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Many corrosion processes of interest to the nuclear power industry occur in high-

temperature/high-pressure aqueous systems. The investigation of the kinetics of the ap-

propriate electrode reactions is a serious experimental challenge, partially because of the

high temperatures and pressures and partially because many of these reactions are very

rapid, requiring fast relaxation measurements. An eiectrochemical measuring system is

described which is suitable for measurements of the kinetics of fast electrode reactions

at temperatures extending to at least 300 °C and pressures to at least 10 MPa (100

atmospheres). The system includes solution preparation and handling equipment, the

electrochemical cell, and several electrode designs. One of the new designs is a coax-

ial working electrode-counter electrode assembly; this electrode can be used with very

fast—rising pulses, and it provides a well defined, repeatedly-polishable working surface.

Low-impedance reference electrodes are also described, based on electrode concepts re-

sponding to the pH or the redox potential of the test solution. Additionally, a novel,

long-life primary reference electrode design is reported, based on a modification of the

external, pressure-balanced Ag/AgCl reference electrode.

INTRODUCTION

Many corrosion processes of interest to the nuclear power industry occur in high-

temperature/high-pressure (HTHP) aqueous systems. The investigation of the kinetics of



the appropriate electrode reactions is a serious experimental challenge, partially because

of the HTHP conditions and partially because many of the reactions of interest are very

rapid. Fast relaxation measurements are needed to measure the kinetics of these reac-

tions, and these measurement techniques impose severe restrictions on the design of the

measuring cell and the electrodes. Numerous publications describe HTHP electrochemi-

cal corrosion measuring systems (see, for example, references 1-6), but these were mainly

designed for steady-state or slow potentiodynamic measurements, and are, generally, not

suitable for the measurement of kinetics of fast electrode reactions. This communication

describes an electrochemical measuring system which includes facilities for preparing and

handling high purity solutions, as well as the HTHP electrochemical cell together with

the appropriate working, counter, and reference electrodes which can be used for electrode

kinetic measurements of fast reactions at temperatures extending to at least 300 °C and

pressures to at least 10 MPa (100 atmospheres).

MEASURING SYSTEM

The overall system design, excluding the electrodes which are discussed in the next

section, has to fulfill several requirements:

1. It has to ensure the exact control of solution composition, mainly, the exclusion of

unintended components to a very low level of concentration; whether these are from

the water, chemicals, or corrosion products from the equipment. Many electrochemi-

cal reactions are very sensitive to even trace impurities in the test solution; therefore,

to ensure reproducible and meaningful results, considerable attention must be paid

to the preparation of solutions and the selection of materials of construction for the

flow-loop (7).

2. It hae to ensure exact control of other conditions, such as temperature, pressure, and

flow conditions of the solution at the measuring electrode. Operating optiomi with



the following flow conditions are needed: stagnant solution, recirculating solution

with variable flow rate, or once-through solution with variable flow rate.

3. It has to ensure the complete electrical isolation of the system from electrical ground.

Electrochemical measuring instruments very often connect the measuring electrode

internally to ground; therefore, all other connections to ground must be eliminated,

while the grounding of the electrical equipment must be maintained for safe operation.

Solution Preparation

The solution preparation and storage equipment were built with inert materials (Pyrex

glass and Teflon only) and were thoroughly cleaned by soaking in 50 % nitric acid before

use. The solutions were prepared from high purity conductivity water having a specific

resistance of 18 MO cm and less than 50 ppb organic content. This water was prepared by

distillation followed by ion exchange purification using a Milli-Q System with Organex—Q

(Mfllipore Corporation, Bedford, Massachusetts). The chemicals used were reagent grade

without further purification. The solutions were deoxygenated by a flow of high purity

nitrogen for at least sixteen hours prior to use. The nitrogen was purified using Linde 4A

molecular sieve (Union Carbide Corporation, South Plainfield, New Jersey) and 400 °C

copper turnings to remove organic impurities and traces of oxygen. In some cases, the

solutions may have to be further purified before the measurements by preelectrolysis.

