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ABSTRACT 

A galvanic circuit formed by inserting noble metal 

probes into cotton plant tissues, in conjunction with a 

silver chloride reference electrode buried in the soil, pro

duces an electrical potential which is related to the plant's 

physiological status. This paper presents the electrochem

ical basis for the resulting potential obtained through the 

use of in vivo cyclic voltammetry. 

A complete study of the bioelectrochemical system is 

presented. The potential of the reference electrode remained 

very close to its equilibrium point when exposed to currents 

of up to 3ua. The series resistance associated with the 

stem of the plant was between 200 and 500 Kft. A special 

circuit arragement was used to drop this resistance to 30 Kfi. 

A voltammetric analyzer was designed and its performance was 

checked versus a commercial unit. The voltammetric analysis 

suggest the plant's potential is determined by the formation -

of oxides at the electrode. 

x 



CHAPTER 1 

INTRODUCTION 

Since the beginning of civilization, man has relied 

on his past experience to decide the proper time for watering 

and harvesting his crop. These empirical agricultural tech

niques have been passed from family to family. It has only 

been a few decades since man has used scientific knowledge in 

farming; thus obtaining better production, but never leaving 

aside the empirical knowledge he got from his ancestors. 

It is well known that a large number of processes in 

humans and animals are accompanied by the presence of elec

trical signals; EEG and ECG are perhaps the most common sig

nals. In the same manner that we can monitor electrical 

signals in humans and animals, it is possible to monitor 

similar signals coming from plants. 

During the last decade, an electrochemical technique 

has been developed which permits the measurement of these 

signals. This has been done by inserting noble metal elec

trodes in the tissue of plants, and measuring their electri

cal potentials against a reference electrode (Gensler, 1978). 

This techinque has been carried out on cotton plants and 

pecan trees, and the electrical potential from the noble 

metal electrodes has been found to change according to 

1 



2 

visual crop water status. These experiments have been done 

in the laboratory and also under field conditions on a day by 

day basis, and in both cases the results show strong varia

tions depending on the amount of water present in the soil. 

These variations suggest that the potentials can provide a 

quantitative back-up to agricultural decision making. 

Even though we can relate levels of electrical poten

tial to water supply, we know very little about the processes 

that bring about these changes. 

The object of this thesis is the determination of 

such processes and their correlation to potential changes. 

In order to study the chemical ehanges that are going on 

within the plant, we will use an electrochemical technique 

called Voltammetry. This technique is useful to determine 

the chemical components of solutions and their concentrations 

within very precise limits. This is readily done through 

application of a controlled varying voltage, measuring the 

current flowing through the system and making a plot of 

electrical current as a function of the imposed electrical 

potential. Proper interpretation of the plots will tell us 

what constituents are present and what their levels are. 

This in vitro electrochemical technique has been proved effec

tive in many fields, ranging from heavy chemical processes, 

to enviromental, food, medical and biological applications. 
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Even though voltamraetry has been performed in vivo in animals 

(Adams, 1976), the application of voltammetry in vivo in 

plants is the first of its kind. 

.Prior to discussing the voltammetric determination 

of constituents in the plant, we will focus our attention on 

the various components of the bioelectrochemical system; 

these include the plant, the reference electrode, the working 

electrode and the soil. 

Following this background study, attention is shifted 

to the major objective: the voltammetric study of the cotton 

plant itself. 



CHAPTER 2 

THE BIOELECTROCHEMICAL SYSTEM 

In this chapter we will study the most important 

characteristics relating to the bioelectrochemical system. 

First, a general description will be given followed by an 

examination of the individual components. 

Description 

The major components of the bioelectrochemical sys

tem are depicted in Figure 2.1. A measuring or active elec

trode consisting of a small Palladium wire is inserted in the 

plant tissue. The potential of this electrode is checked 

versus a Ag/AgCl electrode buried in the soil. The connec

tion between the palladium probe and the reference electrode 

is made through the stem of the plant, down the root system, 

across the root-soil interface, and finally through the soil. 

In the case of the voltammetric study of the system, the same 

set up is used except a voltage is applied to the system and 

the current flow is measured. 

The plant under investigation is cotton (Gossypium 

hirsutum). cv. Deltapine 6l. This type of plant is 

compatible with the arid lands of Arizona and is readily 

available in commercial farming fields between the months of 

4 
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April and November. Also, this plant can easily be main

tained in the laboratory under controlled temperature and 

lighting conditions. All these characteristics make cotton 

an attractive plant to consider. 

