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ABSTRACT 

This thesis investigates the nature of the potential 

variations in an electrochemical cell. The cell consists of 

palladium electrodes immersed in a phosphate buffer 

electrolyte with a Ag/AgCl double junction reference 

electrode. The relaxation response of the electrodes to an 

applied potential is examined and current-potential curves 

("voltammograms") are generated by plotting the current 

flowing through an external circuit versus the measured 

electrode potential. These graphs show regions of hydrogen 

adsorption/desorption and areas of oxygen adsorption/ 

desorption. 

The response of the cell to both nitrogen and oxygen 

"sparging," a technique that alters the gas concentration of 

the electrolyte, is also studied. Under these conditions, the 

potential fluctuates in a predictable manner. In addition, 

the voltage variations of palladium electrodes inserted into 

stems of tomato plants is investigated to compare results. 

The goal of this project is to provide evidence 

supporting the "Oxygen Hypothesis." 
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I. Introduction 

When a palladium metal electrode is placed in the stem of 

a plant and a reference electrode is placed in the root 

environment, stable and reproducible rest potentials can be 

measured across the two electrodes.1 Typical DC levels range 

from 200 to 500 millivolts relative to a silver chloride 

electrode serving as reference. Furthermore, when these 

electropotentials are monitored over a period of time, the 

plant elicits very coherent potential-time patterns that have 

been called phytograms.2 There are four relatively distinct 

types of potential variations. 

In one category are potential variations that can be 

observed immediately after damage occurs to the plant's tissue 

such as inserting a probe into the plant. These have been 

called "healing potentials."3 Healing potentials have a very 

characteristic pattern: there is a rapid drop in the rest 

potential followed by an exponential rise in voltage that 

levels off to a stable equilibrium value. A second category 

is potential variations that result due to the transitions in 

the light intensity that occur between light and dark in a 

1 William Gensler and Tai Lai Yan, "Investigation of the 
Causative Reactant of the Apoplast Electropotentials of Plants," 
Journal of the Electrochemical Society. 135 (1988), 2991. 

2 Gensler and Yan, p. 2991. 

3 William Gensler, "An Electrochemical Instrumentation System 
for Agriculture and the Plant Sciences," Journal of the 
Electrochemical Society. 127 (1980), 2367. 
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growth chamber. These variations occur only for about an hour 

following the light transition and seem to be related to the 

24 hour growth rate of the plant.4 Diurnal potential 

variations are in a third category. The diurnal pattern 

consists of a rise in potential in the morning, an afternoon 

potential plateau, an early evening drop, followed by a low 

level throughout the night.5 

Perhaps the most interesting potential variations though 

are ones that are water related. In irrigated plants, there 

is an immediate drop in the DC resting potential upon addition 

of water to the soil.6 It should be noted that the magnitude 

of the potential variations observed under field conditions is 

much greater than the magnitude of the variations observed in 

greenhouses. 

The general pattern of the phytograms in each category is 

a drop in potential followed by a return to an upper boundary 

limit (with the exception being the healing potentials which 

have no absolute upper limit in the potential). The 

reproducibility of phytograms suggests that simply monitoring 

the potential variation of a noble metal electrode inserted 

into the stem of a plant provides a direct assessment of the 

plant's physiological condition. Changes in the soil 

4 Gensler, p. 2367. 

5 Gensler, p. 2367. 

6 Gensler, p. 2367. 
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condition or the atmospheric environment can also be 

monitored. 

A. The "Oxygen Hypothesis" 

Potential-time patterns similar to the ones seen in 

plants can be artificially produced in the laboratory. 

Experiments have shown that when a palladium wire is immersed 

in an electrolyte and oxygen and nitrogen gas are sequentially 

bubbled through the electrolyte, the rest potential varies in 

a very predictable manner.7 The rest potential of the wire 

increases almost 100 mV when the oxygen concentration is 

artificially increased. Conversely, the potential decreases 

with the input of nitrogen gas to the electrolyte. It was 

observed that oxygen adsorption occurs much more rapidly than 

its desorption.8 

In an attempt to explain the potential variations seen in 

plants, it has been suggested that oxygen is the causative 

reactant. Gensler has proposed that the apoplast (the 

extracellular region in a plant) functions as an oxygen 

repository for the cells.9 According to the "oxygen 

hypothesis," mitochondrial activity within the cell causes 

intracellular oxygen levels to be depleted; this causes oxygen 

in the apoplast to diffuse into the cell. Furthermore, it is 

7 Gensler and Yan, p. 2991. 

8 Gensler and Yan, p. 2991. 

9 Gensler and Yan, p. 2991. 
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proposed that the extracellular oxygen level subsequently 

drops and remains at a low level until the oxygen can be 

replenished either through diffusion or by generating it 

internally.10 There is a need, however, to monitor the level 

as well as changes in the concentration of the apoplast oxygen 

to prove the hypothesis. 

Theoretically, an instrument capable of directly 

measuring the oxygen concentration in a plant could be 

developed. The potential variations of an electrochemical 

cell in vitro (with the electrode immersed in electrolyte with 

a known concentration of oxygen) could be used to generate a 

calibration curve for the in vivo system relating the measured 

potential and concentration of oxygen. Then, by measuring the 

voltage of an electrode inserted into the stems, the 

extracellular oxygen concentration of field crops (such as 

cotton or tomato plants) could easily be determined. 

B. Recognized Problems 

There are a number of problems with the technique that 

must be recognized. First of all, the spatial origin of the 

potential in vivo is not well defined. In plants, the probe 

is an equipotential surface surrounded by a heterogenous 

electrolyte; potential variations may arise from changes in 

pH, concentrations, or even reactants.11 Some of the 

10 Gensler and Yan, p. 2991. 

11 Gensler, p. 2368. 
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variations in the plant may be due to changes in the 

conditions along the circuit path rather than at the probe-

tissue interface. Second, the simplicity of the probe may 

make interpretation difficult and quantitative measurement 

inaccurate. It can be asserted that the probe does accurately 

measure the potential status of the fluid adjacent to its 

interface in vitro but the extrapolation to measured 

biophysical potentials is somewhat tenuous.12 The current 

research is motivated by a desire to gain a better 

understanding of an in vitro and in vivo electrochemical 

system and solve some of these problems. 

C. General Outline 

Chapter 2 discusses some of the basic terminology used in 

electrochemistry and provides a fundamental explanation of the 

techniques used to investigate electrochemical cells. It also 

defines the thesis objectives. Beginning in Chapter 3 is a 

description of experiments conducted with the cell in the 

laboratory. Some of the experiments were quite elaborate such 

as the one that generated current-voltage curves while others 

were quite simple. Chapter 5 develops a mathematical 

description of the currents that flow in an electrochemical 

cell. In Chapter 6, the response of the electrochemical cell 

consisting of palladium electrodes inserted into the stems of 

greenhouse plants is described. Several techniques are used 

12 Gensler, p. 2368. 
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and the experimental results from both systems are compared. 

Chapters 8 and 9 describe active methods for altering the 

electrode behavior by simply changing the gas concentrations 

in the electrolyte. 

The electrochemical cells will be described in greater 

detail in following chapters. Calibration protocols for 

various instrumentation, reagent preparation, and electrode 

maintenance procedures will be also be mentioned in following 

chapters. It should be noted that besides the reference 

electrode and palladium wires that make up the in vitro cell, 

a pH electrode and an oxygen probe (YSI model 5739) were 

included so that changes in pH, temperature and oxygen 

concentration could be monitored. In all of the experiments, 

no pretreatment of the palladium electrodes was performed. 

Unless specified, quiescent voltage measurements were made 

without agitating the electrolyte. 
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II. Some Aspects of Electrochemistry and Thesis Objectives 

A. Electrochemical Aspects of Thesis 

Before discussing experimental procedures and results, it 

is helpful to introduce some of the basic terminology in 

electrochemistry. The methods used to investigate the 

behavior of simple electrochemical cells such as those in the 

laboratory and the one in the plants will be described in this 

chapter. 

This research project studies the electrical properties 

of chemical interfaces; specifically, it is an investigation 

into the factors governing transport of charge across two 

different phases. One of these phases is a liquid, called an 

electrolyte, which conducts charge through movement of ions in 

the solution.1 The second phase contributing to the interface 

is a metal wire, called an electrode, which conducts charge by 

movement of electrons.2 Electrodes can be made from various 

metals; they can also be made out of semiconductor material or 

even be a liquid (such as a dropping mercury electrode, 

"DME"). 

A system comprised of two electrodes separated by a 

single electrolyte phase is called an electrochemical cell.3 

1 Allen J. Bard and Larry Faulkner, Electrochemical Methods: 
Fundamentals and Applications (New York: John Wiley & Sons, 1980), 
pp. 1-2. 

2 Bard and Faulkner, p. 2. 

3 Bard and Faulkner, p. 2. 
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For this study, the electrochemical cell consisted of a 

palladium metal electrode and a silver-silver chloride 

electrode immersed in a sodium phosphate buffer. A raised 

thermoplastic trough measuring 10x37x5 centimeters (height, 

width, depth) was constructed and filled with commercial 

buffer available from Sigma Corporation (catalog #P3288). 

Inserted into the sides of the trough were forty-five 

palladium wires so that 1 cm of the wires was exposed to the 

interior of the container. Electrodes were numbered and 

connected externally to a board in three groups. Electrodes 

45 to 59 were identified by yellow insulation covering the 

wires; electrodes 60 through 74 had green insulation while 

electrodes 75 to 88 had grey insulation. Resin was used to 

seal the sites where the wires were inserted. In addition, 

the trough was enclosed with a lid. Portholes in the lid 

permitted a place for inserting the silver-silver chloride 

electrode as well as a place to add electrolyte as needed. 

The Ag/AgCl electrode was obtained from a commercial supplier 

(Orion double junction reference electrode, model 90-02). The 

complete cell is illustrated in Figure 1. 

The potential difference between the electrodes of a 

cell, the cell potential, is really the collective differences 

in potential between all of the phases in the cell.4 By far, 

the largest transition in electrical potential occurs right at 

4 Bard and Faulkner, p. 2. 



VENT REFERENCE 
f ELECTRODE 

Jf ELECTRODES (44) 

WATER 
OUT 

O2-TEMPERATURE 

PH 

HOT^ 

WATER IN 

\ HOT WATER 
CHAMBER 

WATER IN 

HOT WATER OUT 
Fig. 1 Diagram of the in vitro electrochemical cell 



20 

the electrode-solution interface; a very high electric field 

exists here which greatly affects the charge carriers. Thus, 

many of the experiments in the research project attempt to 

control the cell potential so that the cell behaves in a 

specific manner. 

In practice, there is no way to measure the potential 

difference between an electrode and a solution without 

introducing another electrode.5 Moreover, the overall 

chemical reactions that take place in an electrochemical cell 

correspond to two independent half-reactions occurring at each 

electrode.6 The measured cell potential can then be thought 

of as the sum of the contributions from each half-cell. With 

potentials assigned to each half-cell, the emf of the entire 

cell is equal to the difference between the two half-cell 

potentials.7 

It is useful to choose one half-cell and arbitrarily 

define its potential as zero volts. Then the measured cell 

potential can be ascribed to the chemical changes occurring at 

just one interface. The electrode whose potential is of 

interest is called the working electrode while the electrode 

whose half-cell potential remains fixed is called the 

5 Frank Brescia, John Arents, Herbert Meislich, and Amos Turk, 
Fundamentals of Chemistry; a Modern Approach (New York: Academic 
Press, 1970), p. 385. 

6 Bard and Faulkner, p. 2. 

7 Brescia, Arents, Meislich, and Turk, pp. 385-386. 



21 

reference electrode.8 The International Union of Pure and 

Applied Chemistry (IUPAC) has designated the half-cell 

reaction of hydrogen, 

Pt/H2 (1 atm)/H+ (a=l, aqueous) 

as the international standard; its potential is assigned the 

value of zero volts at all temperatures. This reference 

electrode is sometimes called the standard hydrogen electrode 

(SHE) .9 

Usually it is not very convenient to conduct experiments 

with a SHE so the potentials are measured with respect to 

other reference electrodes.10 Examples of these include the 

saturated calomel electrode (SCE) and the silver chloride 

electrode, 

Ag/AgCl (sat'd)/KC1 (0.1 M) 

which has a potential of .222 volts against the SHE at 25° C. 

An advantage of the silver chloride reference electrode is 

that it can be built more compactly than a SCE. The Orion 

Ag/AgCl electrode used in the experiments has a potential of 

8 Bard and Faulkner, p. 2. 

9 Bard and Faulkner, p. 2. 

10 Bard and Faulkner, p. 3. 
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.240 volts versus the SHE. 

The notation for an electrochemical cell has been 

standardized according to rules established by IUPAC: the 

chemical symbol of the material for one of the electrodes is 

listed first followed by the symbol for any substances in 

contact with the electrode but not part of the solution. The 

solution is listed next including the chemical formula and 

concentration of any solute. Phase boundaries are indicated 

by a slash. A boundary between two electrolytes is indicated 

by double vertical lines. After the solution, the second 

electrode is listed with the chemical symbol of the metal 

last." For example, the in vitro electrochemical cell can be 

written 

Pd/H+, P043"/AgCl/Ag 

In general, the type of chemical reactions that occur at 

the surface of an electrode are either oxidation or reduction 

of the electrode material or the species in the electrolyte. 

Actually, both reactions occur together since cell potentials 

necessarily require two half-cell reactions. The electrode at 

which oxidation is occurring is called the anode and the 

electrode at which reduction is occurring is called the 

cathode. In the IUPAC notation of an electrochemical cell, 

11 Brescia, Arents, Meislich, and Turk, p. 378. 
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the anode is the electrode on the left and the cathode is the 

electrode on the right.12 

A useful quantitative relation exists between the 

concentrations of species in an electrochemical cell and the 

measured cell potential. The general equation for the 

reactions at the electrode surface can be written as 

Oxidized specie + n electrons <—> Reduced specie 

or the reverse. The measured emf of the cell with no current 

flowing across the interface is then given by 

E = E° + RT/nF In [Ox]/[Red] 

which is called the Nernst equation.13 The constants in this 

equation are E° the standard electrical potential for a given 

half-cell reaction, R the gas constant equal to 8.314 J mol"1 

K"1, T the temperature in degrees Kelvin, n the equivalent 

number of electrons per mole oxidized or reduced, and F is 

Faraday's constant equal to 96,500 coulombs per equivalent. 

Given the standard reduction potential (which varies for 

different half-cells) and the electrolyte concentrations, it 

is easy to calculate the emf for any electrochemical cell. 

12 Brescia, Arents, Meislich, and Turk, p. 379. 

13 Bard and Faulkner, p. 46. 



24 

And, with the emf calculated, other thermodynamic quantities 

can be determined. 

The Nernst equation implies that when an electrode is 

driven to more negative potentials, the energy of the 

electrons is raised such that they can occupy, more favorably, 

empty states on species in the electrolyte.14 A flow of 

electrons from electrode to solution is sometimes called a 

reduction current. Conversely, as the potential of the 

electrode is made more positive, the energy of the electrons 

is lowered and a transfer of electrons from solution to 

electrode occurs (an oxidation current) .1S 

Electrochemical cells in which currents are flowing as 

the result of charge transfer across the interface are 

classified as either galvanic or electrolytic.16 In a 

galvanic cell, the half-cell reactions occur spontaneously as 

soon as the electrodes are connected externally. In the other 

type, an electrolytic cell, the half-cell reactions occur only 

when an external voltage source is applied; electrical energy 

is used to drive a particular chemical reaction.17 

Electrolytic cells are utilized in many commercial processes. 

Confusion often exists regarding the sign of the 

14 Bard and Faulkner, p. 3. 

15 Bard and Faulkner, p. 3. 

16 Bard and Faulkner, p. 14. 

17 Bard and Faulkner, pp. 14-16. 
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electrodes in galvanic and electrolytic cells. In a galvanic 

cell, the anode is negatively charged as a result of an 

oxidation reaction there which feeds electrons into the 

external circuit. The cathode is the positive electrode in 

this type of cell because it functions as a sink for these 

electrons. In an electrolytic cell, the cathode is still an 

electron sink but, in this case, electrons are fed into it by 

connecting it to the negative terminal of a power supply. 

Thus, the cathode is considered to be the negative electrode. 

The anode, where electrons are being removed by the positive 

terminal of the battery, is the positive electrode in an 

electrolytic cell.18 Figure 2 shows both types of cells and 

illustrates the sign convention. 

Since oxidation occurs at the anode and reduction occurs 

at the cathode in either type of cell, the reduction current 

is sometimes called the cathodic current. Similarly the 

oxidation current is also called the anodic current. Note 

that proper usage of these terms is associated with a 

direction of electron flow (from metal to solution or vice 

versa) and not a particular potential sign.19 

There may be a range of potentials over which oxidation/ 

reduction reactions do not occur in an electrochemical cell. 

However, variations in potential will result in changes to the 

18 Brescia, Arents, Meislich, and Turk, p. 380. 

19 Bard and Faulkner, p. 16. 
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structure of the electrode-solution interface such as the 

electrode area or solution composition. Also, processes such 

as adsorption or desorption of molecules at the surface of the 

electrode occur. These processes, which do not depend on 

electrical charge crossing the electrode-solution interface, 

are called nonfaradaic. They will cause current to flow, at 

least transiently, in an external circuit.20 Measurement of 

the current generated by adsorption and desorption is an 

important area of research. In this study, both faradaic and 

nonfaradaic processes will be investigated. 