Flow Loop and Cell

A schematic of the flow-loop is shown in Figure 1. A high pressure Pulsafeeder

diaphragm pump (Interpace Corporation, Rochester, New York) was used to feed the cold

solution to the measuring cell. The solution was heated to the desired temperature in

a prechamber of the cell using external band heaters. The solution flow-rate could be

controlled between approximately 0.5 and 50 mls/min. The exiting «olution was cooled to

room temperature in a heat exchanger placed before the pneumatic back-pressure regulator



(Grove Valve and Regulator Company, Oakland, California) which controlled the system

pressure.

The cell, shown in Figure 2, was a tubular, flow-through cell consisting of a heating

prechamber and a measuring chamber. It was machined from a single piece of titanium

with four electrode ports and two thermocouple wells welded into the measuring chamber

together with the connection for the effluent. Two electrode ports were located across from

one another to permit close positioning of the working electrode and the Luggin capillary

for the reference electrode. Two other ports were offset to permit the use of electrodes

with deeper immersion. An electrode could also be inserted through a tee-connector at the

outlet end. The solution was heated by two electrical band-heaters: one over the heating

chamber and one at the outlet end to compensate for heat loss in the measuring chamber.

The cell was covered by heat-insulating material for HTHP operation.

The cell and all the HTHF parts of the flow system were constructed completely

of titanium, high-purity ceramics, and Teflon (in addition to the electrode materials).

Therefore, the system could be safely used with many types of corrosive solutions. In

the cold parts of the system the solution was handled in Pyrex glass, and the pump

head was made of stainless steel. All metal parts were completely degreased before use

with acetone, followed by a thorough rinse with ethyl alcohol. They were initially, and

periodically during the experiments, preoxidized to ensure the existance of a protective

oxide film on the titanium surface. This was accomplished by pumping an air saturated

solution through the system at 300 °C.

The cell and all metal parts of the flow-loop were isolated from electrical ground. The

band heaters were isolated from the cell by sheets of mica, the metal stand holding the

flow-loop was isolated from the floor by rubber wheels, and all electrical equipments placed

on the stand (pumps, etc) were isolated from the stand and all parts of the flow-loop (for

example, the electric motor driving the feed pump was connected to the pump through an



insulating coupling).

The electrodes were connected to the ports on the cell by Conax high-pressure fittings

(Conax Corporation, Buffalo, New York) with Teflon sealants. The fittings were positioned

at least three to four inches from the heated chamber, and were further air-cooled with

small fans, to keep the temperature of the Teflon sealant below 150 °C at all times.

ELECTRODE DESIGNS

Some further special features are required in the design of the electrodes to permit

the measurement of the rates of fast electrode reactions by relaxation techniques. In these

techniques a fast perturbation of the current (or potential) is applied and the resulting po-

tential (or current) relaxation is recorded. Because fast rising (high frequency equivalent)

electrical pulses are used, care must be taken that the distortion of the signals and the in-

troduction of experimental artifacts are avoided. The basic requirement is low impedance.

The ohmic resistance of the components and the capacitance between components and

between any component and ground should be minimized to avoid the unnecessary in-

crease of the rise time of the signals. Similarly, the inductance of the components must be

small to avoid the generation of spurious signals. An additional requirement is a uniform

current distribution on the working electrode surface. Some recent reviews on cell design

requirements for transient measurements give more detailed discussions of this subject (8,

9)-

Working Electrode-Counter Electrode Assembly

We have developed a working-counter electrode combination for HTHP conditions

based on a completely coaxial design, shown in Figure 3. The working electrode was a

metal button fitted to the end of a high-purity alumina tube and sealed with a Teflon

gasket. The sides of the electrode were protected with a heat-shrinkable Teflon tubing.

The inner member of the coaxial arrangement was the lead to the working electrode, the



insulator was the alumina tube, and the outer member was a platinum tube which served as

the lead to the counter electrode. Both leads were connected directly, through a modified

BNC connector, to the cable leading to the instrumentation. The inner lead was spring

loaded (not shown in the figure) to ensure an initial seating of the working electrode on

the Teflon gasket. The platinum sleeve counter electrode fitted tightly over the platinum

tube, but it could be slid back for polishing of the working electrode surface. Flow-holes

were provided at the working electrode to facilitate the refreshing of the solution at the

surface of the electrode.