The study of the electric potential on cotton has 

been found to be most stable and repeatable when palladium 

is used as the working electrode (Gensler, 1978). In addi

tion to this, palladium is a good electrical conductor, has 

good mechanical strength and most important of all, it is 

non-toxic to the plant. Even though palladium has rarely 

been used in voltammetric studies, we will use it as the 

working electrode in this case in order to be able to corre

late the passive measurements to the voltammetric analysis. 

In addition, palladium has been found to behave completely 

different from most noble metals in the potential region 

where the plant operates (Armstrong et al., 1976). 

The connection between the plant tissue and the 

working electrode is made by insertion of the palladium wire 

into the plant. Previous studies show that the plant forms 

a seal around the wound which does not allow the entrance of 

foreign substances from the external enviroment (Goldstein 

and Rugenstein, 1982). This process of seal formation takes 

a few days and permits the healing of the wound caused by the 

probe penetration. In order to minimize the effects of the 

insertion of the working electrode, the palladium wire is 

pre-sharpened by electrolysis. 
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The reference electrode is a double cell Ag/AgCl 

electrode. This electrode is commonly used in electrochemi^ 

cal applications and has been succesfully employed as a ref

erence for the potential measurements in plants. It is able 

to maintain a constant potential over a long period of time, 

provided that no extermal excitation is applied. 

The soil serves as the coupling medium between the 

plant and the reference electrode. It is mainly composed of 

soluble salts and organic matter and can be regarded as a 

conducting bridge. 

We can model the system in the manner depicted in 

Figure 2.2. The boxes represent impedances due to the 

various components of the system and can be purely resistive, 

as in the case of the palladium wire whose impedance is 

due to the. resistivity of the material. On the other hand, 

these can be of a more complex nature, as in the case of the 

working electrode - tissue interphase which includes the 

effects of double layer capacitance. In addition to these 

impedances, we also have the voltage sources which are 

responsible for the potential measure versus the refer

ence electrode. 

Finally, the electric circuitry is made up of a very 

high input impedance amplifier which permits monitoring 

the potential. It is important to note that the set up in 

Figure 2.1 is nothing more than a passive study of the 



UPPER 
STEM 

+ I VOLTAGE 
SOURCE 

ELECTRIC 

CIRCUITRY 

WORKING 

ELECTRODE 

REFERENCE 

ELECTRODE 

1 

O 
SOIL 

a—c 

UPPER 

STEM 

W.E. - TISSUE 
INTERFACE 

+^v VOLTAGE 
SOURCE 

STEM 

ROOT SYSTEM 

cb 
ROOT-SOIL 
INTERFACE 

Figure 2.2. Bioelectrochemical System's Electrical Model. 
oo 



9 

bioelectrochemical system, since no external excitation is 

provided by the electric circuitry. 

In the case of the voltammetric study, the system is 

externally excited by the electric circuitry and the response 

to this excitation is recorded. The set up is now an active 

one, but the basic configuration has not been altered from 

the one used in the passive experiment. However, the fact 

that we are now forcing an electric current to flow through 

the bioelectrochemical system requires an investigation 

regarding the characteristics of the major components in the 

system, and how these are affected by the current excitation. 

The Reference Electrode 

Perhaps one of the most important components in the 

system is the reference electrode. We have already mentioned 

that this electrode is composed of a double Ag/AgCl cell 

which allows for periodic checks of the performance of the 

reference. Each cell is filled with different concentra

tions of potassium chloride, producing a difference of 

potential between them. Even though both cells are connected 

to the system, only one is used as a reference. This way, 

we can use the second cell to determine to what degree the 

reference electrode is affected by external excitation. For 

a more detailed explanation of the construction of the 

Ag/AgCl electrode, please refer to Appendix B. 
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We began our study of the reference electrode by-

observing the variations of its potential over a long period 

of time. We recorded the potential of the electrode pair 

against each other. This was done by using the Keithley 

Instruments Electrometer Model 602 with an input impedance 

greater than 1010 ohms. Figure 2.3 shows the basic experi

mental set up. The data in Table 2.1 shows that the reference 

electrode stays fairly constant. Notice that as the medium 

drys out this potential tends to increase, dropping as water 

is supplied to the medium. This could be caused by a change 

in the conductance of the medium between the reference cells. 