Nonfaradaic processes will dominate the cell response if 

the charge transfer reactions are not kinetically or 

thermodynamically favorable. Electrodes which do not transfer 

charge across a solution interface regardless of the potential 

imposed by an external voltage source are called ideal 

polarized electrodes.21 Although no real electrode-solution 

system exhibits this behavior over all potentials, many 

systems do approach this condition over certain ranges of 

potential. In these systems, the current remains at a small 

constant value over a broad range of potentials. At very high 

positive or negative potentials the ideal behavior is overcome 

and a large current flows. If the measured current is plotted 

versus the applied potential, the result is a horizontal line 

20 Bard and Faulkner, p. 6. 

21 Bard and Faulkner, p. 6. 
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with ends that bend up or down. An ideal nonpolarized 

electrode, on the other hand, is an electrode whose potential 

remains the same regardless of the magnitude of the current 

flowing through it.22 Its current-voltage curve is a vertical 

line. 

Data such as current-voltage curves yield much 

information about electrochemical cells. Indeed, the general 

procedure in any electrode experiment is to control certain 

variables and observe changes to the other variables. In 

early investigations of the electrode-solution interface, a 

constant current was applied to the cell and the change in 

potential was measured. The potential change was plotted as 

a function of the amount of charge acquired by the system. 

This technique is still used today and is commonly referred to 

as a galvanostatic procedure; the response, a recording of 

potential (measured in volts) versus current density (measured 

in coulombs per centimeter square), is called a charging 

curve.23 

Another method used to study an electrochemical cell is 

called cyclic voltammetry. With this technique, a periodic 

triangular potential sweep is applied to the electrode for a 

certain amount of time. A recording of the current that flows 

22 Bard and Faulkner, p. 19. 

23 Ronald Woods, "Chemisorption at Electrodes," in 
Electroanalvtical Chemistry, ed. Allen J. Bard (New York: Marcel 
Dekker Inc., 1976), IX, p. 28. 
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as a function of the potential is subsequently obtained; the 

recording is called a potentiodynamic profile or a cyclic 

voltammogram.24 in many cyclic voltammetry experiments, a 

three-electrode cell arrangement works best. In this type of 

cell, current is passed between the working electrode and a 

counter electrode. The counter electrode is supposed to be 

sufficiently inert so that it does not produce substances 

which may interfere with the reactions at the working 

electrode-solution interface; frequently it is placed in a 

separate compartment.25 The potential of the working 

electrode is monitored relative to a separate reference 

electrode which is positioned close to it. Also, the device 

measuring the potential difference between the working and 

reference electrodes must have very high input impedance so 

that negligible current is drawn through the reference 

electrode.26 In this way, the potential of the reference 

electrode is kept constant and the changes in potential occur 

only across the working electrode. This type of experiment is 

an example of a potentiometric procedure. 

A third method utilizes a small amplitude AC signal and 

applies it to an electrode held at a controlled potential. 

Charge transfer reactions at the surface of the electrode give 

24 Woods, p. 28. 

25 Bard and Faulkner, p. 24. 

26 Bard and Faulkner, p. 24. 
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rise to a capacitance which can be plotted as a function of 

potential.27 

One of the most important results from charging curves, 

linear potential sweep voltammograms, or capacitance 

measurements, is determining the amount of electrode surface 

covered by certain molecules. The saturation coverage of 

hydrogen and oxygen are particularly important. These two 

quantities, designated QHS and Qos, can be converted to a ratio 

that, when plotted as a function of potential, yields the 

electrochemical isotherm. An isotherm provides a link between 

the electrical properties of a cell and its thermodynamic 

ones. For example, a nonfaradaic process such as adsorption 

at the electrode-solution interface might be monitored and the 

resulting isotherm plotted. In this case, the graph is called 

the adsorption isotherm and it can be used to determine the 

free energy of adsorption (AG°) and the change in entropy 

(AS°) .28 

B. Thesis Objectives 

Because of its inherent usefulness, an attempt will be 

made to generate an isotherm of the electrochemical cell in 

the laboratory. This goal is complicated by the fact that 

isotherms obtained from experimental data are seldom 

straightforward. According to Woods, the adsorption isotherm 

27 Woods, pp. 28-29. 

28 Woods, p. 34. 
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for hydrogen on platinum has behavior similar to that of a 

Frumkin isotherm: the differential heat of adsorption (AH) 

decreases linearly with coverage.29 The graphs are not 

identical though and Woods suggests that another possible 

model for the data may be an isotherm based on either two 

Frumkin isotherms or two Langmuir isotherms depending on the 

temperature.30 

Even if an isotherm is not obtained from the experimental 

data, the project will still provide valuable information 

about an electrochemical cell in vitro and in vivo. It will 

be interesting to compare the responses of both systems. The 

most important objective of the project is to provide evidence 

that supports the "oxygen hypothesis." A second objective is 

to generate and interpret current-voltage curves for both the 

laboratory and greenhouse electrochemical cells. A third 

objective is to develop a calibration curve that relates 

measured potentials to oxygen concentrations. This graph 

would essentially provide the same information as an 

adsorption isotherm but would be much simpler to understand. 

With the basic terminology of electrochemistry now in hand, 

the next chapter begins a description of the various 

experiments. 

29 Woods, p. 34. 

30 Woods, p. 35. 
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III. Potential Relaxation Response 

A. Introduction and Objective 

If the potential of an electrode in an electrochemical 

cell is varied in a manner such that charge cannot cross the 

electrode-solution interface, the behavior of the interface 

becomes similar to that of a capacitor. Subsequently, an 

interfacial capacitance can be observed based on the familiar 

expression 

dq/dE = C 

where q is the charge (in coulombs) that accumulates on the 

electrode or in the solution and E is the potential (in volts) 

across the interface.1 The capacitance will have units in 

farads. Also, during the charging of a capacitor, a current 

will flow which can be measured. 

In practice, the behavior of the electrode-solution 

interface is only approximately like that of a charged 

capacitor; however, the analogy is useful in describing 

fundamental properties. For example, the array of charged 

species and oriented dipoles existing at the metal-solution 

interface is often called the electrical double layer.2 The 

capacitance of the double layer can be used to characterize 

1 Bard and Faulkner, p. 7. 

2 Bard and Faulkner, p. 8. 
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types of electrochemical interfaces. In addition, the 

structure of the double layer directly affects the rates of 

electrode processes. 

To begin this research, an experimental procedure was 

designed to examine the electrical nature of the interface in 

a simple electrochemical cell. The ultimate objective was to 

determine if the charging current could be measured. 

B. Materials and Methods 

Electrochemical cell: palladium wire 1 cm in length and 

150 microns in diameter served as the working electrode. The 

reference electrode was an Ag/AgCl double junction electrode 

(Orion model 90-02). 

Electrolyte: Phosphate buffer (Sigma catalog #P3288 lot 

118F—4426) dissolved in double distilled deionized water, 

22°C. 

Electrodes used in experiment: 50, 54. 

Instrumentation: Keithley model 602 solid state 

electrometer, UA ID# 004301. 

The external circuit consisted of a one megaohm resistor 

connected in series with a 9 volt battery but with a variable 

potentiometer between the resistor and battery so that the 

potential of the battery could be adjusted. To observe the 

potential on the working electrode, the positive lead of the 

Keithley was connected to the Pd wire and the negative lead of 

the Keithley was connected to the Ag/AgCl electrode. The 



34 

circuit was completed by a switch that connected the Pd wire 

to the resistor and the Ag/AgCl electrode to either the 

positive or negative terminal of the battery. See Figures 3 

and 4. 

The experimental procedure is as follows: The potential 

of the battery was adjusted such that a voltage of -300, -200, 

-100, 0, 100, 200 or 300 millivolts could be applied to the 

cell. After applying this voltage for one minute, the battery 

was disconnected from the circuit and the potential of the Pd 

electrode was monitored for seven minutes. Readings were 

taken every 10 seconds for the first minute, then every minute 

for the remaining six minutes. After a run, the electrodes 

were disconnected from the circuit. The experiment was then 

repeated at a different voltage value. An interval of ten 

minutes between runs allowed the electrodes to equilibrate. 

The entire experiment was repeated over a period of about 

three weeks to examine any daily variations in electrode 

performance. 

C. Results 

Figures 5, 6, and 7 show the change in potential on the 

Pd electrode as its initial voltage is varied. Note that 

Figures 5 and 7 have been plotted in two ways: the voltage 

response during the first 60 seconds (in 5a or 7a) and the 

voltage response over seven minutes (in 5b or 7b) . As seen by 

comparing the initial voltage with the reading at 10 seconds, 

there is a rapid change in potential once the battery is 
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disconnected. For example in Figure 5a, the initial setting 

of -295 mV (off the scale in the figure) changed to -59 mV in 

10 seconds. This rapid change was followed by a more gradual 

increase that occurred over the next six minutes. In this 

particular case, the potential was -8 mV after one minute, 0 

mV after two minutes, and leveled out to +69 mV at the end of 

the run (see Figure 5b) . There was not much difference 

between the potentials at six and seven minutes which suggests 

that the response begins to taper to its steady state value at 

this point. 

It should be noted that the rapid change in voltage 

during the first 10 seconds is not as great if the initial 

voltage setting is gradually increased from -300 mV. 

Moreover, the voltage changes the least if the initial setting 

is +100 mV; in Figure 5, it changes to +162 mV within 10 

seconds and remains essentially at that potential for the next 

seven minutes. 

Another interesting observation is that the final voltage 

value depends somewhat on the initial voltage of the 

electrode; in other words, the relative positioning of the 

lines in graphs 5, 6, and 7 remains the same during the 

experiment. For example, the final voltage for the run 

starting at -200 mV was +75 mV, for the run starting at 0 mV 

it was +80 mV, and for the run starting at +100 mV, the steady 

state voltage was +159 mV. Figure 5b shows that there is a 

switch, however, in the positions between the run starting at 
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+100 mV and the next one which contradicts this 

generalization. 

In all of the graphs there is a gradual decrease in 

potential from the initial value to the final value beginning 

with the initial setting of +200 mV. The voltage drop from 

the initial setting of +300 is not shown in the graphs but 

follows the same pattern as the run at +200 mV. Also, the 

potential does not return immediately to the quiescent point 

(approximately 200 mV for electrode 54). 

Comparison of Figures 5, 6, and 7 indicates the 

reproducibility of an electrode's behavior over a period of 

more than two weeks. The data used to plot the graphs in 

Figures 5 and 6 was recorded during experiments just two days 

apart. The only noticeable difference in the figures is the 

response at the setting of 0 mV. The general patterns that 

have already been discussed are seen here: a gradual increase 

in the steady state voltage as the initial voltage is 

increased, the gradual decrease from the initial voltage to 

the final voltage when the applied voltage is +200 mV and +300 

mV and the very slight variation in potentials of initial 

settings between 0 and +100 mV. 

In Figure 7, the electrode still exhibits characteristic 

responses to applied potentials despite an interval of two 

weeks with any activity. It is interesting that the lines 

seen in the figures stay perfectly positioned relative to one 

another. The voltage values reach positive values sooner in 
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Figure 7 than in either Figure 5 or 6. This result may be due 

to a change in the surface condition of the electrode over the 

course of the experiment. In general, the performance of an 

electrode is amazingly consistent even though there may be 

changes in the electrode surface. Perhaps most notable is the 

reproducibility of the quiescent voltage measured at the 

beginning of the experiments. It remained essentially 

constant at 200 mV during the two week interval. 

Figures 7a and 7b can be used to observe differences 

between the electrode's response during the first minute and 

its response over the entire experiment (lasting seven 

minutes). The steady state voltage in Figure 7a appears to be 

around 100 mV. In Figure 7b, the potentials continue to 

converge towards 100 mV even though this is not the quiescent 

voltage. The conclusion to be made from this result is that 

relaxation to the equilibrium state requires a very long time 

(in the order of several hours). It does happen eventually 

since the quiescent voltages taken days apart are the same. 

An important step in the experimental procedure is 

setting the initial voltage. The voltage should be set with 

the Pd electrode disconnected from the circuit (circuit in 

position 1 of Figure 3) . The Pd electrode is reconnected just 

before beginning the experiment. If this sequence is not 

followed explicitly, the performance of the electrode is 

unpredictable; the voltage values fluctuate wildly and the 

voltage does not settle down to a steady state value. 
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D. Discussion 

The ability of the circuit to relax to a steady state 

indicates that the electrode-solution interface is fairly 

dynamic. A current was observed flowing in the circuit during 

the experiment. Its value was calculated by dividing the 

voltage readings at the end of the experiment by the value of 

the resistor (1 megaohm). The result is current in the range 

of 100 to 125 nA for the data graphed in Figures 5, 6, and 7. 

Assuming cylindrically shaped electrodes, the surface area of 

the probe is approximately 4.7X10"6 m2 and the current density 

is calculated to be 26.5 mA/m2. This is a rather large value 

for a current that results just from changes in the structure 

of the interface. 

Is the current observed in the circuit during the 

experiments the charging current that flows to create the 

capacitance of the electrical double layer? An 

electrochemical cell can be modeled as a simple RC circuit for 

purposes of analysis.3 The solution resistance is represented 

by the value of the resistor R while the value of the 

capacitor approximates the double layer structure at the Pd 

electrode-solution interface. Theoretically, a capacitor to 

represent the capacitance of the reference electrode-solution 

interface should also be included in the model. However, it 

is usually assumed to be greater in value than the capacitor 

3 Bard and Faulkner, p. 10. 
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modeling the working electrode. Since the equivalent 

capacitance of two capacitors in series is approximated by the 

smallest capacitor, the reference electrode capacitance can 

therefore be ignored.4 A more accurate representation of the 

working electrode capacitance would incorporate the fact that 

its value actually varies as a function of potential. Because 

the experiments produce wide fluctuations in cell potential an 

average value of this capacitance can be used to give 

approximate results.5 

Application of a potential step to an electrochemical 

cell is equivalent to a familiar RC circuit problem. The 

value of the current in the circuit is given by the equation 

i = E/R x e-mc 

where i is the current value, E is the magnitude of the 

potential step, R is the resistance of the solution, t is the 

elapsed time and C is the calculated capacitance of the 

electrochemical cell. This current decays exponentially with 

a time constant equal to RC. The time constant for the 

charging current in a typical electrochemical cell has been 

calculated to be around 20 microseconds.6 Thus, the current 

4 Bard and Faulkner, p. 10. 

5 Bard and Faulkner, p. 10. 

6 Bard and Faulkner, p. 12. 
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observed in the present experiment is not the charging 

current. 

Since the time constant of the voltage decrease seen in 

the data for this experiment is in the order of minutes, it is 

possible that a more accurate representation of the electrode-

solution interface in vitro would be one consisting of two RC 

circuits. In fact, a model based on Stern's modification of 

Gouy-Chapman theory, has predicted that the double-layer 

structure is comprised of two capacitances.7 According to the 

Gouy-Chapman-Stern model, one of the capacitances corresponds 

to the capacitance of charges held at the outer Helmholtz 

plane. The OHP is the closest distance that solvated ions can 

approach an electrode surface without being specifically 

adsorbed.8 The other capacitance in the GCS model is the 

capacitance due to the ions distributed in the region (called 

the diffuse region) extending from the OHP to the bulk of the 

solution. These ions are nonspecifically adsorbed because 

thermal agitation allows only long-range electrostatic 

interaction with the electrode surface. 

In the GCS model, the capacitance of the truly diffuse 

charges is denoted CD and is a function of the applied 

potential; its value increases at larger electrolyte 

concentrations. The capacitance of the OHP is denoted CH and 

7 Bard and Faulkner pp. 501-511. 

8 Bard and Faulkner, p. 8. 
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its value is constant regardless of the potential. GCS theory 

predicts that at high electrolyte concentrations the composite 

capacitance is dominated by CH since the GCS model depicts the 

two capacitances in series.9 

As a result, the solution resistance creates a network 

modeled by two RC components each having a different time 

constant. The charging current that flows as a result of the 

RC component made up of CH cannot be measured in the 

experiment; but the current that flows in a time constant of 

the RC component made up of CD can be. 

The response shown in Figures 5, 6, and 7 resembles the 

function 

v(t) = Rj/fR, + R*) + [C,/(C, + C2) - R̂ R, + R2)] ê  

for t>0, and where T equals (C, + C2)R,R2 / (Ri + R2) •10 This 

function is the time response of the transfer function 

for a voltage divider circuit made up of two RC components. 

Here C, corresponds to CD and Cj corresponds to CH. R, and R2 

are the solution impedances seen by the charge in the diffuse 

layer and the charge in the OHP. Since CD varies with 

potential, when R,CD > R2CH the voltage response decays over 

9 Bard and Faulkner, p. 510-511. 

10 P. Belanger, E. Adler, and N. Rumin, Introduction to Circuits 
with Electronics. An Integrated Approach (New York: Holt, Rinehart 
and Winston, 1985) p. 451. 
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time. This was observed in the experiment at the applied 

potentials of +200 and +300 mV. When RjC„ < RzCH, the voltage 

rises exponentially and then levels out as was the case for 

the potentials -300 to 0 mV in the experiment. 

It is also possible that the long tail in the relaxation 

response may simply be due to slow diffusion of products away 

from the interface. If mass transfer effects were rate 

limiting that would explain why the electrodes eventually 

return to a reproducible quiescent voltage. The diffusion 

equation representing the electrochemical cell might then be 

expected to be in terms of cylindrical coordinates. 

E. Chapter Summary 

As a result of this experiment, it is observed that the 

response of the electrode in vitro to an applied potential is 

reproducible over several weeks. The relaxation response has 

three intervals: an initial response from zero to ten seconds, 

a slower response that lasts several minutes, and a return to 

the quiescent voltage within a few days. Interestingly, 

convergence of the electrode potential in the short term is 

not to the final equilibrium (quiescent) voltage value. 
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IV. Current-Voltage Curves of the Electrodes 

A. Introduction and Objective 

Identifying the species involved in the oxidation/ 

reduction reactions at the surface of an electrode in vitro 

can be accomplished using methods of electrochemistry. These 

methods include applying a constant current to the electrode 

and measuring the change in potential or applying a potential 

sweep to the electrode and measuring the current flowing.1 

The graph of current as a function of potential is known as a 

voltammogram. The shape of a voltammogram indicates the 

presence of certain chemical species. It also leads to 

quantifying those species since the area under a current curve 

represents the amount of charge (Q) transferred. 