This design provides a well defined surface area for the working electrode which can

be polished repeatedly for multiple use. Furthermore, the signal is completely shielded

from the electronic source all the way through the surface of the working electrode, and

the coaxial arrangement also largely eliminates the inductive effects because of the nearly

complete cancellation of inductances of the working and counter electrode conductors.

This feature is important in fast pulse measurements of rapid electrode reactions. A fast

rising current puke can generate an inductive emf which, even in a straight piece of wire,

can be much larger than the overpotential to be measured (10). This is especially true

for fast reactions because large currents and fast pulses are used in the experiment. Thus,

an inductive voltage spike and the inevitably following ringing of the signal will distort

the potential relaxation at short times, creating a certain "dead-time" when meaningful

potential measurements are not possible. It is desirable to minimize this dead-time and

to carry out measurements at short times when the diffusional effects are not yet over-

whelming. The coaxial ceil design can produce dead-times as short as 40 nanoseconds

(11-13).

The electrode assembly was connected to the cell with a modified Conax high-pressure

fitting the length of which was adjustable to permit positioning the working electrode sur-

face close to the Luggin tip. The sliding seal was provided by a Fluorocarbon Corporation



(Los Alamitos, California) style-RS spring-loaded, graphite-filled Teflon ring seal. Not

shown in Figure 3 is an outside brace connecting the Conax fitting to the BNC connec-

tor. While the Teflon sealant provides a good HTHP solution-seal, the electrode assembly

would slowly slip out of the fitting if not backed-up mechanically; all parts must be in-

dividually backed-up to avoid slippage (note the Nylon spacer between the alumina tube

and the BNC connector).

Reference Electrodes

Many different reference electrodes have been proposed for HTHP conditions, and

the different designs are summarized in review articles (for example, 2, 14, 15,). The most

commonly used and well tested reference electrodes do not have the desired low-impedance

characteristics for fast-pulse measurements. In the following sections we describe the

design and test results of reference electrodes suitable for electrode kinetic studies of fast

reactions. For comparison purposes, we also built and tested several conventional reference

electrodes, and developed a design for an inexpensive, long-life modification. These designs

are described and discussed below.

External, Pressure-Balanced Reference Electrode. Probably the most successful and

most widely used design is the so called "pressure-balanced external reference electrode."

The electrode is kept at room temperature to permit the use of well developed and un-

derstood reference electrode systems, but it is kept at system pressure. A long solution

bridge, usually terminated in a fritted ceramic disk, is used to connect the electrode to

the HTHP solution. Electrodes which are kept at system temperature and pressure, and

electrodes which are kept at ambient temperature and pressure have also been suggested,

but are generally less reliable. Most reference electrodes of the "second kind" (for ex-

ample, silver/silver chloride or calomel) do not work well at high temperatures because

of increased solubilities; on the other hand, electrodes operating at ambient pressure are

unreliable because the pressure differential is difficult to control and the internal solution



of the reference electrode will inevitably be contaminated by the high-pressure test so-

lution. The pressure-balanced reference electrode needs a correction for the emf due to

the thermal gradient in the solution bridge, but that can be experimentally determined.

Correction factors for the silver/silver chloride/potassium chloride system have been pub-

lished by Macdonald, et al. (16). We have used a simplified version (17) of the design of

Macdonald, et al (16), more similar to that of the design of Danielson (18) as modified by

Andresen and Ruther (19). The electrode design is shown in Figure 4.

This type of electrode has one shortcoming, namely the inevitable contamination

of the internal electrolyte by the system solution. The fritted ceramic disk, or other

similar restrictive junction still allows slow interdiffusion of the two solutions leading to an

undefined liquid junction potential and to an eventual alteration of the emf of the electrode

itself. In our experience these electrodes havs a typical lifetime ranging from a few days

to a few weeks, depending on the stability or instability of the system temperature and

pressure.

Long-Life, External Reference Electrode. In room temperature reference electrodes

the interdiffusion of the solutions is easily avoided by a slow (few microliters per hour)

now of the internal electrolyte into the test solution, generated by a slight hydrostatic

pressure of a few inches internal electrolyte head. Such a pressure differential is not read-

ily achievable at system pressures of a 100 atmospheres. Danielson (20) suggested the

continuous pumping of the electrolyte from a reservoir through the restrictive junction.