In addition, we measured the potential of a 302 stainless 

steel rod inserted in the soil against the Ag/AgCl reference 

electrode to determine its stability and make a comparison 

versus the stability of the Ag/AgCl reference electrode. The 

data shows the marked variations in the potential of the rod 

making it useless for reference use. 

Our next task in ,the study of the reference electrode 

characteristics was to observe the effects of current flow on 

its equilibrium potential and stability. In order to accom

plish this, we applied a small electric current pulse to one 

of the reference cells and observed the change in the poten

tial of the electrode pair against each other. Whenever an 

electric current is passed through an electrode, a different 

potential from the equilibrium potential is observed. The 

difference between the resulting potential and the 
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Table 2.1 Variation of Potential as a Function of Time for 
a Ag/AgCl (1.0 M ) Electrode and a Stainless 
Steel Rod Measured Against a Ag/AgCl (.5 M) 
Electrode. 

DATE REFERENCE 
ELECTRODE 
POTENTIAL 

STEEL ROD COMMENTS* 
POTENTIAL 
vs Ag/AgCl 

SEPT 11 19.75 mv -76.5 

SEPT 12 19.75 -112.5 

SEPT 15 19.75 -81.0 

SEPT 16 19.50 -66.0 

SEPT 17 19.50 -50.0 

SEPT 18 19.50 -50 .0  

SEPT 19 19.80 -120.0 

SEPT 22 20.00 -15.0 

SEPT 23 19.00 -48.0 

SEPT 25 18.80 -44.5 

* H20 was added after the reading 



equilibrium potential is called the overvoltage or overpoten

tial. Normally, the overpotential is given the symbol n, 

where: 

n = K — E with the external current ~ equilibrium 

An electrode which develops an overpotential when current is 

forced to pass through is called a polarizable electrode. 

The extent to which the reference electrode is polarized 

dictates its usefulness in electrochemistry. It is common 

practice to avoid the passage of current through the refer

ence electrode, to avoid polarizing it. However, if we want 

to maintain the same experimental set up of Figure 2.1, it 

is necessary to pass current through the Ag/AgCl reference 

electrode. 

The study of the polarization of the reference 

electrode was done using the set up shown in Figure 2.4. 

Current is passed through the positive electrode ( 1.0 M ), 

through the medium, and back to the current source through 

a steel rod. The medium was either tap water or damp soil. 

The change in potential was monitored through the use of the 

Keithley Instruments Electrometer Model 602. The change was 

assumed to be primarily due to polarization of the electrode; 

thus, we neglect the drop between cells due to the medium. 

The results are shown in Table 2.2 

It was observed that reference electrode number three 

was polarized far less than the other two electrodes for 
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Figure 2.4. Experimental Set Up for the Study of the 
Reference Electrode's Polarization. 



Table 2.2. Polarization Overpotential of the Ag/AgCl Electrode ( 1.0 M ) 

MEDIUM: TAP WATER MEDIUM: WET SOIL 

Reference 
Electrode 
# 1 

Reference 
Electrode 

#  2  

Reference 
Electrode 

# 3 

Reference 
Electrode 

# 1 

Reference 
Electrode 

#  2  

Reference 
Electrode 

# 3 

I 
ya 

n 
mv 

I 
Ma 

n 
mv 

I 
ya 

n 
mv 

I 
pa 

T1 
mv 

I 
ya 

n 
mv 

I 
ya 

A  
mv 

. 052  2 .0  .050 2 .1  .05 .15 .050 1.8 . 050  1.5 .05 .07 

.075 4.4 .077 3.2 .10 .23 .075 2.6 .075 2.1 .10 . 18  

.099 5.4 .102 4.2 .20 .55 .102 3.4 .100 2.7 .20 .35 

.125 6.6 .126 5.1 .40 1 .05  .150 4.9 .150 4.1 .50 .90 

.150 7.7 .150 6.2 .50 1 .28  .200 6.3 .198 5.4 .70 1 .18  

.175 8.9 .177 7.2 1.00 2.42 .249 7.7 .251 6.9 1.00 1.50 

.199 9.9 .201 8.3 1.50 3.80 .304 9.1 .258 8.1 1.50 2.40 

.221 10.8 . 250  10.1 2.00 5.20 .346 10.2 .400 10.3 2.00 3.05 

.270 12.6 .278 11.2 2.50 6.50 .393 11.3 .493 13.3 2.50 3.90 

.297 13.6 .301 12.0 3.00 7.90 .495 13.7 .600 15.4 3 .00  4.70 
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the same dsurrent level. These results cannot be easily 

explained, except for the fact that electrode number three 

was recently built, whereas the other two reference elec

trodes were two years old. The relation between the overpo-

tential and the current density of an electrochemical reaction 

is given by the Butler-Volmer equation (Bockris and Drazic, 

1972)j 

i = io" *^exp[(l-0 )Fn/RT ] - exp(-0 Fn/RT)^ (2.2) 

See Appendix A for a definition of terms. 