The objective of the present experiment was to generate a 

current-voltage curve and to observe any significant 

characteristics of the graph. 

B. Materials and Methods 

The electrochemical cell, electrolyte, and instrumentation 

used for the experiment are the same as in Chapter III with 

the only exception being the addition of a digital multimeter 

(Fluke model 75) to the instrumentation list. External 

circuit connections were made on a board. 

Electrodes used in the experiment: 48, 52, 60, 61, 64, 

71, and 79. 

1 Woods, p. 28. 
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The external circuit components consisted of a one 

megaohm resistor, a 250 kiloohm variable resistor, and a 9 

volt battery. A schematic circuit diagram is shown in Figures 

8 and 9. Figure 8 shows the configuration for impressing 

voltages from -300 to 0 mV. Figure 9 shows the configuration 

for impressing voltages from 100 to 700 mV on the electrode. 

The circuit was wired so that the positive terminal of the 

battery (in parallel with the variable resistor) was connected 

to the reference electrode. By adjusting the variable 

resistor, potentials ranging from -300 to 0 mV could be 

applied to the palladium (Pd) electrode. Above 0 mV, the 

positive terminal of the battery was connected to the Pd 

electrode which allowed it to be adjusted up to 700 mV. 

The one megaohm resistor was connected between the 

battery and the Pd electrode and the Fluke multimeter was used 

to measure voltage across this resistor. In this way, current 

through the Pd electrode was indirectly monitored. 

The Keithley model 602 voltmeter was connected between 

the reference and Pd electrodes to observe any change in 

electrode potential occurring between the reference and 

working electrodes. The Keithley's input impedance was set to 

100 gigaohms to prevent any loading on the circuit. 

The quiescent voltage of all electrodes relative to the 

Ag/AgCl reference electrode was measured before beginning the 

experiment. Electrodes 52 and 64 had quiescent voltages below 

197 mV. The quiescent voltage of electrodes 48, 60, 71, and 
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79 ranged between 214 mV and 220 mV. The unperturbed voltages 

on electrodes 61 and 68 were above 246 mV. The electrodes 

were selected to observe the effects, if any, of quiescent 

voltage on electrode performance. 

The experimental procedure is as follows: The battery 

voltage was set to -300 mV using the variable resistor. The 

Pd electrode was then connected to the external circuit and 

the potential readjusted, if necessary, so that the exact 

voltage setting appeared on the Pd electrode. The voltage 

across the one megaohm resistor was monitored for five minutes 

with readings being taken at 0, 30, 60, 120, 180, 240, and 300 

seconds. After this, the electrode was disconnected from the 

circuit and the initial applied voltage of the battery was 

changed. In this manner, the voltages on the Pd electrode 

were progressively increased from -300 to -200, -100, 0, 100, 

200, 300, 400, 500, 600, 700 mV producing an anodic scan. The 

experiment was later repeated but starting at 700 mV and 

progressively decreasing the applied potential down to -300 mV 

in 100 mV increments to give a cathodic scan. The results of 

these experiments show the time evolution of an applied 

potential on a Pd electrode. The current (calculated from the 

voltage reading across the resistor after five minutes) was 

plotted as a function of potential. 

C. Results 

The most important step in the procedure was adjusting 

the voltage of the battery. This had to be done while the Pd 
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electrode was disconnected from the circuit; if the Pd 

electrode was mistakenly connected while the battery potential 

was adjusted, the Pd electrode seemed to "short circuit" and 

its readings would fluctuate wildly. It would then take the 

electrode several hours to recover. 

After the Pd electrode was connected to the external 

circuit, the applied voltage sometimes needed to be adjusted 

using the variable resistor to reset the desired applied 

voltage. This never required more than a 50 mV compensation 

and could be accomplished rather quickly. The data thus 

represents fairly accurately the elapsed circuit dynamics. By 

monitoring the Keithley it is observed that potential 

fluctuations on the electrode during the course of the 

experiment are small. Once set, the potential of the Pd 

electrode relative to the reference remains steady. An 

exception to this generalization was during the run when the 

applied voltage was initially 700 mV. An increase in the 

potential to 710 mV was observed on all of the electrodes. 

Voltammograms for electrodes 52, 60, 71, and 79 are shown 

in Figures 10, 11, 12, and 13. Note that the applied 

potential has been converted to a potential versus a standard 

hydrogen electrode (SHE) using the relation 

êlectrode ~ ̂ she ~ ̂ elcclrodc - ae/agci + 241 mv 
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and plotted in units of volts. Also, the assumed direction of 

current in the circuit has been chosen such that negative 

current corresponds to a cathodic current and positive current 

corresponds to an anodic current, in accordance with the 

convention used in electrocatalysis. 

The current-potential curves display several interesting 

characteristics. They all show an initial, rapid change in 

the magnitude of the electrode current during the initial 

stages of a scan from negative to positive voltages. For 

example, in Figure 10 the current value at -.06 volts is 

around -60 nA (off the scale of the figure) while at +.04 

volts the current is approximately -15 nA. This rapid change 

gradually decreases such that at .34 volts relative to SHE the 

current is essentially zero. Around .54 volts, the current 

begins to increase again but changes sign. This positive 

current increases steadily with the progression to higher 

potentials. At .94 mV, the current reaches its peak positive 

amplitude of approximately 7 nA. 

The reverse scans also reveal interesting electrode 

behavior. As potential is lowered, the current magnitude 

decreases rapidly (though much guicker than in the forward 

scan) and is zero at .64 volts in Figure 10. The current 

remains essentially zero as potential is lowered until around 

+.44 volts when current in a negative direction begins to 

flow. This current increases in magnitude over the range .34 

to +.04 volts versus SHE. The increase is so great that the 
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current value at -.06 volts is around -200 nA (off the scale 

of the graph). It is interesting to note how much larger the 

value of current is at the conclusion of a scan than at the 

beginning. Also, there is a slight shift in the magnitude of 

the current values observed at .24 volts during the reverse 

scan. This bump in the curve is probably due to the switching 

in the wiring schemes as described in the experimental 

procedure. 

The shape of the graphs is similar for all of the 

electrodes. Evidently, this shape is not a function of the 

quiescent voltage of the electrode. The quiescent voltage 

probably reflects the gross condition of the electrode and not 

its ability to participate in electrochemical reactions. It 

is rather surprising that, despite its overall condition, an 

electrode's performance is so consistent. 

Curve fitting was performed using a hand calculator on 

the current-voltage data for the potentials ranging from .44 

to .94 volts. The results of this analysis have been 

tabulated in Figure 14. Curve fitting was also performed on 

the data recorded during the reverse scan from a potential of 

.34 to .04 volts. The correlation coefficients (all greater 

than .96) indicate nearly perfect fit to an exponential 

function in those two ranges. It is remarkable that the 

characteristics follow such well-defined behavior. In fact, 

it will be shown that the A coefficient can be related to a 

current known as the exchange current while the B coefficient 
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Fig. 14 

The A and B coefficients and correlation coefficient for the 
voltammograms in Figures 10 through 13 determined by 
exponential curve fitting to the equation y = AeBx. Values of 
"x" range from .44 to .94 volts versus SHE. 

Electrode ID A B R2 

52 .002 nA 8.49 V1 .98 

60 .001 nA 8.23 V1 .98 

71 .010 nA 7.20 V1 .96 

79 .004 nA 7.55 V1 .97 
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provides information on the number of electrons transferred in 

an oxidation/reduction reaction. Moreover, it is observed 

once again that the response (to an applied potential) of the 

in vitro system is similar to that of simple electrical 

components, in this case a diode. 

From an analysis similar to one described by Schuldiner 

and Roe,2 it is convenient to break the graphs into several 

distinct regions. The first region of the voltammograms (in 

Figures 10, 11, 12, and 13) extends from -.06 up to .34 volts 

where the electrodes conduct a large negative current. The 

chemical species responsible for the behavior of the cell in 

this region is present in large amounts (note the area under 

the current curve) and is present over a broad range of 

potentials which even change sign. The next region (region 2) 

is the flat portion of the graph where current is zero (from 

about .34 to .54 volts) and is similar to the current-voltage 

characteristic of a diode below the threshold voltage. The 

third region (region 3) extends from .54 to .94 volts. Here 

the current seen in the circuit is probably due to a chemical 

species that is present in only a limited quantity (the area 

under the curve is much smaller than in region 1). Also, it 

is a species that can transfer charge only when the potential 

of the electrodes is relatively high. Note that behavior of 

2 Sigmund Schuldiner and Robert Roe, "Transition from Hydrogen 
Ionization to Oxygen Evolution on a Platinum Electrode," Journal of 
the Electrochemical Society. 110 (1963), 332. 
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the current in region 3 is not reversible: it decreases faster 

during the cathodic scan than it increases in the forward 

scan. Also, the experimental procedure called for increasing 

the potential to only .94 volts; it is not known whether the 

exponential behavior of the currents continues indefinitely or 

if a change in the nature of the chemical reaction at the 

electrode surface places an upper limit on the curve. 

D. Discussion 

Schuldiner and Roe used galvanostatic techniques and the 

resulting charging curves to show that ionization of adsorbed 

hydrogen on a platinum electrode occurs from 0 to 0.6 volts 

relative to SHE.3 Taking into account a different electrolyte 

with different pH and a different metal electrode which shifts 

results to slightly lower potentials, this corresponds to 

region 1 in Figures 10, 11, 12, and 13. The hydrogen specie 

being ionized in this region is intimately associated with the 

Pd surface and atoms in the immediate vicinity (this 

association is also referred to as "chemisorption"). An 

increasing amount of hydrogen can be removed from the surface 

of the electrode by gradually increasing the potential of the 

electrode. Conversely, more hydrogen is adsorbed on the 

surface of the electrode as the potential of electrode is 

decreased relative to SHE. In other experiments with platinum 

electrodes, Schuldiner and Warner have proposed a mechanism 

3 Schuldiner and Roe, p. 335. 
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for the ionization reaction. The reversible reaction proceeds 

as 

Pt—H <—> H+ + Pt + 1 e" 

where Pt—H indicates a chemisorbed species.4 Furthermore, 

the charging of the double layer and the formation of a 

monolayer of oxygen atoms on platinum is believed to occur at 

potentials .64 volts and higher.5 This corresponds to regions 

2 and 3 respectively of the graphs in Figures 10, 11, 12, and 

13. The mechanism for the anodic generation of atomic oxygen 

as proposed by Schuldiner and Warner is 

H20 + Pt <—> Pt—0 + 2H+ + 2 e" 

on the platinum electrode.6 It can be concluded that the 

reaction on palladium occurs in a similar fashion. 

Chemisorbed oxygen forms as the potential of the working 

electrode is made more positive and it is removed as the 

working electrode is made less positive. At potentials above 

4 Sigmund Schuldiner and Theodore B. Warner, "Investigations 
of the Kinetics of Hydrogen and Oxygen Reactions on a Platinum 
Electrode in Acid Solution Using Pulse and Decay Techniques," 
Journal of the Electrochemical Society. 112 (1965), 212. 

5 Schuldiner and Roe, p. 335. 

6 Schuldiner and Warner, p. 212. 
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1.78 volts, Schuldiner and Roe observed evolution of molecular 

oxygen.7 

In the present experiments, the nearly constant value of 

current observed at the initial potential of the anodic scans 

may be interpreted as due to the ionization of molecular 

hydrogen. This reaction is thought to occur as 

H2 <--> 2Hld, <--> 2H,q+ + 2 e-

according to Woods.8 The current may be limited here (at -.06 

volts) by diffusion although this does not agree with results 

of Schuldiner and Warner.9 As the forward scan progresses, 

the H2 ionization reaction is gradually replaced by ionization 

of chemisorbed hydrogen. The amount of this hydrogen 

subsequently decreases until the current is zero at .34 volts. 

The anodic scan continues with the formation of the oxygen 

monolayer which increases until the end of the experiment. It 

was observed that the magnitude of the current at .94 volts is 

much less than the current at -.06 volts. Oxygen adsorption 

may be a relatively slow process which keeps the current 

limited to a low value (around 7 nA in the graph of electrode 

#52) . 

7 Schuldiner and Roe, p. 335. 

8 Woods, p. 8. 

9 Schuldiner and Warner, p. 215. 



67 

By observing the current-voltage behavior in regions 1 

and 3, it can be seen that hydrogen adsorption/desorption is 

somewhat facile compared to oxygen adsorption/desorption. The 

adsorbed hydrogen is relatively unhindered in its movements 

and readily moves away from the electrode if the potential 

increases. Looking at the anodic and cathodic scans, it is 

not clear why oxygen adsorption is a faster process than its 

desorption from the electrode surface except to state that the 

"irreversible" nature of oxygen adsorption has been previously 

reported.10 

An advantage of this procedure is the well-developed 

"double layer region" (region 2) . There is no overlap between 

regions 1 and 3. Since it is difficult to identify the end 

point of hydrogen adsorption and the beginning of oxygen 

adsorption in vivo, the results of this experiment may help to 

define that end point more clearly. 

One difficulty was encountered in attempting to quantify 

the oxygen reaction of region 3. The B coefficient in the 

curve fitting data is equal to nF/2.303RT of the function 

y = A e B* 

where n, F, R, and T (298 K) have their usual meaning and "x" 

is the potential (measured in volts for this set of data). 

10 Woods, p. 60. 
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Solving the B coefficients shown in Figure 14 for n results in 

a value of approximately one-half. Provided the mathematical 

analysis was done correctly, this clearly contradicts a 

prediction that the two electron oxygen reaction contributes 

to the current in region 3. However, see the results of 

Chapter 5 in which a mathematical treatment of the current 

components in the cell is explored in greater detail. 

E. Chapter Summary 

Voltammograms for four of the palladium electrodes were 

derived during this experiment. These graphs have a region 

where large negative currents (greater than -50 nA) flow as 

the result of adsorption of hydrogen on the electrode surface. 

Another region in the graphs is due to oxygen adsorption but 

the positive currents observed here are much smaller in 

magnitude. The current-voltage behavior of the palladium 

electrodes in vitro is very consistent and reproducible. It 

follows exponential behavior from .44 to .94 volts during an 

anodic scan and from .34 to .04 volts during a cathodic scan. 
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V. Further Analysis of the Current Components 

In general, any oxidation/reduction reaction occurring at 

the surface of an electrode is comprised of a series of steps 

that progress from the oxidized form to the reduced form of 

the species (or the reverse). Bard has classified these steps 

into four distinct processes: mass transfer (for example, 

movement of the species from the bulk solution to the 

electrode surface), electron transfer at the electrode 

surface, chemical reactions that precede or follow the 

electron transfer, and adsorption/desorption reactions at the 

surface of the electrode.1 Some reaction sequences are quite 

simple and involve only mass transfer of the reactant to the 

electrode, electron transfer of a nonadsorbed species, and 

mass transfer of the product into the bulk solution. Others 

are more complex. In either case, the observed reaction will 

obey the cardinal rule of kinetics for multi-step processes: 

the slowest step in the reaction determines the rate of the 

overall reaction. Furthermore, since it has been established 

that the net rate of an electrode reaction is proportional to 

current, kinetic theory can then be used to predict the 

behavior of an electrochemical cell. 

Before developing a mathematical expression for the 

current components, it is helpful to take a closer look at the 

various reactions occurring in a cell. It has already been 

1 Bard and Faulkner, p. 20. 
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observed that current does not flow over some potential 

regions while it flows to a variable extent at other 

potentials. Therefore, besides the hydrogen desorption and 

oxygen adsorption reactions seen in the in vitro 

electrochemical cell, other reactions might be occurring. 

Possible charge transfer reactions for a specific cell can be 

predicted based on the standard reduction potential, E°. This 

quantity is the emf for a given half-reaction with all 

reactants under very specialized conditions. For the 

electrochemical cell comprised of a palladium electrode 

immersed in aqueous solution, the possible reactions include 

i. 02 + 2 H+ + 2 e" <—> H202 E° = .682 volts 

ii. 02 + 2 H20 + 4 e" <—> 4 OH" E° = .401 V 

iii. AgCl + l e" <—> Ag + Cl" E° = .222 V 

iv. 2 H+ + 2 e" <—> H2 e° = 0 v 

along with the reactions (written as oxidations) 

v. Pd <—> Pd++ + 2 e- E° = .988 volts 

vi. 2 OH" <—> H202 + 2 e" 

vii. Ag <—> Ag+ + 1 e-

E° = .88 V 

E° = .799 V 

viii. H2 + 2 OH" <—> 2 HzO + 2 e" E° = -.828 V 

Note that the convention used here is the E° values are listed 
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for the half-reaction written as a reduction. 

The reaction, 02 + 4 H+ + 2 e" <—> 2 H20 , is excluded 

as a possible mechanism because the experimental procedure in 

the previous chapter did not include voltages high enough for 

this reaction to occur (the E° value is 1.229 volts). In a 

similar fashion, no hydrogen peroxide was observed to be 

evolved during the experiment so reactions 1 and 6 can be 

eliminated. Subsequently, reaction 2 will occur first in a 

potential scan down to negative voltages because it has the 

most positive E° value (the greatest tendency to proceed as a 

reduction). Likewise, reaction 8 predominates in the scan to 

higher voltages because it has the most negative E° and will 

readily proceed as an oxidation. These reactions, based 

simply on E° values, provide further support for the type of 

electrode-solution interactions described in Chapter 4 for the 

Pd/buffer/AgCl system. However, as seen from the in vitro 

experiments, these cell reactions are usually multi-step 

processes that involve desorption, adsorption, and charge 

transfer of chemical species. 