This will solve the problem, but it is expensive and it may be inconvenient to use for

anything other than laboratory applications.

We have developed a long-life, external reference electrode design shown schematically

in Figure 5. In this design, a solution reservoir was connected to a tubular silver electrode,

and the filling solution of the electrode was gravity fed. The solution flow rate can be

controlled by the weight of the piston and the porosity of the plug. We have used a simple



hypodermic syringe with a weighted plunger to construct the reservoir. The pressure

chamber, containing the reservoir, was filled with the test solution of the system and it was

kept also at system pressure by providing a solution bypass around the silver electrode. To

ensure that there is no electrical contact between the filling solution and the test solution,

the piston was sealed by an oil filled flexible pouch, as shown in Figure 5. Furthermore,

to ensure that mixed potentials do not arise in case of inadequate isolation between the

two solutions, the connecting tube between the electrode assembly and the high pressure

cell was partially constructed from nonconducting Teflon. Not shown in the figure is

a sight-glass attached to the top of the assembly containing a wire slide connected to

the top of the piston for solution level indication. The electrode assembly can be very

inexpensively produced, with little machining, using commercially available components

(the pressure chamber was a 1.5 inches diameter stainless steel pipe with other components

attached using commercial pipe and tube fittings). The solution flow rate could be easily

controlled, by the weight on the piston, in the range from less than a microliter/hour to

several tens of microliters/hour. The life time of the electrode depends only on the volume

of the reservoir and the flow rate of the solution. We have operated such an electrode for

one month with stable potential, during which time the system went through several wide

temperature cycles.

External electrodes, like the ones described above, are widely used and are convenient,

but they have a very large ohmic resistance (typically in the range of Kft to many tens

of '. 1) and are, therefore, unsuitable for fast pulse relaxation experiments. The large

resistance is inherent with these electrodes because they are invariable electrodes of the

"second kind." As such, they require an internal filling solution, different from the test

solution, and the two solution must be separated by some flow-restricting element (such

as a fritted disk) which has a high ohmic resistance.

Palladium-Membrane Electrode. Low-impedance reference electrodes can be achieved
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based on electrode concepts that use the test solution as the internal solution. For example,

in a constant pH solution the classical platinum/hydrogen electrode would be a suitable

low-impedance reference electrode, but the introduction of hydrogen gas is experimentally

difficult under HTHP conditions, and the saturation of the solution with hydrogen may

also be undesirable. Other types of pH electrodes can also be considered, but the zirconia-

membrane electrode has a high impedance (21), and oxide electrodes are unstable (22-24).

A palladium electrode, cathodically charged with hydrogen to the two-phase (a + 0)

hydride region, has been shown by Dobson, et al. to be a suitable reference electrode

up to a temperature of about 200 °C (25-27). It is easy to construct and use, it has a

stable potential directly relatable to the standard hydrogen potential, and it has the low

impedance characteristics needed for fast pulse measurements. Unfortunately, at higher

temperatures the composition range of the stable two-phase region becomes small, and the

diffusional loss of hydrogen into a solution not saturated with hydrogen has been shown by

Macdonald, et al. to be too fast; therefore, the electrode needs very frequent recharging,

resulting in complex electrode and electronics design (28, 29). It has been suggested by

Macdonald (4) that this problem might be overcome by use of a palladium membrane as

an electrode with suitable hydrogen partial pressure on the dry side to maintain the Pd/H

ratio at the working surface in the (a + /?)-phase region. While such an electrode may

work initially, it will fail mechanically after temperature cycling because of the repeated

a-fi transitions which are accompanied by a volume change of approximately 10% (30).