If we consider this equation for small overpotentials 

we can expand the exponentials in Equation 2.2 in a Laurent 

series, keeping the linear terms only, we get: 

or: 

= i ffl + (l-B)Fn 1 - I" 1 _BF T) 
Xo RT RT (2.3) 

i = V* (2 A) 
RT 

This equation tells us that for small n we should get a 

linear relationship between the current density and the 

overpotential. Figure 2.5 shows this relationship for the 

reference electrode number three for values of overpotential 

up to 5 nrv. From this plot we can see the Validity of the 

linear approximation. Also, we can compute the value for 

the exchange current density from the slope of the line and 

the surface area of the Ag/AgCl electrode: 



-J I I 1 
1 .0  2 .0  3 .0  namps  

CURRENT 

Figure 2.5. Reference Electrode's Overpotential as a 
Function of Current. — *, Reference Elec
trode in Water. « , Reference Electrode 
in Soil. The .5 M cell is the reference. 



RT slope of line (9 -x 
I^F area 

assuming the actual contact area is . 169  cm (for a 1 cm 

long 18 AWG Ag/AgCl wire), then the exchange current iss 

i_ _ slope R T 
° - F area (2"6) 

based on the data for reference electrode number three we 

2 get an exchange current between 53 and 90 microamps per cm . 

Similarly, we can obtain an expression for the equivalent 

resistance per unit area of the electrode from the slope of 

the line, i.e.: 

RE = slPPe (2.7) 
area v '' 

Based on the previous results we obtain a value for this 

resistance between 9»1 and 15.5 Kft/cm . The slope of the 

line shows the total resistance is between 1.55 and 2.6 Kfi. 

This analysis has allowed us to compute two important param

eters for the reference electrode: the exchange current and 

the equivalent resistance. The former is very important 

because it is the only parameter needed in the Butler-Volmer 

Equation (except for 3 which is usually assumed to be .5)» 

in order to compute the overpotential for any current level 

applied to the electrode. . The latter is important because 

it tells us how much resistance we are adding to the system 

through the use of the reference electrode, a very important 



parameter which must be minimized when doing voltammetry. A 

similar analysis to the one we have just presented cannot be 

performed on reference electrodes number one or two because 

they show much larger overpotentials. However, we can esti

mate that for these electrodes the exchange currents will be 

smaller and the equivalent resistances will be larger. As a 

result, we conclude that reference electrode number three is 

better suited for voltammetric purposes. 

During the current excitation, we also observed that 

the potential of the reference electrode continues to grow 

through the period of excitation, suggesting the possibility 

of charge dependence on the overpotential. To explore this, 

we excited the reference electrode with a current step and 

recorded the potential as a function of time. The result of 

such excitation is shown in Figure 2.6. We can see a sharp 

initial increase in potential over the first few seconds. 

After this initial trend, the potential continues to grow, 

but at a rather slow rate. 

It is possible to obtain an equivalent circuit for 

the reference electrode based on the overpotential results 

and the transient response to a current step. We already 

have enough information on the final overpotential of the 

reference electrode, as we have shown the relative stability 

of the overpotential after several seconds (see Figure 2.6). 

We can take a closer look at the initial transient response 

to a current step by using the set up depicted in Figure 2.7. 
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Figure 2.6. Reference Electrode's Response to a Current Step. 
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The Model 602 electrometer measures the response of the 

electrode to the excitation and sends it to the ^65 Tektronix 

oscilloscope so it can be photographed by a Polaroid camera 

coupled to the face of the scope. The results are shown in 

Figure 2.8. It shows an instantaneous increase in voltage 

followed by an exponential response. We are now in the 

position of approximating the reference electrode by an 

electrical equivalent. 