In determining a mathematical expression for the kinetics 

of the charge transfer reaction, 

Oxidized specie + n e" <—> Reduced specie 

which occurs at an electrode-solution interface, it is helpful 
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to describe separately the rates of the forward and reverse 

reactions. The rate of the forward process is given by the 

product of a quantity called the forward rate constant, kf with 

dimensions cm sec"1, and the concentration of the oxidized 

specie. Similarly, the rate of the reverse reaction is 

defined as kb, the backward rate constant, times the reduced 

specie concentration. The overall rate equation for the 

oxidation/reduction reaction can then be written as 

-d[Ox]/dt = kf[Ox] - kb[Red] 

where the left hand side is the net rate of reduction of the 

oxidized species at the electrode surface in moles per second 

per unit area. 

Furthermore, as first recognized by Arrhenius, most rate 

constants for solution-phase reactions have the form 

k = A' exp —EA/RT 

where EA is a parameter known as the activation energy and the 

coefficient A' called the frequency factor.2 The activation 

energy can be thought of as the energy required to form an 

activated complex that serves as an intermediary between the 

reactants and products. 

2 Bard and Faulkner, p. 87. 
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Using the concept of electrochemical potential to 

evaluate the exponent of the Arrhenius equation, the rate 

constants for the forward and backward reactions take the form 

of a Boltzmann distribution. The expressions for the rate 

constants therefore become 

kf = k° exp -anf (E - E°) 

and 

kb = k° exp (l-a)nf(E - E°) 

where f equals F/RT, the coefficient a is the transfer 

coefficient (usually equal to one-half), and k° is a quantity 

called the standard rate constant.3 In going from the 

Arrhenius expression to the final result, k° combines several 

factors including the Boltzmann and Planck constants. The 

standard rate constant corresponds to kf and kb at E equal to 

E° (when concentrations at the interface are in equilibrium 

with the bulk solution) . Typical values range from 10 cm sec"1 

for facile reactions to lower than 10"9 cm sec'1 for reactions 

which are rather sluggish such as the reduction of molecular 

oxygen to water. 

An equivalent mathematical expression for the overall 

reaction rate of an electrode process can be derived based 

simply on the observation that the reaction rate is 

3 Bard and Faulkner, pp. 92-95. 
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proportional to the net current (v = i/nFA). The equation 

inct = ""FA {-d[Ox]/dt} 

incorporates the idea that the net current is the sum of both 

cathodic and anodic current components. In this equation, the 

convention that a negative net current corresponds to a net 

cathodic process is used.4 Note that the coefficient A used 

here is just the area of the electrode. Individual 

expressions for ic and i, are derived by direct substitution 

into the proportionality relation. 

Combining the rate constant equations and the expression 

for the overall reaction rate results in an equation known as 

the complete current-potential characteristic:5 

inet - " nFAk° Co(0,t) exp -anf(E - E°) + 

nFAk0 CR(0,t) exp (l-a)nf(E - E°) 

where Co(0,t) is the expression for [Ox] and CR(0,t) is the 

expression for [Red] that take into account the spatial 

variations in the concentration of the species. It is seen 

that incl = ic + i,. 

At equilibrium when the net current is zero, the complete 

4 "Tafel Lines," Encyclopedia of Electrochemistry. 1964. 

5 Bard and Faulkner, p. 96. 
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current-potential equation yields the Nernst equation. 

Setting the terms for ic and i, equal to each other gives 

exp nffE,*, - E°) = C0/CR 

as the result. It should be noted that at equilibrium the 

bulk concentrations of the species are also found at the 

electrode surface. The value of current corresponding to the 

equilibrium condition is known as the exchange current, i0. 

A mathematical expression for i„ can be determined by raising 

both sides of the equation above by the power -a and 

substituting the result into either the equation for ic or i„. 

Thus, 

i0 = nFAk° C0<|-o)CR°' 

or equivalently 

i0 = nFAk° C 

is the result (where CQ = CR = C) .6 Often, the exchange 

current is normalized to unit area and called the exchange 

current density. 

Finally, if the equations for inet, ic, and i, are divided 

6 Bard and Faulkner, p. 101. 
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by i„, an alternative expression of the complete current-

potential characteristic is obtained: 

i = i„ { - [Co(0,t)/Co] exp -anfjj + 

[CR(0,t)/CR] exp (l-ajnfij } 

where rj is equal to E - and is called the overpotential.7 

This equation is known as the current-overpotential equation 

and is frequently encountered in electrochemistry. The first 

term describes the cathodic current component at any potential 

and the second terms gives the anodic contribution.8 Also 

note that a negative overpotential corresponds to a net 

cathodic process and a positive overpotential to a net anodic 

process. 

The characteristic depicted by the current-overpotential 

equation is seen to be the sum of two components. Initially, 

there is a rapid, exponential rise in the magnitude of the 

total current at potentials away from E = E^. However, at 

large negative or positive overpotentials the current levels 

off as either the anodic or cathodic components respectively 

become negligible. In the level regions, the current is 

limited by mass transfer factors rather than by heterogenous 

7 Bard and Faulkner, p. 102. 

8 Bard and Faulkner, p. 102. 
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kinetics.9 

For constant concentrations or in stirred solutions 

(called "Tafel conditions") the ratios Co(0, t) /CQ bulk and 

CR(0, t) /CR buDc equal 1. At large values of overpotential, the 

characteristic equations then take the form 

i = - i0 exp -anfjj 

for the cathodic current component, and 

i = i0 exp (l-a)nfi; 

for the anodic current component. These equations can be 

rewritten as 

t] = 2.303RT/anF log i„ - 2.303RT/anF log |i| 

for the cathodic process, and 

r j  = - 2.303RT/ (l-a)nF log iD + 2.303RT/(1-a)nF log i 

for the anodic process. Similar expressions can be derived 

using the current-potential equation; the left hand side is 

then given in terms of a potential difference E - E°. 

9 Bard and Faulkner, p. 102. 
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The equation having the general form 

E = a + b log |i| 

(under the specified conditions) is known as the Tafel line 

equation in honor of the scientist who first observed the 

relationship between a fixed potential and the current density 

at an electrode-solution interface. The resulting graph of E 

versus log |i| is called a Tafel diagram (or Tafel plot) with 

the electrode potential given relative to the standard 

hydrogen electrode or some other reference potential. An 

equivalent form of the Tafel diagram is to plot the 

overpotential versus log |i|. From the mathematical 

development above, the constants a and b can be identified as 

a = 2. 3RT/anF log i0 = .059/an log i0 (25 °C) 

and 

b = -2.3RT/anF = -.059/an (25 °C) 

at large negative overpotentials.10 In general, the Tafel 

plot will have two branches, an anodic branch with positive 

slope equal to (1-a) nF/2.3RT and a cathodic branch with slope 

equal to -anF/2.3RT. These lines can be extrapolated to give 

10 Bard and Faulkner, p. 105. 
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the value of i„, as well as other kinetic parameters. Note 

that the slope is the inverse of the b coefficient from the 

Tafel equation. 

A typical investigation of an electrochemical reaction 

begins with the accumulation of experimental E/log |i| data 

under varying conditions. If the data obey the Tafel 

equation, then the anodic and cathodic Tafel slopes serve to 

elucidate the mechanism of the electrochemical reaction.11 

For example, the value of n (the number of electrons 

exchanged) can be determined directly from the slope. It is 

observed that actual plots deviate sharply from linear Tafel 

behavior as the overpotential (or the value of E - E°) 

approaches zero because the reverse reactions (oxidation or 

reduction) can no longer be regarded as negligible. 

Deviations from straight line behavior also occur at very 

large overpotentials due to limitations imposed by mass 

transfer of species to the electrode surface.12 

Tafel line behavior was suggested during the analysis of 

the data from the experiment in the previous chapter. Linear 

regression analysis indicated that current varied with the 

voltage in an exponential manner. As mentioned in the 

discussion though, the value of n for the reaction, calculated 

to be equal to one-half, was not understood. However, the 

11 "Tafel Lines," Encyclopedia of Electrochemistry. 1964. 

12 Bard and Faulkner, p. 106. 
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mathematical formula used for that calculation did not include 

the transfer coefficient. The result was actually just a 

measurement of this missing factor. Thus, the assumption that 

the transfer coefficient equals one-half is now seen to be 

valid. 

With a better understanding of the results from the 

experiment in Chapter 4, it is apparent that a single electron 

transfer reaction was being observed. This still does not 

account for the expected result, a two electron mechanism, due 

to the reduction of molecular oxygen or oxidation of hydrogen. 

Perhaps the multi-step process happening in vitro occurs only 

as a one electron transfer per step. This seems reasonable in 

view of the fact that the reduction of oxygen requires 

significant molecular rearrangement.13 Being the slowest 

step, this single electron transfer would then determine the 

overall rate of the chemical reaction as required by kinetic 

theory. The next step in the investigation is to make some 

Tafel plots of E/log |i| data. 

13 Bard and Faulkner, p. 96. 
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VI. In Vivo Characteristics of an Oxygen Sensor 

A. Introduction 

The next series of experiments were designed to determine 

if the Pd/Ag/AgCl electrochemical cell demonstrates Tafel line 

behavior as predicted. One set of experiments was conducted 

on tomato plants (Lvcopersicon esculentuml grown in a 

greenhouse to observe the in vivo behavior of the electrode-

solution interface. The experimental technique consisted of 

placing a palladium probe invasively in the stem of the plant 

with a reference electrode placed in the soil. Currents were 

then induced to flow in an external circuit by electrically 

loading the plant with various resistors. The current-voltage 

behavior was subsequently monitored with a high impedance 

voltmeter. The preparation of a Pd wire capable of being 

inserted into the plant follows a method developed by 

Gensler.1 

Several aspects of the in vivo procedure are worth 

noting. First, measurements are made in such a way that there 

is almost no disturbance in the structure of the plant. Also, 

measurements are as passive as possible to insure that the 

plant is operating under near normal conditions. Passive in 

this context means that an absolute minimum amount of energy 

is extracted from the plant by the measuring circuitry.2 

1 Gensler, p. 2365. 

2 Gensler, p. 2365. 
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Finally, the internal circuit path giving rise to the galvanic 

electropotentials consists of the electrode-tissue interface, 

the interfaces between branches-stem-roots, the root-soil 

interface, and the interface between the soil and the 

reference electrode.3 Thus, the response of the electrode is 

due not only to the metal-solution interface but any series 

galvanic potentials. The goal of the in vivo experiment was 

to monitor this response and determine the correlation, if 

any, between the plant's current-voltage behavior and a Tafel 

line. William Cao, an electrical engineering undergraduate 

student, provided assistance in recording the experimental 

data. 

B. Material and Methods 

A specially constructed metal probe was used as the 

working electrode. The probe is made from a palladium rod 

which is 150 um in diameter and approximately 50 mm in length. 

The rod is attached to wires which have been stripped of 

insulation, then wrapped around and soldered to the rod. In 

his experiment, Gensler stripped away 3 to 4 cm of insulation 

from a Number 30 stranded wire, cut away all but two of the 

strands, and wound them past the end of the rod.4 The probe 

is inserted radially into the stem to a depth of approximately 

3 mm in order to penetrate the vascular tissue. To prevent 

3 Gensler, p. 2365. 

4 Gensler, p. 2365. 
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mechanical movement of the probe at the injection site, the 

wire leads are attached to the plant with strips of Velcro. 

Gensler has found that the plant forms a callous which bonds 

tightly to the probe such that the probe-tissue interface 

appears normal.5 By using just two strands of the wire and 

removing the insulation, it is possible to rapidly dissipate 

any influx of heat caused by solar radiation. 

The reference electrode is an AgCl concentration cell: an 

AgCl electrode in 1.0 M KC1 electrolyte. The electrolyte wets 

a saturated polyacrylamide salt bridge which in turn wets a 

porous ceramic plug. The outer surface of this plug is in 

contact with the soil.6 

Test plant: Lvcopersicon esculentum (tomato), contained 

in two sections of 20 plants each, in raised beds with a 

copper metal sheet to equilibrate the soil potentials of the 

two sections. Plants were grown to a height of approximately 

18 to 20 cm. Tomato plants are ideally suited for the 

experiment since they easily form stable probe-tissue 

interfaces. 

Plants used in the experiment: 22, 32, 44, and 51. In a 

subsequent experiment, plants 45, 49, 53, and 54 were used. 

Instrumentation: Keithley model 602 solid state 

electrometer (UA ID# 004301). 

5 Gensler, p. 2365. 

6 Gensler, p. 2369. 
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The external circuit consisted of simply connecting a 

resistor between the electrode inserted into the plant and the 

reference electrode implanted in the soil. See Figure 15. 

Resistors ranging in value from 1 gigaohm to 100 kiloohm were 

used; the current that was induced to flow through each of the 

resistors was monitored using the Keithley with its input 

impedance set to 10n ohms. Since an equivalent Thevinen 

representation of the plant electropotentials is difficult to 

assess, it is important that the impedance of the voltmeter be 

as large as possible to prevent it from electrically loading 

the circuit.7 

The experimental procedure was to simply measure the 

voltage across each of the resistors when connected between 

the working and reference electrodes. This voltage was 

monitored for 10 minutes to observe any fluctuations and the 

induced current in the circuit was calculated by dividing the 

voltage reading after 10 minutes by the appropriate resistance 

value. The resistor values were 109, 5xl08, 108, 5xl07, 107, 

5x10®, 10®, 5x10s, and 105 ohms which resulted in nine different 

current-voltage data points. The current values were divided 

by the surface area of the electrodes to give results in terms 

of the current density. A plot of the logarithm of the 

calculated current density versus the electrode potential has 

been plotted in Figures 16 through 19. Also, the voltage of 

7 Gensler, p. 2366. 
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Fig. 15 Diagram of the circuit to monitor the in vivo potential variations 
in tomato plants. Voltage across a resistor (ranging from 10^ to 10^ ohms) 
connected to the plants was monitored for 10 minutes. 
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the reference electrode relative to the copper metal interface 

was measured to observe any changes in the soil potentials. 

In addition, the experiment was repeated one week later 

to observe any daily variations in the electrode performance. 

The results from that experiment are plotted in Figures 20 

through 23. 

C. Results 

Figures 16 through 19 show that the Tafel plot for plants 

22, 32, 44, and 51 is linear when the resistor value ranges 

from 500 megaohms down to 1 megaohm. There is considerable 

bending of the plots at either end where the resistor values 

are the highest or the lowest (note that this corresponds to 

the lower right and upper left respectively in the graphs). 

In plants 32 and 44, the line flattens out at a value of 

current density corresponding to 4.95 mA/m2 (in plant 32) and 

9.80 mA/m2 (in plant 44) after the one megaohm resistor is 

connected. In plant 22, there is a brief plateau in the line 

at the resistor values of 1 megaohm and 500 kiloohm, but then 

a jump to a current corresponding to 15.40 mA/m2 occurs. The 

reason for this jump is not known. There is evidence of a 

rounded edge in the Tafel line for plant 51 and the data 

points corresponding to the lowest-valued resistors: the 

current density goes from 7.25 mA/m2 to 7.73 mA/m2 and back 

again. 

The deviation from straight line behavior is much less 
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Fig. 19 Logarithm of current density vs. potential of Pd electrode in 
plant 851, plotted in the form of a Tafel diagram. Value of resistor in 
external circuit is indicated for several data points. Date: 1-26-91. 
Note: current = voltage reading of meter (at 10 min)/resistor. 
For calculating the current density, electrode area equals 2.07x10"® m2. 
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pronounced at the other end of the Tafel plot in all four 

plants. The worst case of a bend in the line at the 109 data 

point is with plant 22; there is a slight bend at this point 

for plant 32. It does not happen at all in the Tafel plots 

for plants 44 and 51. Overall, the plots of plants 44 and 51 

are the most linear while the line in the Tafel plot of plant 

32 is slightly bowed. 

In data that is not shown it was observed that the 

voltage of the reference electrode with respect to the copper 

interface remains relatively constant during the experiment. 

Reference electrode 60 (the reference electrode for plants 44 

and 51) is quite stable: its potential fluctuated by only 

3.2 mV between the first run ( R=109 ohms ) and the last run 

( R=105 ) . Conversely, reference electrode 16 (the reference 

for plants 22 and 32) dropped from an initial potential of 75 

mV relative to the copper interface down to 65 mV at the end 

of the experiment. Note that the plants with the most stable 

reference electrode gave the most linear Tafel plots. It 

should be pointed out however that during a given run with a 

particular resistor, the voltage of reference #16 never 

fluctuated by more than 6 mV. Still it is difficult to 

accurately measure soil potentials if the integrity of the 

reference electrode is compromised. 

It was also observed that between runs the plants 

returned to their quiescent voltage (the level that was 
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measured at the beginning of the experiment) within ten 

minutes. This observation provides evidence to support the 

conclusion that the procedure is a rather passive one. The 

starting potential at each run was around 245 mV in plants 22 

and 44 and 210 mV in plant 51. It is rather surprising that 

the plants can recover so quickly; perhaps the fact that a 

plant is a dynamic system with an ability to adjust to 

environmental stress is important here. 

As an aside, the energy drain has been determined for 

plants 22, 32, 44, and 51. First, the power was calculated by 

multiplying the final voltage reading by the current. This 

value was then multiplied by the duration of the experiment 

(300 seconds) to give the energy drain. The energy drain is 

48xl0"9 joules from plant 22, 3xlO'9 joules from plant 32, 

approximately 12 nanojoules from plant 44 and 6.75 nJ from 

plant 51. This is clearly below the energy maintenance 

requirements of the plants; the experimental procedure is 

passive. 

The experiment was repeated one week later using plants 

45, 49, 53, and 54 to determine any changes that might have 

occurred in the in vivo response. The Tafel plots of these 

plants are shown in Figures 20 through 23. There is 

considerable fluctuation in the plots for plants 49 and 53. 

Indeed it is difficult to say that these plots even exhibit 

Tafel behavior. Plant 49 has straight Tafel line behavior 
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over the resistors ranging from 109 to 108 ft. There is a 

slight displacement from this line followed by linear behavior 

up until the resistor value is 1 megaohm. The graph bends at 

the end with the constant current density in this region 

corresponding to approximately 8.20 mA/m2. The Tafel plot for 

plant 54 is linear until the data point corresponding to the 

5 megaohm resistor is plotted. For the last three data 

points, the logarithm value equals -2.17 which corresponds to 

a current density of 6.76 mA/m2. 