This problem can be avoided by the alloying of palladium with silver which depresses the

a-/? miscibility gap below room temperature (30-32). The hydrogen permeability of this

alloy is even greater than that of pure palladium (32-35) and the alloy has been shown

to be a suitable catalytic substrate for the hydrogen electrode reaction (33). Electrodes

based on these ideas have been described in patents by Monter et al. (37) and Takabayashi

(38), but the detailed characteristics of such an electrode had not been determined until

the recent work of Nagy and Yonco (17).
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Several palladium-membrane electrodes were built with the general construction de-

sign shown in Figure 6. The sensing element was a 75% palladium-25% silver alloy tube

of 0.16 cm diameter and 7.6 x 10~3 cm wall thickness, supplied with a steel internal coil

for mechanical strength (Consolidated Technologies, Incorporated, Westchester, Pennsyl-

vania). The tube was closed at one end by arc welding in a helium atmosphere. The

palladium tube was covered with Teflon heat-shrinkable tubing over most of its length,

with only a few millimeters of the sensing end exposed to the test solution. The open

end of the tube was connected via a Swagelok tee connector to the hydrogen supply and

a vacuum line. The full length of the palladium tube, between the two connectors, was

covered with a snugly fitting metal stiffener tube to avoid bending under the extruding

force. Not shown in the figure is a mechanical brace connecting the Conax gland with the

tee connector to avoid the extrusion of the Teflon coated tubing trough the Teflon sealant.

The palladium-membrane electrode is a promising alternative to the external refer-

ence electrode, not only because of its low ohmic resistance but also because its emf can be

directly related to the standard hydrogen potential in the same solution and at the same

temperature, thereby avoiding the problematic corrections for diffusion and thermal junc-

tion potentials. A membrane electrode based on a 75% palladium-25% silver alloy does

not have a two—phase hydride region (/?-phase precipitation) above room temperature and,

therefore, does not have a constant emf plateau similar to the palladium hydride electrode.

Rather, it is expected to work on the same basis as the classical platinum/hydrogen elec-

trode. The emf of the electrode is controlled by the activity of the hydrogen ions and of the

dissolved hydrogen in the vicinity of the electrode surface. (Gas bubbles will not form in

the solution as long as the overall system pressure is larger than the hydrogen pressure in

the palladium tube.) The dissolved hydrogen activity, in turn, is a function of the hydrogen

activity in the gas phase on the other side of the membrane and the diffusion rate of the

hydrogen through the membrane and in the solution. For ideal operation of the electrode,

it is required that the diffusion rate through the membrane be much faster than that in
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the solution. In this case, one can assume that the dissolved hydrogen at the electrode

surface is in pseudo-equilibrium with the hydrogen gas in the tube, therefore the emf of

the electrode is the same as a classical hydrogen electrode in the same solution and at a

hydrogen pressure equal to that of the hydrogen pressure in the palladium tube. While

only few physical parameters are available to test the above assumption theoretically, we

have estimated (17) that such a pseudo-equilibrium indeed can be expected to exist and

that the emf of the electrode can be described by the equation

emf(V) = A-BxpH-Cx log ^ [ ^ (1)

If the emf is expressed against the standard hydrogen electrode at the same temperature,

the theoretical values of the coefficients are: A = 0.0, B = 2.3RT/F, and C = 1.15RT/F,

where R is the universal gas constant; T is the absolute temperature; and F is the Faraday

constant.

We have tested the membrane electrode, against pressure-balanced external Ag/AgCl

electrodes with 0.1 M KCl internal solution, over wide ranges of temperature, pressure, and

pH, and the electrode was found to behave as a classical hydrogen electrode. Experimental

data at 250 °C, shown in Figures 7 and 8, illustrate the pH and pressure dependence of this

electrode. Similar results were obtained at all temperatures investigated. The combined

results for six electrodes are summarized and compared to the theoretical coefficients in

Table I. The experimental data were converted to the standard hydrogen scale and a

multidimensional nonlinear least squares fitting of all data was carried out to determine

the experimental coefficients of equation 1. The measured coefficients are close to but

not exactly equal to the theoretically expected values. With the exception of the value at

