathode in 2 M CH;OH+1 M H:SO; anolyte at 25°C. As shown in figure
6.29, output cell voltage at 1100 rpm is about 10 mV higher than that of at 0 rpm at
lower current densities up to 15 mA cm?2 Above this current density, the reverse
effect was observed with lower cell voltage achieved, at a fixed current density, at

1100 rpm than at 0 rpm.
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Figure 6.29. The rotary fuel cell polarisation curves. Anode: Pt-Ru/carbon cloth (2
mg Pt-1 mg Ru cm2); Cathode: Pt/carbon cloth (1 mg Pt cm2); Anolyte: 2 M
CHsOH+1 M HzSOj; Air pressure (cathodic chamber): 1.5 bar; Temperature: 25°C;
The rotary fuel cell.
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In theory, DMFC should be operated at higher temperature, i.e., above 60°C [13, 15,
42, 43]. Thus the rotary fuel cell operation at higher temperature was tried but no
positive result was obtained due to the anolyte leaking to the cathodic chamber.
Also, nearly no power was delivered when a Pt/Ti mesh cathode, operated as a gas
diffusion electrode, was used in the rotary cell.

One of the reasons for the poor efficiency of the rotary fuel cell can be attributed to
poor oxygen reduction in the rotary fuel cell where the high centrifugal force can do
nothing to enforce the gas bubbles adhere on the cathode surface. The requirement
of enough oxygen supply for efficient fuel cell operation would be very difficult to
satisfy in centrifugal fields. In addition, as mentioned in Chapter 3, the setup used in
the above work was not optium. More investigation is needed to know whether the
gas diffusion electrode had adequate access to the oxygen in the rotary fuel
Moreover, it was observed that the anolyte leaked into the cathode chamber in the
centrifugal fields. Several detrimental consequences were resulted from these
intensified problems, such as the overwetting or flooding for the gas diffusion
cathode. This blocks gas penetratration, impedes the transport of gaseous reactants
to the reaction sites and therefore giving rise to a significant concentration
polarisation. These factors add the more negative effects on the fuel cell
performance. To completly understand the above observations needs further
research.,

DMFC With Air Bubbling Cathode - In this type fuel cell, oxygen or air is bubbling
through the cathode immersed in liquid catholyte. The rotary fuel cell operated in

this mode was tried more than ten runs but gave nearly zero power output.



In general, air electrode performance is controlled by a combination of electrode
kinetics, mass transport, and ohmic conduction. Centrifugal fields can not overcome
the obstacles from slow oxygen reduction kinetics as described previously. When
the cathode was immersed in the catholyte and an oxygen was supplied as bubbles,
very high gas transport limitation and very low oxygen solubility were introduced.
The diffusion of gas reactants in liquid is much more difficult than in gas phase.
Also, Centrifugal fields can not overcome the low oxygen solubility limitation,
neither does efficiently enforce the reactant gas adhere on the cathode surface. As
mentioned above, the setup used in the above work was not optium. Also, it is not
clear at the moment whether the porous electrode had adequate access to the oxygen
bubbles in the rotary fuel cell and whether the electrolyte circulated properly over
the electrode, which needs more investigation. In addition, gas bubble imposes two
effects on the air bubbling cathode: (i) The dispersion effect. Gas bubble enriched
solution increases the bulk electrolyte resistivity and the solution ohmic drop due to
nonconductive gas bubbles dispersing in the solution. The lower the gas voidage,
the higher the resistance. This effect will remain even in centrifugal fields. If the air
cathode is operated at high current densities, hydrogen evolution will be
unavoidable. The thin layer of electrolyte close to the electrode surface will be more
crowded with bubbles than the bulk electrolyte. The contribution of this “bubble
curtain” to the total cell resistance is significant [44-46). (ii) The shield effect. This
effect reduces current at a fixed potential due to gas bubbles covering the electrode
surface [45). Centrifugal fields can reduce this effect significantly, but can not

overcome other negative effects for operation of the rotary fuel cells.



Overall, the gas diffusion cathode appears to be the only feasible choice for efficient
DMFC operation.

6.6. Conclusions

The above results support the following conclusions:

* With a Pt-Ru/Ti mesh anode, a very high performance was demonstrated for
methanol electro-oxidation, which is very active, more so than for any of the other
electrodes investigated, e.g., a polarisation as low as 0.52 V vs. RHE at a current
density of 200 mAcm2, which is lower than those obtained at the catalysed carbon
cloth anode (0.70 V vs. RHE) and the catalysed Teflon-bonded gas diffusion anode
(0.90 V vs. RHE). It has been demonstrahed that the novel method and the substrate
allows reproducible fabrication of anodes with a suitable balance between
micropores for gas access, micropores for liquid access, and conductive paths for
electron access. The initial problems of high ohmic losses and low ionic
conductivities appear to have been overcome to a large extent.

* Centrifugal fields make it possible to intensify the liquid reaction process to a
great extent through maximising mass transport rate of methanol and minimising
ohmic resistance by removing gas bubble as fast as they are formed. Like other gas
evolving processes, methanol oxidation process is significantly intensified in
centrifugal fields. The outstanding performance was demonstrated by subjecting the
methanol anolytes to centrifugal force to promote both the mass transfer of methanol
and the separation of gas bubbles from the anodes. The high acceleration field
causes a significant reduction in the anode potential at a fixed current density.

Anode potential reductions up to 500 mV at 3 kAm?, an anode current density



increment up to 2.5 kAm2 at 0.5 V vs RHE were reached in an acceleration field of
190 G at 80°C in acidified methanol solutions, compared with a static cell.

* Electrolyte concentration and temperature also affect the anode performance. An
increase in the electrolyte concentration can lead to a reduction in the cell resistance.
In addition, an increase in working temperature also shows beneficial effects on the
operational characteristics of the cells. Both the influences of concentration and of
temperature are intensified in centrifugal fields.

* The performance of the rotary direct methanol fuel cell with the Ti mesh anode
and the carbon cloth gas diffusion cathode was unsatisfactory, resulting in very low
power output. This clearly represents serious obstacles to the development of fuel
cells with this particular approach. The very low power output of this type of rotary
fuel cell suggests the lack of an efficient gas supply to the cathode. Centrifugal fields

seem no big benefit in solving the problems.
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