The current-voltage plot of plant 45 is more encouraging. 

It shows straight line Tafel behavior from the 109 resistor to 

the 106 ohm resistor. The current density at that point is 

6.15 mA/m2 and remains at that level for the last two 

resistors. It is remarkable that the Tafel plot of plant 45 

is so linear and the plots of the other plants so variable 

given the fact that reference electrode 60 was used with all 

four plants. Thus the variations in the plant's response is 

not necessarily due to instrumentation problems (reference #60 

was the most stable reference electrode) but may reflect the 

variable conditions in individual plants. 

One possible explanation for the difference in the 

results between the two experiments is that the weather 

conditions were cloudy when the first experiment was conducted 

while it was sunny during the second experiment. Perhaps the 

decrease in light intensity during the cloudy day was enough 
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to lower the photosynthetic activity such that the data that 

was recorded yields a more linear graph. It is interesting to 

note that the quiescent voltages for the plants in sunny 

conditions were higher than when it was cloudy: the quiescent 

voltage on plant 45 was around 265 mV, for plant 53 it was 

approximately 255 mV, and the quiescent voltage on plant 54 

was 210 mV. 

Another experiment was performed on nineteen of the 

greenhouse plants with somewhat contradictory results. The 

resting potential of the plants (numbers 17 through 35) was 

measured during the day and also during the night to observe 

any differences. It was observed that the resting potentials 

during the day were lower than during the night which 

contradicts Gensler's results.8 The daytime potentials varied 

from a low of no mV (plant 22) to 270 mV (plant 27) with the 

mean value equal to 226 mV (all potentials relative to the 

copper interface). The nighttime potentials ranged from 140 

mV (on plant 22) to 320 mV (on plant 33) . The average resting 

potential at night was 236 mV. The difference between day and 

night potentials was more that 85 mV on some plants; on 

others, there was no difference between the day and night 

voltage. It is unclear when the measurements were taken which 

may invalidate any conclusions derived from this particular 

set of data. 

8 Gensler, p. 2367. 
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D. Discussion 

A plant's physiology is dominated by photosynthesis 

during the daylight hours. Respiration is also occurring but, 

in the leaves and other tissues containing chlorophyll, the 

rate of photosynthesis is much greater. The carbon dioxide 

released by respiration is immediately reutilized and 

additional C02 diffuses into the plant from the outside 

environment.9 This high rate of photosynthesis produces more 

oxygen than is used by respiration so the surplus diffuses out 

of the plant. Thus, as long as favorable conditions prevail, 

there is a net movement of C02 into the plant and of 02 out of 

the plant during the day. At night the converse is true: the 

rate of respiration is greater and oxygen moves into the green 

parts of the plant while carbon dioxide moves out of the 

tissue.10 

It has been reported by Meyer, Anderson, and Bohning that 

generally, there is an increase in the rate of photosynthesis 

with an increase in light intensity.11 The rate increases 

until some other factor (such as the concentration of carbon 

dioxide) becomes limited. This is an example of the 

9 Bernard Meyer, Donald Anderson, and Richard Bohning, 
Introduction to Plant Physiology (Princeton, N.J.: D. Van Nor strand 
Co., 1960) p. 263. 

10 Meyer, Anderson, and Bohning, p. 263. 

11 Meyer, Anderson, and Bohning, pp. 216-217. 
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"principle of limiting factors"12 which is used to describe 

the kinetics of complex processes. There are many factors 

that slow down the reaction but in photosynthesis light 

intensity and the amount of carbon dioxide in the cell are the 

most important ones. 

In respiration, on the other hand, Meyer, Anderson, and 

Bohning found that the influence of light is more indirect: an 

increase in radiant energy may either increase or decrease the 

rate of respiration. This is due in large part to the effects 

of light on the supply of respiratory substrates.13 

As has already been mentioned, perhaps the preliminary 

results of the first two experiments can be explained in terms 

of varying rates of photosynthesis. Under sunny conditions, 

the oxygen concentration is changing rapidly due to diffusion 

which results in jumps in the Tafel line plots. When it is 

cloudy, the rate of photosynthesis decreases and it is easier 

to monitor the oxygen concentration of the cell with the 

inserted probe. And, at night when oxygen is diffusing into 

the cell, the probe is capable of sensing the increased oxygen 

concentration. 

Clearly, it is difficult to characterize the in vivo 

system in an absolute manner. The current-voltage relations 

in the plant are evidently the responses of a complex 

12 Meyer, Anderson, and Bohning, p. 206. 

13 Meyer, Anderson, and Bohning, p. 274. 
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combination of sources from various origins. The currents 

that are observed depend on the level of photosynthetic 

activity and relative rate of respiration. A crude model of 

the system might be a current dependent voltage source in 

series with a relatively low output resistance as has been 

proposed by Gensler.14 The next set of experiments return to 

a simpler system: the in vitro electrochemical cell. 

E. Chapter Summary 

As a result of the in vivo experiments, E/log current 

density data from tomato plants plotted fairly straight lines; 

there was some bending at the ends of the lines and 

fluctuations in the middle potential readings. This could be 

due to different weather conditions during the course of the 

experiment or simply due to individual differences among 

plants. The current density at low potentials is limited to 

values ranging between 5 and 15 mA/m2. The experimental 

procedure was evaluated in terms of how much energy was 

drained from each plant; it was concluded that it drains very 

little energy from the system. 

14 Gensler, p. 2366. 
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VII. Tafel Line Experiment In Vitro and Preliminary 

"Sparging" Experiment 

A. Introduction 

A set of experiments were next conducted to determine if 

the laboratory electrochemical cell demonstrates Tafel line 

behavior. The experimental procedure described in the 

previous chapter was repeated using the palladium electrode-

phosphate buffer system. The objective of this experiment was 

to further identify the charge carrier species conducting 

current through the electrolyte and to derive numerical 

indexes for the chemical reactions. 

In addition, since it is assumed that varying the 

electrolyte gas concentration varies the measured current, 

another experiment was conducted in which the oxygen 

concentration of the electrolyte was lowered. This was 

accomplished by simply bubbling nitrogen gas through the 

buffer. The goal was to observe the effect that a nitrogen 

"sparge" had on the Tafel line. 

B. Materials and Methods 

The electrochemical cell consisting of palladium metal 

electrodes in phosphate buffer has already been described. 

However, fresh buffer solution was prepared for these 

experiments: one vial of Sigma phosphate buffer, 8.3 

millimoles per liter (lot 118F-4426), was dissolved in 3.8 

liters of double distilled deionized water obtained from the 

University of Arizona Department of Chemistry. The solution 
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was mixed thoroughly before adding it to the cell chamber. 

Also, fresh filling solution was added to the Ag/AgCl 

reference electrode. The inner solution was saturated AgCl 

(Orion catalog #90-00-02 lot TW1) and the outer solution was 

ten percent KN03 (Orion catalog #90-00-03). 

The nitrogen gas used for the last part of the experiment 

was obtained commercially (AWECO, Tucson). 

The resistor values in the external circuit were the same 

as in the experiment of Chapter 6; the Keithley 602 was also 

used again to monitor the voltages across the resistors. 

Electrodes used in the experiment: 47, 48, 50, 52, 53, 

58, 61, and 71. Note that some of these have been used in the 

other in vitro experiments. The behavior of these electrodes 

under the various experimental conditions can be compared to 

give a more complete understanding of the electrode-solution 

interface. 

The experimental procedure has been described: the 

voltage across a resistive load connected externally between 

two electrodes in electrolyte was monitored for 10 minutes. 

The voltage reading after 10 minutes was divided by the value 

of the resistor to calculate the value of the current induced 

to flow in the circuit. Figure 24 shows the external circuit 

wiring diagram. A wiring scheme between nodes A and B (shown 

in Figure 25) allows the currents in four different electrodes 

to be monitored sequentially. 
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Fig. 24 Schematic diagram of the circuit in the experiment monitoring 
the log current density vs. potential behavior of an electrochemical cell. 
With switch in Position 1, a resistor (ranging from 10^ to 10® ohms) is 
wired in the external circuit. Pd electrode is connected to external 
circuit (Position 2) and voltage across resistor is monitored for 10 minutes. 
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The surface area of the electrodes was calculated using 

the formula 

area = n x d x 1 

Current values were subsequently divided by this area to 

obtain results in terms of current density. For the palladium 

electrodes (with diameter equal to 150 microns and length 

equal to 10"2 meters), the surface area is equal to 4.7X10"6 m2 

or 0.047 cm2. 

The log of current density versus the potential of the 

electrode has been plotted in Figures 26 through 33 for the 

eight electrodes. 

In the "sparging" experiment, nitrogen gas was bubbled 

through the electrolyte for two hours. Then the currents 

through the 106 and 105 resistors were measured and plotted in 

the format of a Tafel line. These plots were subsequently 

compared to plots that were obtained before the sparging 

process. The electrodes used in this experiment were 47, 49, 

51, 57, and 60. It should also be noted that the oxygen 

concentration was measured using a YSI Corporation Oxygen 

Probe (model 5739) with an output displayed on a YSI Model 51B 

Oxygen Meter. 

The calibration protocol before monitoring the oxygen is 

summarized as follows: After adjusting the zero and full 
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scale values on the oxygen meter, the oxygen probe is 

calibrated by immersing it in 500 ml of aerated, distilled 

water and adjusting the calibration knob to read the correct 

local altitude (2500 feet) with the meter in the "Calibrate 

02" position. To make an oxygen concentration measurement, 

the oxygen probe is placed in the sample and the "Oxygen 

Solubility Factor" dial on the meter is adjusted to read the 

correct value of temperature for the sample. The oxygen meter 

is then switched to the "Read 02" position. The oxygen 

concentration in units of mg/1 is displayed by the position of 

a needle on the meter. 

The external wiring scheme used in the first part of the 

experiment was also used to measure the currents in the 

sparging experiments. The Tafel plots of the currents before 

and after the nitrogen sparge (for electrode 51) are shown in 

Figures 35 and 36. 

C. Results 

The most remarkable feature of the plots shown in Figures 

26 through 33 is that very definite linear Tafel behavior is 

exhibited by all eight electrodes. This linear behavior 

extends all the way from the first resistor used in the 

experiment (with value equal to 109) until at least the 

resistor equal to 106 is connected in the external circuit. 

There is a very slight skew in the line at the data point 

corresponding to the 5x10s resistor in the Tafel plots for 
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Note: current = voltage reading of meter (at 10 min)/resistor. m 
For calculating the current density, electrode area equals 4.7xl0~® m2. h 
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Fig. 30 Logarithm of current density vs. potential of Pd electrode #53, 
plotted in the form of a Tafel diagram. Value of resistor in external 
circuit is indicated for several data points. Date of experiments 2-12-91. 
Note: current = voltage reading of meter (at 10 min)/resistor. 
For calculating the current density, electrode area equals 4.7xl0~6 m2. 
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Fig. 31 Logarithm of current density vs. potential of Pd electrode #58, 
plotted in the form of a Tafel diagram. Value of resistor in external 
circuit is indicated for several data points. Date of experiment: 2-12-91. 
Note: current = voltage reading of meter (at 10 min)/resistor. m 
For calculating the current density, electrode area equals 4.7xl0-6 m2. w 
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Fig. 32 Logarithm of current density vs. potential of Pd electrode #61, 
plotted in the form of a Tafel diagram. Value of resistor in external 
circuit is indicated for several data points. Date of experiment: 2-4-91. 
Note: current = voltage reading of meter (at 10 min)/resistor. 
For calculating the current density, electrode area equals 4.7xl0~® m2. 
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Fig. 33 Logarithm of current density vs. potential of Pd electrode #71, 
plotted in the form of a Tafel diagram, value of resistor in external 
circuit is indicated for several data points. Date of experiment: 2-4-91. 
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electrodes 47 and 58 and at the data point corresponding to 

the 5xl07 resistor in the plot of current for electrode 53. 

However, this observation should not distract from the overall 

straight line behavior of the response from these electrodes. 

The behavior of the Tafel plots at the lower resistor 

values in the eight electrodes is more variable. For example, 

the line of electrode 48 plateaus at the data points for the 

106 and the 5x10s resistors. The current density is equal to 

3.40 mA/m2 at these two points. However, the last point on 

the graph of electrode 48 indicates that the current in the 

circuit increases. In the plot for electrode 52, the current 

in the 500 kiloohm resistor decreases from its value in the 

one megaohm resistor but then jumps to a value (2.12 mA/m2) at 

the end of the experiment that is much higher than the value 

of the current in the one megaohm resistor. In the case of 

electrode 58, the current density decreases to 1.06 mA/m2 from 

1.23 mA/m2 in the last two resistors. In electrodes 47 and 

50, the Tafel line bends at these two data points resulting in 

a shoulder at the end of the graph. Electrode 71 displays 

linear behavior over the entire range of the data points. 

Because the data for electrodes 47, 50, 53, and 58 was taken 

a week after the data for electrodes 48, 52, 61, and 71, the 

plots in Figures 26 through 33 indicate that the electrode 

response is very stable and reproducible. 

In quantifying the results, it is worthwhile to note that 
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the measured current density for all electrodes is 

approximately 30 uA/m2 when the resistor value equals 10® ohms. 

It ranges from 27.6 uA/m2 in electrode 52 up to 38 uA/m2 in 

electrode 47. And, as already mentioned, the current is about 

two orders of magnitude higher at the end of the experiment 

when the resistor value is equal to 10s n. It is interesting 

that the currents in electrode 52 were slightly lower 

throughout the experiment (compared to other electrodes) until 

the jump in current at the last data point. Current levels in 

electrode 58 were also somewhat lower than in the other 

electrodes. In fact, electrode 58 had the lowest measured 

current density at the end of the run: 1.06 mA/m2. For 

comparison, the largest current density at the finish of the 

experiment was 5.31 mA/m2 in electrode 71; the average value 

for the eight electrodes was around 4.00 mA/m2. 

Linear regression analysis was performed on the data 

points that plot the graphs in Figures 26 through 33. The 

results are tabulated in Figure 34. This table also includes 

a column listing the standard deviation in the voltage values 

as well as the correlation coefficient for each Tafel line. 

The remarkable straight line behavior seen in the graphs is 

verified by the correlation coefficients: the values are - .99  

for all eight electrodes. The lowest correlation coefficient 

was -.986 for electrode 52 (the one with the jump in the 

current at the end of the experiment). Also, the standard 
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Fig. 34 

Linear regression analysis of Tafel lines shown in Figures 26 
through 33 from the in-vitro cell. 

Electrode 
ID 

y-
intercept 

(log A/m2) 

Slope 

(mA/m2 mV) 

R2 Std Dev 
x value 

(mV) 

n 

47 -2.19 -.0123 -.993 64.1 1.45 

48 -2.27 -.0123 -.994 62.3 1.46 

50 -2.23 -.0121 -.991 63.7 1.43 

52 -2.91 -.0129 -.986 48.3 1.52 

53 -2.51 -.0118 -.998 60.8 1.39 

58 -2.90 -.0119 -.998 51.1 1.41 

61 -2.20 -.0117 -.99 66.1 1.39 

71 -2.16 -.0132 -.996 61.0 1.56 
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deviation in the voltage readings across the resistor after 10 

minutes is around 60 mV (a rather surprising result). It 

ranged from a low of 48 mV on electrode 52 to a high of 66 mV 

on electrode 61. 

Perhaps the most important entry in the table in Figure 

34 is the value of the slope of the lines. As discussed, this 

value is used to determine the number of electrons transferred 

in an oxidation-reduction reaction. Setting the slopes 

(expressed in units of mA/m2 V) equal to -anF/2.3RT = -n/.118 

(the reciprocal of the b coefficient in the Tafel equation) 

results in "n" equal to 1.5 electrons. Thus, a one or two 

electron process is occurring at the electrode-solution 

interface during this experiment. Slow oxidation or reduction 

would account for a single electron transfer mechanism while 

evidence of a two electron transfer step would strongly 

suggest that oxygen is a causative reactant. 

With this evidence in hand, it is interesting to note the 

results of the nitrogen "sparging" experiment. The oxygen 

concentration before bubbling nitrogen into the electrolyte 

was 7.2 mg/1. After two hours, the concentration had dropped 

to only 1.5 mg/1. Voltages were measured across only the 106 

and the 105 ohm resistors since those points correspond to the 

end point in the Tafel line plot. Figures 35 and 36 show the 

two points plotted for electrode 51 before the nitrogen sparge 

and after. The most obvious difference in the two plots is 
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Potential vs. Ag/AgCI, millivolts 
Pig. 36 Logarithm of current density vs. potential of Pd electrode #51 
after purging electrolyte with nitrogen for two hours. Data plotted in 
form of a Tafel diagram. Resistor in external circuit is 10^ or 10® ohms 
as indicated. Oxygen concentration after sparge: 1.5 mg/1. Date: 2-21-91 
Note there is a change in the slope and magnitude in this Tafel plot 
compared to Figure 35. 
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the slope of the lines: the slope is negative when the oxygen 

concentration in the electrolyte is 7.2 mg/1 but has a 

positive value after sparging with nitrogen. The slope is 

calculated to be -16 mA m"2 V"1 in Figure 35 and it is equal to 

+20 mA m'2 V1 in Figure 36. Another difference between the two 

figures is that a higher level of current is measured through 

the resistors before sparging the buffer with nitrogen. 

Since a negatively sloped Tafel line is the result of a 

reduction reaction while a Tafel line with positive slope 

indicates an oxidation reaction, there is obviously a change 

occurring in the nature of the reaction at the surface of the 

palladium electrode. Note that the slope of the line before 

nitrogen sparging corresponds to a value of n equal to 1.89. 