100 °C, coefficient A is always more negative than zero; this is partly due to the lower

than theoretical pH-slope values (see discussion of coefficient B below), and partly to the

long extrapolation, since no data were taken below a pH of five. The pH sensitivity of

the electrodes (coefficient B) was invariably less than theoretical, though it increased with
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temperature, as expected. The largest deviation from theoretically calculated emf values

was always observed at the highest pH values. This deviation is at least partly due to

the uncertainty in the calculated pH values of the solutions (28, 39). Previous work with

charged palladium electrodes (28), using the same calculated pH values, has also resulted

in negative deviations of the slope of the emf versus pH plot, and limited tests carried out

in a configuration where the membrane electrode could be compared to a classical hydrogen

electrode (17) have shown a deviation of less than 10 mV between the two electrodes. The

pressure sensitivity of the emf (coefficient C) exhibits only normal experimental errors and

does not seem to have any biased deviation from theoretical values. The resistance of the

electrode is largely controlled by the conductivity of the solution and the dimensions of

the Luggin tip; values of a few hundred ohms or lower are easily achieved.

Therefore, the palladium-membrane electrode can be conveniently used as a low-

impedance reference electrode in a constant pH solution. Furthermore, it is obvious that

it could also serve as a HTHP pH electrode. Its advantages over the classical hydrogen

electrode are the simplicity of design and the minimal contamination of the test solution

with hydrogen.

Redox Electrode. If the solution contains a redox couple providing a well defined

potential, a simple redox electrode made of a noble metal wire or rod is also a suitable

low-impedance reference electrode. We have successfully used a gold wire in conjunction

with solutions containing the ferrous/ferric redox couple. The construction is similar to

that shown for the paliadium-membrane electrode in Figure 6, only the palladium tube is

replaced by a gold wire.
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SUMMARY

An electrochemical measuring system is described which is suitable for measurements

of the kinetics of fast electrode reactions at temperatures extending to at least 300 °C and

pressures to at least 10 MPa (100 atmospheres). The system includes solution preparation

and handling equipment, the electrochemical cell, and several electrode designs. One of the

new designs is a coaxial working electrode-counter electrode assembly; this electrode can

be used with very fast-rising pulses, and it provides a well denned, repeatedly—polishable

working surface. Low-impedance reference electrodes are also described, based on elec-

trodes responding to the pH or the redox potential of the test solution. Additionally, a

novel, long-life primary reference electrode design is reported, based on a modification of

the external, pressure-balanced Ag/AgCl reference electrode.

ACKNOWLEDGMENT

This work was performed under the auspices of the Division of Materials Science,

Office of Basic Energy Sciences, U. S. Department of Energy, under Contract No. W-31-

109-Eng-38. We are grateful to Dr. V. A. Maroni for a critical reading of the manuscript.

REFERENCES

1. A. H. Taylor and F. H. Cocks, "Electrochemical Apparatus for Corrosion Studies in

Aqueous Environments at High Temperature and Pressure," Br. Corros. J., 4(1969)

287-292.

2. D. de G. Jones and H. G. Masterson, "Techniques for the Measurement of Electrode

Processes at Temperatures Above 100 °C," Advances in Corrosion Science and Tech-

nology, vol. 1, ed. M. G. Fontana and R. W. Staehle (New York, NY: Plenum Press,

1970) 1-49.

3. R. L. Cowan and A. I. Kaznoff, "Electrochemical Measurements of Corrosion Pro-

cesses in a Boiling Water Nuclear Reactor," Corrosion. 29(1973) 123-132.



15

4. D. D. Macdonald, "The Electrochemistry of Metals in Aqueous Systems at Elevated

Temperatures," Modern. Aspects of Electrochemistry, vol. 11, ed. B. E. Conway and

J. O'M. Bockris (New York, NY: Plenum Press, 1975), 141-197.

5. D. de G. Jones and R. W. Staehle, ed., High Temperature High Pressure Electrochem-

istry in Aqueous Solutions (Houston, TX: National Association of Corrosion Engi-

neers, 1976).

6. H. Tischner, E. Wendler-Kaisch, and H. Kaesche, "The Electrochemical and Stress

Corrosion Behavior of an Austenitic Stainless Steel in Phosphate Solutions at High

Temperatures and Pressures," Werkst. Korros.. 31(1980) 257-267.