Apparently, the nitrogen is removing from the electrolyte 

oxygen species that are normally (when their concentration is 

7.2 mg/1) reduced. Under depleted oxygen conditions, or more 

precisely at oxygen concentrations equal to 1.5 mg/1, an 

entirely different reaction takes place in the electrochemical 

cell. Here is further evidence that voltage measurements can 

be directly related to oxygen concentrations; the results of 

this experiment can be used as one of the data points needed 

to develop a curve of oxygen concentration versus potential. 

D. Discussion 

This series of experiments supports the conclusion that 

instrumentation designed to measure oxygen concentrations with 
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a simple palladium electrode is tractable. Palladium 

electrodes immersed in an electrolyte and subjected to 

resistive loads respond in a very predictable manner: currents 

flow in the external circuit as the result of a reduction 

reaction on the electrode surface involving oxygen. This 

reaction is evidently the result of the transfer of one or two 

electrons. A one electron transfer step would indicate that 

electron transfer is rate limiting; a two electron mechanism 

may indicate that the diffusion of an oxygen anion is rate 

limiting. Stating that the reaction in the electrochemical 

cell definitely fits into one of the two mechanisms is not 

possible. Perhaps, as discussed in Chapter 5, both are 

important: the kinetics are limited to a single electron 

transfer per step with the ultimate product being an oxygen 

anion which diffuses away from the electrode surface. 

Since the currents that flow in the circuit are extremely 

small (ranging from a few tenths of a nanoampere up to a 

several hundred nanoamperes) , any instrumentation must have 

components capable of measuring this level of current. Also, 

it is interesting to note that current density measured in 

this experiment (around 30 uA/m2 in the one gigaohm resistor) 

is approximately one-fourth the value reported by Gensler for 

plants connected in a similar manner to a resistive load.1 

This might be expected in view of the fact that the currents 

1 Gensler and Yan, p. 2995. 
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found in a plant are the result of a complex combination of 

sources; the in vitro system is much simpler. Extrapolation 

of any of the results used to derive a calibration curve for 

an in vivo system should take into account these differences. 

As a result of the sparging experiment, the role of 

oxygen in the response of a palladium electrode was more 

clearly outlined. However, it should be noted that more 

experimental data is needed. Of the other electrodes selected 

for the sparging experiment, the response of electrode 57 

varied so much that data interpretation was not possible and 

electrode 47 was inadvertently grounded during the experiment. 

The slopes of the Tafel lines of electrode 60 were positive 

before as well as after nitrogen sparging; the magnitude of 

the slope increased though after bubbling nitrogen through the 

buffer. The problems encountered with electrode 57 indicate 

that the general condition of the electrode surface plays a 

secondary but nonetheless important role in the performance of 

an oxygen sensor. 

Further experiments are needed to explore the nature of 

interaction between nitrogen purging and the ability of the 

sensor to monitor oxygen. The experiments in the next chapter 

attempt to do this. 

E. Chapter Summary 

The palladium electrodes in the in vitro electrochemical 

cell demonstrate definite Tafel behavior. The graphs are 

straight from the first data point until almost the last one 
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(with correlation coefficients better than .99) . At the lower 

potentials, the current density is approximately 4 mA/m2 

(averaged from eight electrodes) while at higher potentials 

the average is 30 uA/m2. The slopes of the Tafel lines have 

been measured with a resulting value of n (the number of 

transferred electrons in the electrode reaction) equal to 1.5. 

An experiment was also conducted in which the oxygen 

concentration in the cell was depleted through nitrogen 

sparging. Preliminary results indicate that the slope of the 

Tafel plot changes after sparging with nitrogen. 
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VIII. Electrode Response After Oxygen Depletion and 

"Stripping Voltammetry" 

A. Introduction and Objective 

Since the results of the experiments in the last chapter 

indicate that nitrogen sparging does alter the electrode's 

Tafel line behavior, further experiments were conducted on the 

electrochemical cell depleted of oxygen. The purpose of these 

experiments was to simply obtain more experimental data (some 

of the conclusions in chapter 7 were based only on a few 

electrodes) and to observe the extent to which oxygen 

depletion affects the metal electrode. This was accomplished 

by measuring the voltage-time patterns of several electrodes 

after nitrogen sparging and using a variation of the method of 

"stripping voltammetry." 

Stripping voltammetry is an electroanalytical technique 

in which the reduced form of a metal is deposited on the 

surface of an electrode by driving the electrode to positive 

potentials in a strictly controlled manner. This surface 

coating of metal is then dissolved by oxidizing it during a 

voltage scan to more negative potentials. The potentials in 

the resulting "stripping voltammogram" yield qualitative 

information about the surface reactions. In the present 

experiment, a negative voltage was impressed on the palladium 

electrode to determine if the concentration of oxygen on the 

surface could be altered. 

B. Materials and Methods 
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Electrochemical cell: 1 cm round wire (150 um diameter) 

Pd working electrode, Ag/AgCl double junction reference 

electrode (Orion model 90-02). The inner (Orion #90-00-02) 

and outer (Orion #90-00-03) filling solutions for the 

reference electrode were changed prior to running the 

experiment. 

Electrolyte: Phosphate buffer (Sigma catalog #P3288, lot 

#118F-4426) dissolved in double distilled deionized water, pH 

6.96, 22° C. 

Electrodes used in experiment: 47, 49, 52, 58, 61. 

Instrumentation: Keithley model 602 solid state 

electrometer (UA ID #004301) with input impedance set to 10n 

ohms to prevent loading of the external circuit. 

The external circuit consisted of a one megaohm resistor 

connected between the working and reference electrodes. A 9 

volt battery connected between the electrodes was used for 

anodic stripping. The potential of the battery was adjusted 

to either -25 mV or -200 mV with a variable potentiometer. 

See Figure 37. 

To deplete the oxygen in the cell, commercial grade 

nitrogen was bubbled through the electrolyte. The 

concentration of oxygen was monitored using a YSI Oxygen Probe 

(model 5739) immersed in the buffer solution and connected to 

the YSI model 51B Oxygen Meter. 

The experimental procedure is as follows: The guiescent 
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Fig. 37 Schematic diagram of the circuit in the experiment to measure 
the quiescent voltage on Pd electrodes before and after purging the 
electrolyte with nitrogen for several hours. Quiescent potential measured 
by removing resistor from external circuit and connecting Keithley 
voltmeter directly across the Pd and Ag/AgCl electrode to read potential. 
Circuit is also used in anodic stripping experiment. Potential of battery 
is adjusted to either -25 mV or -200 mV and Pd electrode is connected to 
external circuit for five minutes. Electrode is then disconnected and the 
voltage across the resistor is monitored for five minutes. 
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voltage on each electrode was measured before bubbling 

nitrogen gas into the electrolyte. After sparging with 

nitrogen for two hours, the quiescent voltages were measured 

again and the electrodes were connected to the resistor in the 

external circuit. Next, the voltage across the resistor was 

monitored with the Keithley and the readings after 1, 2, 3, 4, 

and 5 minutes were recorded. Note that this method allows the 

current in the circuit to be calculated from each of these 

measurements. 

After four hours of nitrogen bubbling, the resistor was 

removed from the circuit. It was replaced by the 9 volt 

battery whose potential was adjusted to -25 mV. This voltage 

was impressed on the electrodes for five minutes. The 

electrodes were then disconnected and the open circuit voltage 

of each was measured after 1, 2, 3, 4, and 5 minutes. 

After six hours of nitrogen sparging, the resistor was 

rewired into the external circuit. The quiescent voltage on 

each electrode was measured. The electrodes were then 

connected to the circuit and, once again, the voltage readings 

at 1, 2, 3, 4, and 5 minutes were recorded. 

C. Results 

The oxygen concentration before the nitrogen purge was 

5.2 mg/1. After two hours, it had decreased to 0.8 mg/1 and 

after four hours it decreased further to 0.75 mg/1 where it 

remained at that value for the rest of the experiment. The 

rapid decrease in oxygen concentration after only two hours 
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and its constant concentration thereafter indicates that the 

nitrogen was effective in removing oxygen from the electrolyte 

solution. 

The experimental results have been analyzed in three 

different ways. In Figures 38a and 38b, bar graphs are used 

to compare the quiescent voltages on each electrode before 

bubbling nitrogen into the cell with the measured voltages 

after "sparging" for 2 and 6 hours. Two hours of sparging 

reduces the voltage on the electrodes only slightly. The 

quiescent voltage decreased 16 mV on electrode 47 and only 10 

mV on electrode 58. On the other electrodes, the change in 

voltage ranged from zero to -7 millivolts. Evidently, the 

nitrogen acts very slowly in removing oxygen (which may be 

specifically adsorbed) from the surface of an electrode. 

The quiescent voltage on all five electrodes further 

decreased after six hours of nitrogen sparging (and an 

intervening anodic strip). Electrode 47 decreased to 156 mV, 

electrode 58 decreased to 174 mV and the voltage drop on 

electrode 61 was -25 mV. The greatest change in voltage 

occurred in electrodes 49 and 52: a drop of -60 mV was 

recorded in 49 and a drop of -68 mV was recorded in 52. The 

wide variations in quiescent voltages among the five 

electrodes throughout the experiment is rather interesting. 

It should also be noted that the fluctuations in potential 

caused by the nitrogen sparging are no greater than some of 

the weekly variations observed on an electrode "at rest." 
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Electrode ID 
Fig. 38a Bar graph indicating the measured electrode potential on Pd 
electrodes in an electrochemical cell before and after purging the 
electrolyte (phosphate buffer, pH = 6.96, 22° C) with nitrogen. 

Oxygen concentration before sparge: 5.2 mg/1. Oxygen concentration 
after 2 hour sparge: 0.8 mg/1. Oxygen concentration after 6 hour 
sparge: 0.75 mg/1. Date of experiment: 10-1-91. 
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Electrode ID 
Fig. 38b Bar graph indicating the measured electrode potential on Pd 
electrodes in an electrochemical cell before and after purging the 
electrolyte (phosphate buffer, pH = 6.96, 22° C) with nitrogen. 
Oxygen concentration before sparge: 5.2 mg/1. Oxygen concentration 
after 2 hour sparge: 0.8 mg/1. Oxygen concentration after 6 hour 
sparge: 0.75 mg/. Date of experiment: 10-1-91. 
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Figures 39 through 43 are potential-time graphs of the 

five electrodes. The voltage variation across the one megaohm 

resistor after a 2 hour nitrogen purge is shown by the lines 

with the marker symbol the line with the filled triangle 

marker symbol is the voltage variation after a total of six 

hours of nitrogen sparging. The x-axis has been divided into 

one minute segments with the quiescent reading (at 0 minutes) 

recorded first. In general, the voltage across the resistor 

decreases rapidly as soon as the electrode is connected to the 

external circuit. In the case of electrode 58, the potential 

went from 215 mV to only 2.4 mV, a decrease by a factor of 

100. After one minute, the voltage across the resistor in all 

five electrochemical cells ranges between 1.0 and 7.6 mV. 

And, over the next several minutes, the voltage varies only 

slightly; the magnitude of the voltage changed only 0.8 mV 

during this period in the cell with electrode 49. All 

voltages were positive after 5 minutes and ranged from 0.5 to 

6.9 mV. 

The current has been calculated based on the resistor 

value and the measured voltage. Current with a magnitude of 

approximately 10 nA is observed flowing in the cells despite 

bubbling nitrogen into the electrolyte for two hours. This 

current is not transient in nature; it remains more or less 

constant for a period of more than 10 minutes (data not 

shown). 

The overlap between the lines for the 2 hour purge and 
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Fig. 39 Potential-time curve for Pd electrode #47 after 2 hours and 
6 hours of sparging the electrolyte in the cell with nitrogen. Potential 
is measured across a 1 megaohm resistor in circuit. Oxygen concentration 
after 2 hours: 0.8 mg/1. Oxygen concentration after 6 hours: 0.75 mg/1. 
Date of experiment: 10-1-91. Note that the two curves coincide at every 
point except for the initial data point. 
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Pig. 40 Potential-time curve for Pd electrode #49 after 2 hours and 
6 hours of sparging the electrolyte in the cell with nitrogen. Potential 
is measured across a 1 megaohm resistor in circuit. Oxygen concentration 
after 2 hours: 0.8 mg/1. Oxygen concentration after 6 hours: 0.75 mg/1. 
Date of experiment: 10-1-91. Note that the two curves coincide at every t-o 
point except for the initial data point. 
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Fig. 41 Potential-time curve for Pd electrode #52 after 2 hours and 
6 hours of sparging the electrolyte in the cell with nitrogen. Potential 
is measured across a 1 megaohm resistor in circuit. Oxygen concentration 
after 2 hours: 0.8 mg/1. Oxygen concentration after 6 hours: 0.75 mg/1. 
Date of experiment: 10-1-91. Note that the two curves coincide at every 
point except for the initial data point. 

!-• co 



w 
+j 
rh 
o > 

u 
CP 
< 
&< 
< 

w 
> 

<a 
•h 
-p 
c a) 
-p 
o 
& 

225 

200 

17! 

150 

125 

100 

75 

50 

25 

0 

-25 

-50 

-75 

-100 

=sb= -sb- —b-

~t~ 
0 1 

"t" 
3 

-b-

2 hr purge 

6 hr purge 

Time (in 1 min increments) 
Fig. 42 Potential-time curve for Pd electrode #58 after 2 hours and 
6 hours of sparging the electrolyte in the cell with nitrogen. Potential 
is measured across a 1 megaohm resistor in circuit. Oxygen concentration 
after 2 hours: 0.8 mg/1. Oxygen concentration after 6 hours: 0.75 mg/1. 
Date of experiment: 10-1-91. Note that the two curves coincide at every 
point except for the initial data point. 

lo -j 



1 1 1 1 i i 
0 1 2 3 4 5 

Time (in 1 min increments) 
Fig. 43 Potential-time curve for Pd electrode #61 after 2 hours and 
6 hours of sparging the electrolyte in the cell with nitrogen. Potential 
is measured across a 1 megaohm resistor in circuit. Oxygen concentration 
after 2 hours: 0.8 mg/1. Oxygen concentration after 6 hours: 0.75 mg/1. 
Date of experiment: 10-1-91. Note that the two curves coincide at every 
point except for the initial data point. 
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the 6 hour nitrogen purge is rather surprising. It was 

thought that extended nitrogen sparging (as well as an anodic 

stripping of the electrode) would lower the final voltages 

measured across the resistor for the five electrochemical 

cells. However, despite the rigorous treatment, the 

potential-time response was amazingly consistent. Perhaps the 

response is due to deeply absorbed oxygen since the 

electrode's surface profile is believed not to be perfectly 

smooth but pitted with ridges and valleys. As has been 

mentioned, the nitrogen purge may not have removed this 

oxygen, with the result being potential-time graphs that 

coincide. 

The effect of active stripping on the electrode response 

is shown in Figures 44 through 48. The lines with the "+" 

symbol plot the open circuit voltage variation after 

anodically stripping at -25 mV. It is observed that as soon 

as the battery is removed, the open circuit voltage begins to 

increase. On electrodes 47, 52, 58, and 61, the voltage was 

already positive after only one minute. The open circuit 

voltage on electrode 61, for example, increased to 80 mV from 

the initial -25 mV. Only electrode 49 had a negative voltage 

(-5 mV) at the one minute interval. The rapid rise in the 

open circuit voltage continues for three minutes followed by 

a more gradual rise until the end of the experiment. After 10 

minutes, all five electrodes had a positive voltage with none 

being lower than almost 50 mV. The trend in the voltage 
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Pig. 44 Effect of anodic stripping on potential-time curve of Pd 
electrode #47. Measured potential is the open circuit voltage after 
applying either -25 mV (shown by the curve with the "+" marker) or 
-200 mV (shown by the curve with the "x" marker) to the electrode for 
5 or 15 minutes. Quiescent potential: 181 mV. Date: 10-1-91. 
Stripping at -200 mV has the greatest effect on electrode response. 
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Fig. 45 Effect of anodic stripping on potential-time curve of Pd 
electrode #49. Measured potential is the open circuit voltage after 
applying either -25 mV (shown by the curve with the "+" marker) or 
-200 mV (shown by the curve with the "x" marker) to the electrode for 
5 or 15 minutes. Quiescent potential: 164 mV. Date: 10-1-91. 
Stripping at -200 mV has the greatest effect on electrode response. 
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Fig. 46 Effect of anodic stripping on potential-time curve of Pd 
electrode #52. Measured potential is the open circuit voltage after 
applying either -25 mV (shown by the curve with the "+" marker) or 
-200 mV (shown by the curve with the "x" marker) to the electrode for 
5 or 15 minutes. Quiescent potential: 188 mV. Date: 10-1-91. 
Stripping at -200 mV has the greatest effect on electrode response. 
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Pig. 47 Effect of anodic stripping on potential-time curve of Pd 
electrode #58. Measured potential is the open circuit voltage after 
applying either -25 mV (shown by the curve with the "+" marker) or 
-200 mV (shown by the curve with the "x" marker) to the electrode for 
5 or 15 minutes. Quiescent potential: 225 mV. Date: 10-1-91. 

Stripping at -200 mV has the greatest effect on electrode response. 
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Pig. 48 Effect of anodic stripping on potential-time curve of Pd 
electrode #61. Measured potential is the open circuit voltage after 
applying either -25 mV (shown by the curve with the "+" marker) or 
-200 mV (shown by the curve with the "x" marker) to the electrode for 
5 or 15 minutes. Quiescent potential: 211 mV. Date: 10-1-91. 
Stripping at -200 mV has the greatest effect on electrode response. 
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increase was to return to the quiescent value. Electrodes 47, 

58, and 61 seemed to recover the most rapidly; the recovery of 

electrode 47 was in fact quite dramatic. The ability of the 

electrodes to rapidly recover from a -25 mV stripping step may 

be evidence of the tenacity of deeply absorbed or surface 

adsorbed oxygen. 

Because application of -25 mV was not successful in 

removing oxygen from the electrodes, another attempt was made 

to anodically strip using -200 mV (applied to the electrodes 

for 15 minutes). The results are plotted by the lines with 

the "x" marker in Figures 44 through 48. Under this 

condition, the electrodes response was significantly altered. 

Once disconnected from the battery, the open circuit 

potentials ranged from a low of -81 mV on electrode 49 to a 

high of -40 mV on electrode 61. Over the next four minutes, 

the open circuit potential increased at a rate of only 6 

mV/min. After 10 minutes, electrode 61 was the only one that 

had a positive voltage (+16 mV). The potentials on the other 

electrodes ranged from -12 to -37 mV. Once again, electrodes 

47, 58, and 61 were the electrodes that recovered the most 

rapidly after the anodic stripping step. 

D. Discussion 

If the concentration of oxygen at the surface of the 

electrode could have been depleted by simply bubbling nitrogen 

through the electrolyte, then the current flowing in the cell 

would have decreased during the course of the experiment. 



146 

This did not occur and the results indicate a positive current 

still flowed in the circuit after 6 hours of nitrogen 

sparging. Since a galvanic cell is formed when the electrodes 

are connected to the resistor in the external circuit, a 

positive current indicates that electrons are flowing from the 

Ag/AgCl electrode (anode) to the Pd electrode (cathode). The 

species being reduced at the Pd surface is most likely oxygen. 

Stripping the Pd electrode with just slightly negative 

potentials (at -25 mV versus Ag/AgCl) does not remove adsorbed 

oxygen. The present experiments show that the oxygen species 

adheres very strongly to the surface of the electrode. 

Results of experiments in previous chapters indicate that at 

-25 mV the predominant reaction on a clean electrode surface 

is adsorption of hydrogen. It was observed here that a very 

negative applied potential is needed before any oxygen 

desorption occurs (and subsequent change in direction of 

current in the cell). Apparently oxygen and hydrogen compete 

for binding sites on the palladium surface; the balance is 

shifted depending on the electrode's potential. The 

competition between oxygen and hydrogen molecules probably 

limits the role of any other chemical species. 

Further evidence that oxygen on the electrode surface is 

difficult to remove was the observation that bubbling nitrogen 

into cell rapidly removes oxygen only from the electrolyte. 

The strong bonding between oxygen and the palladium electrode 

suggests the interaction might be more complicated than just 
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specific adsorption. Deeply absorbed oxygen may have an 

important role. 

From the list of possible haIf-reactions mentioned in 

Chapter 5, the oxidation/reduction reaction occurring in the 

cell is probably 

Pd, 02 + 2 H20 + 4 e" <—> 4 OH" 

Note that this reaction proceeds in the forward direction as 

long as the potential of the palladium electrode is positive 

with respect to the reference electrode. 

E. Chapter Summary 

In summary, nitrogen sparging was effective in lowering 

the quiescent voltages on palladium electrodes. After six 

hours, there was a drop in potential of 60 mV on some 

electrodes. Potential-time curves indicated that there was no 

difference, however, in the relaxation response of the 

electrodes connected to an external circuit. Also, an anodic 

stripping step at -25 mV was unable to change the response: 

the electrodes seemed to recover quickly from this applied 

potential. A stripping step at -200 mV though did 

significantly alter the potential-time behavior of the five 

electrodes. The electrodes required more than 10 minutes to 

recover. 

The important conclusion from these experiments is that 
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oxygen is seen to be the causative reactant in the in vitro 

electrochemical cell. The data also supports a model of fast 

oxygen adsorption but slow oxygen desorption and agrees with 

the results of earlier experiments. 

Now that the causative reactant has been identified, it 

is possible to start developing a graph of concentration as a 

function of potential. Another set of experiments will be 

conducted to examine the electrode response in a cell under 

enhanced oxygen concentrations. 
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IX. Electrode Response After Oxygen Enhancement 

A. Introduction and Objective 

The next series of experiments were conducted with the 

oxygen concentration of the electrolyte in the electrochemical 

cell artificially enhanced. Oxygen "sparging" was accomplished 

by simply bubbling the gas into the electrolyte for two hours. 

The increase in the oxygen concentration was monitored using 

the oxygen probe. As mentioned, there is an opening in the 

top of the electrochemical cell specifically for inserting the 

probe. The goal of the experiment was to observe the effect 

of increased oxygen concentration on the electrode's response 

and to compare with the experimental results of the 

electrochemical cell under ambient oxygen concentrations. 

B. Materials and Methods 

The in vitro electrochemical cell used in this experiment 

is the one which has been used in previous experiments. Fresh 

phosphate buffer electrolyte was added to the cell chamber. 

Electrodes in experiment: 47, 49, 52, 55, 58, 61. 

Instrumentation: Keithley 602 multimeter, UA ID# 004301. 

For the second part of the experiment, an external voltage was 

applied to the electrodes using a 9 volt battery with output 

voltage adjusted using a variable potentiometer. 

External circuit: none for the first part of the 

experiment since the procedure is to monitor the open circuit 

voltage. For the second part of the experiment, a center-null 

switch was soldered to the wires of the electrode so that the 
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electrodes could be rapidly connected and subsequently removed 

from the power supply. With the switch in the "up" position, 

the palladium electrodes were connected to the positive 

terminal of the battery and the reference electrode was 

connected to the negative terminal. In the "down" position, 

the Pd electrode was connected to the input of the Keithley 

and the AgCl electrode was connected to the output of the 

voltmeter thus initiating a sequence for monitoring the open 

circuit potential. 

Before beginning the experiment, the oxygen probe was 

calibrated according to the procedure outlined in Chapter 7. 

Commercial grade oxygen was obtained in cylinders from a 

local company (AWECO, Tucson). 

The experimental procedure consisted of two parts. The 

quiescent voltage on all six electrodes was measured at the 

start of the experiment with the Keithley. Also, the oxygen 

concentration of the electrolyte was measured using the oxygen 

probe immersed in the electrolyte. Next, oxygen was bubbled 

into the buffer for two hours. The flow rate of oxygen was 

adjusted such that a slow but steady stream of oxygen flowed 

into the cell; this required no more than a quarter turn of 

the regulator valve. Over the course of two hours, the oxygen 

stream needed to be periodically adjusted to insure that the 

rate was constant. After two hours, the oxygen was turned off 

and the concentration in the cell was measured. The quiescent 

voltages on the electrodes were again measured to determine 
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the effect of enhanced oxygen. 

In the second part of this experiment, voltages were 

applied to the electrodes for one minute starting with a 

potential of 220 mV. After one minute, the electrodes were 

disconnected from the battery (by flipping the switch from the 

"up" position to the "down" position) and the open circuit 

potential of the palladium electrodes was recorded. Readings 

were taken at 30, 60, and 120 seconds. After a run, the 

setting of the battery was increased by 10 mV and the 

experiment repeated using the higher potential impressed on 

the palladium electrode. The applied potentials ranged from 

220 to 330 mV. The result is a series of data points that 

have been plotted in the format of potential-time curves for 

electrodes 47, 49, 52, 55, and 58. These graphs are shown in 

Figures 50 through 54. 

C. Results 

The oxygen concentration before bubbling gas into the 

electrolyte was 7.4 mg/l. After two hours, the concentration 

had increased to greater than 15 mg/l (off the scale of the 

meter). A preliminary measurement after only 1 hour indicated 

that the oxygen concentration was already more than 15 mg/l. 

The rapid increase indicates that oxygen gas can be absorbed 

rather easily into the electrolyte. During the oxygen 

sparging process, there was no change in the electrolyte 

temperature (21° C) nor pH level (equal to 6.93). 
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Figure 49 is a bar graph showing the quiescent voltage on 

five of the electrodes before and after oxygen sparging 

(electrode 55 is not included in the graph because its initial 

voltage reading, by accident, was not recorded). The 

quiescent voltages on electrodes 47, 49, 52, and 61 were 

higher after two hours of oxygen sparging. The voltage 

increased 15 mV on electrode 47 and it increased 13 mV on both 

electrodes 49 and 52 while it increased 11 mV on electrode 61. 

The only electrode which showed a decrease in quiescent 

voltage was electrode 58; the potential was 11 mV lower after 

oxygen sparging. The reason for the decrease observed on #58 

is not known. It is interesting though how similar the 

voltage increases are for electrodes 47, 49, 52, and 61. An 

average increase of 7% is observed in voltage after oxygen 

sparging. These results provide further evidence that the 

electrode voltage is directly related to the oxygen 

concentration in vitro. 

The second part of the experiment duplicates the 

experiments performed in Chapter 3: the relaxation response of 

an electrode to an applied potential is monitored to observe 

any significant characteristics. Looking at Figures 50 

through 54 it is observed that electrode 58 has a response 

that relaxes only very gradually during the course of the 

experiment. When the applied potential was 220 mV, the 

potential after two minutes had not decreased (it even 

increased slightly at the 30 second reading). Also, the 



tn 
-p 
rH o 
> 
•H 
rH 
h 
*rl 
e 

u 
CP 
< 
\ 

ro 
•h +j 
c <d 
-p 
o 
a 
<d 
o 
•p 
o <d rh w 

250 r-

20D -

150 -

100 -

Quiescent 

2 hr purge 

Electrode ID 
Fig. 49 Bar graph indicating the measured electrode potential on Pd 
electrodes in an electrochemical cell before and after sparging the 
electrolyte (phosphate buffer, pH = 6.93, 21° C) with oxygen. 

Oxygen concentration before sparge: 7.4 mg/l. Oxygen concentration 
after 2 hour sparge: greater than 15 mg/l (off scale of meter). 
Date of experiment: 10-19-91. 

h-1 ln u> 



280 r 

u) •p 
i—i 
o > 

•H 
e 

270 

260 

u 250 
< 
o> 
< 240 

q-

u 
> 
i—i 
(0 
•h 
+> 
c 
a) 
a 
o 
& 

230 

220 

X-
-k 

210 
0 30 60 120 

Time, seconds 
Fig. 50 Effect on the potential-time curve of Pd electrodes after 
increasing the oxygen concentration of electrolyte (>15 mg/1). Measured 
potential is the relaxation response to applied potentials on electrode 
#47. Order of experimental runs: 220 mV 230 mV ("x"), 240 mV 
(filled triangle), 250 mV (empty box), 260 mV (n+n), and 270 mV (filled 
box). Runs from 280 mV to 330 mV not shown. Date of experiment: 11-18-91. 



280 

in 
-p 
rh 
o 
> 
•h 

•H 
e 

cj 
tr> 
< 

>< 

co 
> 

(d 
•H 
•P 
C 
0) 
-p 
o 

270 

260 

250 

240 

230 

220 

210 
0 30 60 120 

Time, seconds 
Fig. 51 Effect on the potential-time curve of Pd electrodes after 
increasing the oxygen concentration of electrolyte (>15 mg/1). Measured 
potential is the relaxation response to applied potentials on electrode 
#49. Order of experimental runs: 220 mV 230 mV ("x"), 240 mV 
(filled triangle), 250 mV (empty box), 260 mV ("+"), and 270 mV (filled 
box). Runs from 280 mV to 330 mV not shown. Date of experiment: 11-18-91. 

in ui 



28Dr 

ui 
+> 
r—i 
o 
>, 
•h 

•H 
e 

270 

260 

& 250 
< 
c* 
< 
. 240 
w 
> 

3 230 
•p 
c a) 
-p 
o 
04 

220 

210 
0 30 60 120 180 

Time, seconds 
Fig. 52 Effect on the potential-time curve of Pd electrodes after 
increasing the oxygen concentration of electrolyte (>15 mg/1). Measured 
potential is the relaxation response to applied potentials on electrode 
#52. Order of experimental runs: 220 mV 230 mV ("x"), 240 mV 
(filled triangle), 250 mV (empty box), 260 mV ("+"), and 270 mV (filled 
box). Runs from 280 mV to 330 mV not shown. Date of experiment: 11-18-91. 

ui 
(71 



0 30 60 120 

Time, seconds 
Fig. 53 Effect on the potential-time curve of Pd electrodes after 
increasing the oxygen concentration of electrolyte (>15 mg/1). Measured 
potential is the relaxation response to applied potentials on electrode 
#55. Order of experimental runs: 220 mV 230 mV ("x"), 240 mV 
( f i l led t r iangle) ,  250 mV (empty box) ,  260 mV ("+") ,  and 270 mV ( f i l led tn 
box) .  Runs f rom 280 mV to  330 mV not  shown.  Date  of  experiment:  11-18-91. 
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decrease in potential was very gradual for runs with an 

applied potential of 230, 240, and 250 mV: the potential 

changed only -1 mV, -4 mV, and -4 mV respectively. Even when 

the applied potential was 270 mV, the reading at the end of 

two minutes was 264 mV. Above 280 mV, the voltage decreases 

were somewhat larger. The response of electrode 47 was very 

similar to the response of electrode 58. 

In comparison, the electrode showing the most abrupt 

change in potential over the two minute period was electrode 

55. During the first run, the potential decreased from 220 mV 

down to 209 mV, a change of 11 mV. When the applied potential 

was 245 mV, the final voltage reading was 232 mV. By the 

sixth run (when the applied initial potential was 270 mV) the 

voltage decrease was as large as 15 mV. Large potential 

changes also occurred in the runs with initial settings of 320 

and 330 mV: the voltages decreased 20 mV and 22 mV. 

It should be noted that the curves in Figures 50, 51, 52, 

53, and 54 are only the relaxation responses up to 270 mV (the 

graphs for applied potentials between 280 and 330 mV are not 

shown). The reason is the current-voltage curves at 220, 230, 

and 240 mV already exhibit their most significant difference 

from curves obtained with ambient oxygen concentrations: the 

relaxation is much more gradual if the concentration of oxygen 

in the electrolyte is enhanced. The response of electrodes in 

Chapter 3 to an applied potential is a rapid change in voltage 

once the battery is disconnected. For instance, in that 
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chapter an applied potential of 200 mV decreased to 114 mV on 

electrode 54 after just two minutes. This is almost four 

times the voltage decrease observed on electrode 55 in the 

present experiments. 

D. Discussion 

The results of this experiment provide important data in 

developing a calibration curve measuring oxygen concentration 

as a function of potential. We now have the results of 

experiments at oxygen concentrations equal to 0.75 mg/1, at 

approximately 7.0 mg/1, and at concentrations greater than 15 

mg/1. It was not possible to determine the exact oxygen 

concentration in this experiment since the reading was off the 

scale of the instrumentation. Further research is needed to 

determine exact oxygen concentrations resulting from the 

oxygen sparging step. 

High concentrations of oxygen in the electrolyte elevates 

the potentials of electrodes in the in vitro electrochemical 

cell. Large amounts of oxygen apparently assist in insulating 

the electrodes from wide voltage fluctuations caused by 

external sources. Perhaps the oxygen adsorbed on the surface 

of an electrode increases the ability of the double layer to 

maintain its capacitor-like properties. 

It is likely that the surface condition of an electrode 

plays an important role in determining the relaxation 

response. Previous experiments have indicated that an 

electrode's response remains fairly consistent despite the 
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surface condition. One effect of the surface condition could 

be that electrodes with relatively rough surfaces absorb much 

more oxygen (because they have increased surface areas) than 

those with relatively smooth surfaces. This is undesirable 

since the amount of deeply absorbed oxygen is difficult to 

assess. Errors in expressing the oxygen coverage may result 

if residual amounts of the gas are "beneath" the electrode 

surface. Preparation of "clean" electrode surfaces should be 

an important practical consideration. 

Applications incorporating the electrochemical system may 

need to take into account individual variations among the 

electrodes. The problem can be minimized by using a larger 

number of electrodes to sample the data. This might prove to 

be a hinderance in the development of an irrigation control 

system, however. Despite this drawback, the simplicity of 

determining gas concentrations based on solely on measured 

potentials warrants further consideration of the palladium 

electrochemical system. 

E. Chapter Summary 

The quiescent voltage on palladium electrodes is higher 

after bubbling oxygen gas through the electrolyte of an 

electrochemical cell. The average voltage increase in this 

experiment was 7% for four electrodes. In addition, the 

relaxation response of palladium electrodes to applied 

potentials (ranging up to 330 mV) is much more gradual under 

enhanced oxygen concentrations than under ambient conditions. 
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In some cases, the applied potential decays only 1 mV after an 

oxygen sparging step. Evidently, the adsorbed oxygen on the 

surface insulates the electrodes from wide voltage 

fluctuations caused by external sources. 
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X. Final Results and Summary 

A. Constructing an Adsorption Isotherm 

As discussed in Chapter 2, the adsorption isotherm 

relates the fractional coverage of a chemical species on the 

surface of an electrode with potential. Denoted by the symbol 

6, the fractional coverage equals Q/QH,s/ where Q is the charge 

of the adsorbed species and QHS is the saturation hydrogen 

coverage. Thus, Q0/2QHS = 1 indicates one oxygen atom per 

surface electrode atom. 

Analytically, it is useful to derive expressions for 

quantities such as capacitance and current in terms of 6. 

Starting with the familiar mathematical differential 

expressions of these quantities, the derivation is 

straightforward. For example, in Chapter 4 the experiments 

measured current as a function of potential. Current is given 

by the equation 

i = dQ/dt 

which is equivalent to 

i = (dQ/dE)(dE/dt) 

Since 
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C = dQ/dE = Qhs d0/dE 

the final expression for the current becomes 

i = (Qhs dE/dt) d O / d E  

When dE/dt is constant, the adsorption charge as a function of 

potential is obtained by integrating a voltammogram.1 

Gilman has devised a technique for measuring QHS from 

constant-current charging curves. The procedure assumes that 

the coverage of hydrogen atoms at o volts is one monolayer and 

that the coverage is zero at the inflection separating the 

hydrogen adsorption region and the double layer region.2 In 

general, this method is also suitable for determining QHS from 

current-potential curves. The potential of the current 

minimum that follows the second cathodic hydrogen peak in a 

voltammogram (using a platinum electrode) is taken as the 

integration end point. The hydrogen adsorption and H2 

evolution branches of the curve are extrapolated to further 

define the current minima. In addition, a baseline is drawn 

which corrects for the charging of the double layer.3 Thus, 

1 Woods, p. 29. 

2 S. Gilman, "The Anodic Film on Platinum Electrodes" in 
Electroanalvtical Chemistry, ed. Allen J. Bard. (New York: Marcel 
Dekker Inc., 1967), II, pp. 126-128. 