7. H. Angerstein-Kozlowska, "Surfaces, Cells, and Solutions for Kinetic Studies,"

Comprehensive Treatise of Electrochemistry, vol. 9, ed. E. Yeager et al. (New York,

NY: Plenum Press, 1984), 15-59.A

8. Z. Nagy and J. L. Settle, "Cell Design Principles for the Measurement of Kinetics of

Fast Electrode Reactions," Proceedings of the Fourth International Symposium on

Molten Salts, ed. M. Blander et al. (Pennington, NJ: The Electrochemical Soci-

ety, Inc., 1984) 534-544.

9. Z. Nagy, "DC Relaxation Techniques for the Characterization of Fast Electrode

Reactions," Techniques for the Characterization of Electrodes and Electrochemical

Processes, ed. R. Varma and J. R. Selman (New York, NY: John Wiley & Sons, Inc.,

in press.)

10. W. E. Triaca, C. Solomons, and J. O'M. Bockris, "The Mechanism of the Electrolytic

Evolution and Dissolution of Chlorine on Graphite," Electrochim. Acta. 13(1968)

1949-1964.

11. E. Blomgren, D. Inman, and J. O'M. Bockris, "Arrangement for Electrochemical

Potential-Time Measurements in the Millisecond Range," Rev. Sci. Instrum.. 32(1961)

11-12.



16

12. A. D. Graves and D. Inman, "Electron Transfer Processes at the Liquid Metal-Molten

Alkali Halide Interface," Electromotive Force T s .surements in High-temperature

Systems, ed. C. B. Alcock (New York, NY: American Elsevier, Inc., 1968) 183-197.

13. J. L. Settle and Z. Nagy, "Metal Deposition-Dissolution in Molten Halides: G'n the

Question of Measurability of Very Fast Electrode Reaction Rates," J. Electrochem.

Soc, 132(1985) 1619-1627.

14. D. D. Macdonald, "Reference Electrodes for High Temperature Aqueous Systems—A

Review and Assessment," Corrosion, 34(1978) 75-84.

15. L. W. Niedrach, "Electrodes for Potential Measurements in Aqueous Systems at High

Temperatures and Pressures," Angew. Chem. Int. Ed., 26(1987) 161-169.

16. D. D. Macdonald, A. C. Scott, and P. Wentrcek, "External Reference Electrodes for

Use in High Temperature Aqueous Systems," J. Electrochem. Soc, 126(1979) 908-

911.

17. Z. Nagy and R. M. Yonco, "Palladium/Hydrogen Membrane Electrode for High Tem-

perature/High Pressure Aqueous Solutions," J. Electrochem. Soc, 133(1986) 2232-

2235.

18. M. J. Danielson, "The Construction and Thermodynamic Performance of an Ag-AgCl

Reference Electrode for Use in High Temperature Aqueous Environments Containing

H2 and H2S," Corrosion. 35(1979) 200-204.

19. P. L. Andresen and W. E. Ruther, private communication.

20. M. J. Danielson, "A Long-Lived External Ag/AgCl Reference Electrode for Use in

High Temperature/Pressure Environments," Corrosion, 39(1983) 202-203.

21. L. W. Niedrach, "Use of a High Temperature pH Sensor as a 'Pseudo-Reference Elec-

trode' in the Monitoring of Corrosion and Redox Potentials at 285 °C," J. Electrochem.

Soc. 129(1982) 1445-1449.



17

22. K. Kinoshita and M. J. Madou, "Electrochemical Measurements on Pt, Is, and Ti

Oxides as pH Probes," J. Electrochem. Soc, 131(1984) 1089-1094.

23. M. J. Madou and K. Kinoshita, "Electrochemical Measurements on Metal Oxide

Electrodes—I. Zirconium Dioxide," Electrochim. Acta, 29(1984) 411-417.

24. M. J. Madou, K. Kinoshita, and M. C. H. McKubre, "Electrochemical Measurements

on Metal Oxide Electrodes—II. Impedance Measurements on Nb-Doped Single Crys-

tal TiO2," Electrochim. Acta, 29(1984) 419-423.

25. J. V. Dobson, "Potentials of the Palladium Hydride Reference Electrode Between 25

and 195 °C," J. Electroojial. Chem. Interfacial Electrochem.. 35(1972) 129-135.

26. J. V. Dobson, M. N. Dagless, and H. R. Thirsk, "Experimental Factors which Govern

the Potential of the Palladium Hydride Electrode at 25 to 195 °C," J. Chem. Soc.