3 Gilman, p. 127. 
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the area between the curve and the baseline, from the zero 

current voltage to the end point, defines the charge QHS. The 

peaks in a voltammogram at anodic potentials are analyzed in 

a similar manner to determine Q0. In this case, the 

integration end point is a vertical line which is drawn to 

separate the regions of rising current due to oxygen evolution 

from the decaying surface oxidation current.4 

One problem with the technique is that it is somewhat 

arbitrary: extrapolation of the curve is only an approximation 

of the actual function. Woods reports that integration to the 

current minimum sometimes results in serious underestimations 

of Qhs although this did not occur in unstirred electrolytes.5 

Another problem is that the inflection point in the hydrogen 

region is somewhat dependent on the surface roughness of the 

electrode and the temperature of the measurement.6 There are 

also problems with the technique in the oxygen region. 

Coverage due to oxygen adsorption does not depend solely on 

the electrode potential; it also depends on the previous 

"history" of the electrode.7 This hysteresis effect becomes 

evident when the anodic potential is greater than 1 voit. 

Finally, the presence of halide and sulfate ions inhibit the 

4 Gilman, p. 134. 

5 Woods, p. 51. 

6 Woods, p. 53. 

7 Woods, p. 61. 
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commencement of oxygen adsorption and decreases the coverage 

under constant conditions.8 

However, these problems seem to be related specifically 

to experiments conducted with platinum electrodes; not much 

has been reported (previously) on experiments with palladium 

electrodes. it is known that palladium is capable of 

absorbing hydrogen to a remarkable extent; one difficulty in 

interpreting adsorption data is separating the adsorption 

charge from the charge due to hydrogen dissolved in the 

metal.9 Woods also reports that oxygen adsorption on 

palladium commences at approximately the same potential as on 

platinum and that this behavior is increasingly irreversible 

as the anodic limit of the scan is increased.10 Other 

experiments indicate that palladium dissolves rapidly in the 

presence of halide ions causing large corrosion currents. The 

results of the present experiments provide more information 

about the processes occurring on palladium electrodes. 

The voltammograms in Chapter 4 have been analyzed using 

the procedure outlined by Gilman to measure Q0 and QHS. 

Integration was based on the trapezoidal rule and performed 

with a programmable calculator (Hewlett-Packard, model HP-

11C) . Figure 55 shows extrapolation of the curves in the 

8 Woods, p. 67. 

9 Woods, pp. 109-111. 

10 Woods, p. 111. 
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hydrogen and oxygen regions as well as the baseline correction 

for the charging of the double layer. The integration end 

point in the hydrogen region was chosen to be 0 volts; in the 

oxygen region, the end point was simply at the last data point 

(0.94 volts). Note that this is well below the oxygen 

evolution potential. Values of Q0/2QHS were calculated as 

follows: The area of the upper curve was subtracted from the 

area of the lower curve in the hydrogen region to give QHS. 

Then, the area under the curves in the oxygen region was 

calculated at .10 volt increments from .54 to .94 volts to 

give Q0. Their ratio gives values of 6 as a function of 

potential for the electrochemical cell in the laboratory. 

Figure 56 is the adsorption isotherm for palladium electrodes 

in a pH = 6.88 phosphate buffer at 20° C. 

The coverage of oxygen increases linearly over the 

measured range of potentials; its value increases from zero to 

.05. Woods also reports linear behavior of 9 with potential 

for palladium electrodes (in 1 M H2S04 at 25° C) .u In that 

isotherm, the coverage reaches a distinct plateau, however, at 

approximately 2 volts. Failure to observe the plateau in 

Figure 56 is simply because the measurements were not taken to 

sufficiently high potentials. In addition, the 8 values 

indicated in Figure 56 are somewhat lower than those reported 

11 Woods, p. 113. 
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by Woods or Gilman.12 The difference may be due to the 

observation that in H2S04 solutions thick oxide films form on 

the electrode surface. These oxide films significantly alter 

the performance of the electrode. Thus, the isotherm in 

Figure 56 probably predicts more accurately the oxygen 

behavior in plants. The next step would be to use a series of 

isotherms, derived from the in vitro cell with varying oxygen 

concentrations, as the calibration curve for electrodes 

inserted into plants. 

B. Summary 

This thesis reports the results of experiments conducted 

to investigate the hypothesis that oxygen causes voltage 

fluctuations observed in certain electrochemical cells. The 

goal was to monitor both in vitro and in vivo electrochemical 

cells under various conditions and to determine the role of 

oxygen. The ultimate objective is to develop a palladium 

electrode oxygen sensor. 

Initial experiments were done by simply observing the 

relaxation response of a voltage applied to palladium 

electrodes immersed in phosphate buffer. The resulting 

potential-time curves indicate that the electrode response is 

very consistent and reproducible: the applied potential decays 

to a steady value after several minutes (although this voltage 

is not the electrode's quiescent voltage). Furthermore, the 

12 Gilman, p. 143. 
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characteristics of the relaxation response imply that the 

electrode-solution interface exhibits very definite capacitor

like properties. There is also an indication that the current 

levels induced by changes in the structure of the interface 

are rather large. 

In Chapter 4, the experimental data was plotted in terms 

of a voltammogram; the graphs were then used to identify the 

chemical species in the electrochemical cell. The graphs show 

three distinct regions. There is a region of hydrogen 

adsorption or desorption (depending on the direction of the 

voltage scan) at potentials ranging from -.06 to +.34 volts 

and a region in which the surface of the electrode is thought 

to be relatively free of adsorbed species (between .34 and .54 

volts relative to a SHE). At higher potentials, oxygen 

adsorption or desorption occurs. The behavior of the graphs 

in this last region indicates that the adsorption/desorption 

of oxygen is irreversible and rather sluggish compared to 

adsorption and desorption of hydrogen. 

At the lower potentials, a monolayer of hydrogen atoms 

covers the electrode surface. As the scan proceeds to 

positive potentials, this layer is ionized away. At the 

higher potentials, interpreting the nature of the oxygen film 

covering the palladium electrode is rather speculative. It 

may be that only a monolayer of oxygen can be accommodated on 

the electrode surface at one time and other oxygen-containing 

species diffuse away. Or, oxygen atoms may be chemisorbed on 
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the surface while those in excess of a monolayer are absorbed 

into the underlying metal lattice. Another possibility is the 

formation on the electrode of metal oxides (PdO or PdOH) in 

various stoichiometries at these potentials.13 

The distinction between chemisorbed oxygen and phase 

oxide has been described by Biegler and Woods as one in which 

chemisorption is essentially a bonding between oxygen and the 

surface without disrupting the metal lattice while a phase 

oxide is distinguished by a unique lattice structure with 

specific thermodynamic properties.14 There is a limit to the 

oxygen coverage if the mechanism is chemisorption but there is 

no such restriction if the mechanism is growth of an oxide 

phase. Whether the oxygen layer fits into one category or the 

other is probably of less importance than examining individual 

properties of the film. In any event, the interaction is 

quite complex and the results of the experiments in Chapter 4 

support this conclusion. 

In Chapter 6, the in vivo electrochemical cell (palladium 

electrodes inserted into the stems of tomato plants) was 

studied for Tafel line behavior. A Tafel diagram is a plot of 

the logarithm of current as a function of potential. When 

this plot is linear, it is possible to extrapolate a value of 

13 T. Biegler and R. Woods, "Limiting Oxygen Coverage on 
Smooth Platinum Anodes in Acid Solution," Journal of 
Electroanalvtical Chemistry. 20 (1969), p. 73. 

14 Biegler and Woods, p. 73. 
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the exchange current density in an electrochemical reaction. 

In addition, the number of electrons transferred in a 

particular reaction is determined from the slope of the lines. 

The E/log j data of the plants examined in Chapter 6 was 

mostly linear although not perfectly straight. There was 

bending at the ends of the lines and some fluctuations in the 

mid-range potential readings. This could be due to difficulty 

in measuring the low current levels in the plants or due to 

fluctuations in the potential of the reference electrode. 

There were also differences in Tafel behavior caused by the 

individual nature of each plant and by the weather conditions. 

At low potentials, the current density in the plants was 

limited to values between 5 and 15 mA/m2. Another observation 

was that the plants quickly returned to their quiescent 

voltage level at the end of the experiment. Note that this 

was not observed with the electrodes in vitro. Also, an 

attempt was made to keep measurement of plant potentials as 

passive as possible with a minimum energy drain from the 

system. 

In Chapter 7, experiments are conducted again on the in 

vitro electrochemical cell. The first part of the chapter 

examines this cell for evidence of Tafel behavior. In 

contrast to the results from the plants, the E/log j data 

plotted remarkably straight lines. The average correlation 

coefficient was calculated to be -.99. At low potentials, the 
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limiting current density measured in the in vitro cell was 

approximately 4 mA/m2. This value matches the lower value of 

current seen in the tomato plants. From the slope of the 

lines, the value of n was found to be equal to 1.5. It is not 

certain if the electrode reaction is caused by single electron 

transfers or the result of ionization of oxygen (with its 2 

electrons) but coupled with the other experiments it shows 

that oxygen is playing a major role. 

This chapter also begins the experiments in which the 

oxygen concentration of the electrolyte in the in vitro cell 

is purposely enhanced or decreased. Altering the gas 

concentration of the cell is accomplished by bubbling either 

nitrogen or oxygen into the electrolyte. In Chapter 7, as a 

final experiment, nitrogen was bubbled through the electrolyte 

for two hours and the Tafel diagrams before and after were 

compared. The results were interesting: the Tafel line 

changed from having a negative slope to one with a positive 

slope. 

Nitrogen sparging experiments were continued in Chapter 

8. The sparging step in these experiments was done for more 

than six hours and the quiescent voltage before sparging, 

after two hours, and after six hours was monitored. After two 

hours, the voltages on the electrodes were only slightly 

reduced but after six hours the decrease was significant. The 

results seem to indicate that the nitrogen was effective in 
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removing oxygen from the electrolyte but not oxygen adsorbed 

on the surface of the electrodes. This confirms the 

conclusion in Chapter 4 that oxygen adsorption is relatively 

fast but oxygen desorption is slow. 

The response of the electrodes to the nitrogen sparge was 

also analyzed by plotting potential-time curves and comparing 

the results. The experimental procedure consisted of 

measuring the voltage across a resistor (connected to the 

palladium electrodes) for five minutes. The resulting curves 

were surprising: the curve after six hours of nitrogen 

sparging matched the one at two hours. 

Since sparging alone did not change this response, the 

electrodes were then anodically stripped at potentials of -25 

mV and -200 mV. The stripping step at -25 mV did not seem to 

affect the electrode response; the potential of the electrode 

was positive within one minute. The presence of deeply 

absorbed oxygen may be part of the reason why the electrodes 

recovered so quickly. Stripping the electrodes at -200 mV did 

significantly alter the electrodes' ability to recover 

however. The open circuit voltages on four of the five 

electrodes was still negative after more than ten minutes. 

Finally, the experiments in Chapter 9 were conducted with 

the oxygen concentration of the electrolyte enhanced. As in 

Chapter 8, the quiescent voltage on five electrodes was 

measured before and after a two hour sparging step (in this 

case, oxygen replaces nitrogen as the sparging gas). In all 
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but one electrode, the quiescent voltages were higher after 

two hours. The voltage increase averaged 7%. Again, the 

evidence strongly suggests that oxygen is causing the voltage 

changes observed in these experiments. 

The last experiment conducted as part of the thesis was 

to monitor the relaxation response of the electrodes in the 

electrochemical cell with enhanced oxygen. Voltages ranging 

from 220 mV up to 330 mV were applied to the electrodes and 

the open circuit voltage on the electrodes was then recorded 

for two minutes. The most surprising aspect of the resulting 

curves was the very gradual voltage changes; similar 

experiments in Chapter 3 showed that the applied voltage 

decayed rapidly under ambient conditions. At high oxygen 

concentrations, the voltage decayed only 1 mV when the applied 

potential was 220 mV. The voltage decrease was not much 

larger at higher applied potentials. Thus, it is possible to 

use measured potentials as an indication of the relative 

concentration of oxygen in certain electrochemical cells. 



177 

XI. Recommendations 

Development of an irrigation control device for 

agriculture has been motivated by an interest in more 

efficiently utilizing water resources in the desert Southwest. 

The most common procedure used to determine when to irrigate, 

known as "scheduling," is rather labor intensive: a narrow 

tube (an "Oakdale probe") is inserted into the ground and 

samples are taken at a depth of one, two, and three feet. The 

moisture content of the ground is assessed on a scale of 1 to 

10. The scheduler then makes a recommendation to the grower 

to irrigate if the moisture content at the one foot level is 

around 5 (equal to a 50% moisture content) for maximum plant 

growth. However, the water requirements of a field vary 

according to the crop and the geology of the land. For 

example, a crop of cotton is watered heavily or watered 

infrequently to alter the growing cycle of the plant. The 

cotton plant develops nodes during the periods of stress; 

branches subsequently form at these nodes and extend from the 

stock. Good crop management attempts to get adequate plant 

height but sufficient horizontal growth to produce budding. 

Because it is rather subjective, this method of scheduling 

does not necessarily result in water conservation. 

An alternate technique for determining when to irrigate 

is based on an assessment of the biological status of the 

plant. An infrared gun has been manufactured that senses the 

temperature difference between ambient air and air just above 
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the surface of the leaf. In theory, during periods of intense 

activity, the plant is producing water that evaporates and 

lowers the air temperature around the leaf. The gun detects 

this temperature difference and displays a reading between 

zero and seven. The higher the reading, the greater the need 

to irrigate. 

There are several problems with the infrared method 

though. It requires some experience using the equipment for 

an operator to get accurate readings. Also, readings must be 

done under sunny conditions; the operator should stand with 

the sun at his back when the sun is high in the sky. 

Furthermore, it is important that the background be excluded 

from the sight of the gun, otherwise, readings will be 

affected by measurement of the soil or sky. The best way is 

to position the gun directly at the leaf of the plant. Not 

all crops are ideally suited for moisture measurements using 

this system; plants with broad leafs and a dense canopy are 

the best candidates for use with the system. Finally, the 

system is rather expensive; the infrared gun and display 

monitor cost more than $3500. Due to these limitations, hew 

techniques are being investigated to develop a more efficient 

and practical irrigation scheduler. 

Current research has focused on the electrochemical 

technique for monitoring the physiological status of plants. 

By placing a working electrode invasively in the plant stem 

with a reference electrode in the root environment, the 
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electropotentials from the circuit can be monitored with just 

a high impedance amplifier. The data can be stored in a 

computer or transmitted via a rf telemetry link to a central 

site for analysis. Based on the results of the present 

experiments, it is observed that oxygen is the causative 

reactant of the potential variations seen in the phytograms of 

plants. High intracellular oxygen concentrations evidently 

indicate optimal growing conditions; lower concentrations 

indicate an oxygen deficiency and presumably require outside 

intervention (such as irrigation) to bring the plant back to 

normal. The electrochemical method is simple and direct; it 

can be adapted for use with many different plants. 

An adsorption isotherm has been derived for the 

laboratory electrochemical cell under ambient conditions. 

Attempts should be made to develop the isotherm under varying 

oxygen concentrations as a calibration curve for the plants. 

More work is needed in defining the spatial variations of 

potential in the in vivo cell which may affect the accuracy of 

a probe. In addition, oxygen concentrations signaling plant 

stress need to be determined. Then, a device comprised of 

only a metal probe inserted into the plant could used to 

monitor irrigation. Readouts from the plants could be used to 

automatically turn an irrigation system on and off. The 

benefits of such a system are its low cost and more accurate 

assessment of the plant's water requirements with a 

concomitant savings in water resources. 
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Appendix A: Recent In Vivo Results (June 1992) 

A voltammogram obtained from tomato plants in the 

greenhouse is the most recent experimental data to be reported 

on the in vivo system. The current-potential behavior is 

shown in Figure A1 which compares this data with results from 

the in vitro electrochemical cell. Note the similarity in the 

magnitudes of current measured in both cells. A remarkable 

difference is the shape of the curves: in the plant system, 

the current increases rapidly in a positive direction at 

potentials above 500 mV and decreases rapidly in a negative 

direction below this potential. In comparison, the in vitro 

cell exhibits a range of potentials over which the measured 

current is very small (behavior similar to an ideal polarized 

electrode). Facilitation (perhaps by enzymes) is suggested in 

the data from the tomato plants. In addition, since the 

magnitude in the plants is sensitive to the time of day, this 

indicates that photosynthetically produced oxygen is a 

reactant. 

This data was provided by William Gensler, Ph. D., who is 

the advisor on this thesis. 
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HigureAl. In-Vitro and In-Vivo Current-Potential Relation 
In-Vitro: Palladium Electrodes one centimeter long, 150 
micrometers in diameter immersed in a buffered (Sigma 3288) 
distilled water solution. The values shown are one 
electrode. This test has been repeated three times with 
multiple electrodes such that the curve above represents a 
generalization of the shape and magnitude. In-Vivo: Tomato 
Stein ((Lycopersicum esculentum. cv. Durpee's Supersteak VF 
Hybrid). This curve is also for one electrode, but is 
presented as a generalization of the shape. The magnitude is 
sensitive to the time of day the scan was taken. This 
indicates that photosynthetically produced oxygen is a 
component of the reactant. 

The symmetry, lack of hysteresis and lower activation 
energy suggest a facilitation in the in-vivo case. 

Doth curves are for anodic scans, that is, the 
externally impressed potential began at low values and moved 
towards high values. 
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