Faraday Trans. I. 68(1972) 749-763.

27. J. V. Dobson, M. N. Dagless, and H. R. Thirsk, "Plateau Potentials of the a + 0 Pal-

ladium Hydride Electrode at Temperatures Between 25~and 195 °C," J. Chem. Soc.

Faraday Trans. I. 68(1972) 764-772.

28. D. D. Macdonald, P. R. Wentrcek, and A. C. Scott, "The Measurement of pH in

Aqueous Systems at Elevated Temperatures Using Palladium Hydride Electrodes,"

J. Electrochem. Soc. 127(1980) 1745-1751.

29. T. Tsuruta and D. D. Macdonald, "Measurement of pH and Redox Potential in Boric

Acid/Lithium Hydroxide Buffer Solutions at Elevated Temperatures," J. Electrochem.

Soc., 128(1981) 1199-1203.

30. A. G. Knapton, "Palladium Alloys for Hydrogen Diffusion Membranes," Platinum

Met. Rev.. 21(1977) 44-50.

31. J. B. Hunter, "Silver-Palladium Films for Separation and Purification of Hydrogen,"

U. S. Patent. 1956, 2,773,561.



18

32. J. B. Hunter, "A New Hydrogen Purification Process—Commercial Development of

Palladium Alloy Diffusion Cells," Platinum Met, Rev., 4(1960) 130-131.

33. F. J. Ackerman and G. J, Koskinas, "Permeation of Hydrogen and Deuterium Through

Palladium-Silver Alloys," J. Chem. Eng. Data, 17(1972) 51-55.

34. D. Fort and I. R. Harris, "The Physical Properties of Some Palladium Alloy Hydrogen

Diffusion Membrane Materials," J. Less-Common Met., 41(1975) 313-327.

35. D. T. Hughes and I. R. Harris, "A Comparative Study of Hydrogen Permeabilities

and Solubilities in Some Palladium Solid Solution Alloys," J. Less-Common Met.,

61(1978) P9-P21.

36. A. M. Polcaro, P. F. Ricci, and A. Viola, "The Electrochemical Behavior of a Palladium-

Silver (Hydrogen) Electrode," Ann. Chim., 66(1976) 711-717.

37. J. V. Monter, J. P. Sorenson, and G. J. Theus, "High Temperature Reference Elec-

trode," U. S. Patent. 1981, 4,290,872.

38. J. Takabayashi, "Hydrogen Reference Electrode," Japanese Patent, 1986, 44,342

(Chemical Abstracts, 104:236528v).

39. S. Hettiarachclii and D. D. Macdonald, "Ceramic Membranes for Precise pH Measure-

ments in High Temperature Aqueous Environments," J. Electrochem, Soc, 131(1984)

2206-2207.



19

Table I. Measured and Theoretical Coefficients of Equation 1.

Temperature
(°C)

100

150

200

250

275

300

A(V)

+0.002

(0.000)

-0.115

(0.000)

-0.088

(0.000)

-0.109

(0.000)

-0.131

(0.000)

-0.132

(0.000)

Coefficients

B(V)

0.068

(0.074)

0.068

(0.084)

0.079

(0.094)

0.084

(0.104)

0.088

(0.109)

0.093

(0.114)

C(V)

0.040

(0.037)

0.045

(0.042)

0.057

(0.047)

0.058

(0.052)

0.050

(0.054)

0.052

(0.057)

Note: Theoretical values of coefficients are shown in parentheses.
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LEGEND OF FIGURES

Figure 1. High-temperature/high-pressure system for electrochemical measurements.

Figure 2. Titanium high-temperature/high-pressure electrochemical cell.

Figure 3. Working electrode-counter electrode assembly. (Not drawn to scale.)

Figure 4. External, pressure-balanced reference electrode.

Figure 5. Long-life, external reference electrode.

Figure 6. Palladium-membrane electrode. (Not drawn to scale.)

Figure 7. pH response of a palladium-membrane electrode at 250 °C and 90 atmospheres
system pressure.

Figure 8. Hydrogen-pressure response of a palladium-membrane electrode at 250 °C and
90 atmospheres system pressure.
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