First Order Approximation 

Let's start with the configuration shown in Figure 

2.9. The input impedance seen by this circuit, Z n̂, can be 

expressed using the Laplace transform operator ass 

Zin(s) R2 + sRiC1+ 1 (2.8) 

The change in voltage across the reference electrode due to 

a current step can be found by Ohm's Law, and recalling the 

Laplace transform of a step of height "a" is: 

aU(t) = a/s • I(s) (2.9) 

where U(t) is a step function. 

Since 

V(s) = I(s)Z(s) (2.10) 

then, substituting Equations 2.8 and 2.9 into Equation 2.10, 



Figure 2.8. Transient Response. - ; hThe 
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V(s) = a/s.| Ro + *1 I (2.11) •f *2 + !i_] 
|_ S T + 1 J 

where T = R^C. Using partial fraction expansion, 2.11 

becomes: 
aR« aR1 aR1 

v < 3 >  B nr  - i^  +  - in  (2 .12 )  

and the inverse Laplace transform yields: 

Y(t) = a-[(R2 + R1 - R1exp(t/r)J-U(o) (2.13) 

where U(o) is defined as the unit function or unit step 

A plot of Equation 2.13 as a function of time is shown in 

Figure 2.10a below. Note the strong similarities between 

this response and the one shown by the reference electrode 

in Figure 2.8. Therefore, we can use the proposed circuit 

as a first order approximation to the reference electrode. 

Based on the response to a .1 Mamp depicted in Table 2.2, we 

find the approximate values of the components in the equiv

alent circuit to be as shown in Figure 2.10b. 

The Working Electrode 

We have already mentioned that the electrode at which 

the reaction occurs is called the working, or active, elec

trode. In our experiments, we used a 150 micron palladium 

wire with a pre-sharpened end to minimize tissue damage. 

Some of the most important physical characteristics of pal

ladium are listed in Table 2.3. 
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Figure 2.10. Response of the Equivalent Circuit. — 
a. Current Step Response; b. Components 
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Table 2.3. The Physical Properties of Palladium 
(Hartley, 1973)* 

Property Palladium 

Atomic number ^ 

Atomic weight 106.4 

Density (g/cc at 20°C) 12.02 

Melting point (.°C) 1554 

Boiling point (°C, estimated) 3980 
2 o 

Thermal conductivity (cal/cm/cm /sec/ C) 0.17 

Linear thermal coefficient of expansion $ 
at 0 C (per CC) 11.67 x 10 

Electrical resistivity at 20°C (micro ohm-cm) 0.0584 

Hardness (annealed - Brinell Hardness number) 46 



Because this electrode consists simply of a wire, we 

do not expect any changes in its physical characteristics. 

However, because palladium allows high volumes of hydrogen 

to be absorbed, it is possible to change the effective area 

in contact with the medium under study. Such changes are 

more likely to occur at negative potentials where hydrogen 

is produced. However, we will ignore this effect, if any. 

Palladium is a well known catalyst for oxidation. 

Some of the most common palladium oxides are the following: 

Palladium Oxide - PdO 

Palladium Sesquioxide - pd2°3 

Palladium Dioxide - Pd Og 

Both PdgO-j and PdOg are rather unstable compounds and tend 

to degrade to PdO. 

The Plant 

One of the problems we find in dealing with plants is 

that they must be treated carefully to avoid traumatizing 

them. We found that once we have inserted the electrode 

into the plant tissue, a stable potential is reached after 

proper healing is allowed for. This potential is easily 

upset by external means and return to stability can take a 

few hours or even a day, depending on the degree of the dam

age. A common cause of potential upset is the handling of 

the leads that connect to the working electrode. In addi

tion, the plant can be easily shorted if one attempts to 



measure its electrical potential with an instrument which has 

a low input impedance. We have found that if the impedance 

of the instrument is lower than 10^ ohms, the potential will 

be affected. During the course of our experiments, we have 

used the Keithley Instruments Model 602 electrometer, with 

12 the theoretical input impedance of 10 ohms. 

Our next task in the study of the characteristics of 

the bioelectrochemical system is to investigate the effect 

electrical current has on the plant. In order to achieve 

this, we used the experimental set up shown in Figure 2.11. 

The excitation electrodes were placed at selected points 

along the stem. Next, an electric current pulse was applied 

at electrode A and the potential at electrode B versus the 

reference electrode was monitored. We were working under 

the assumption that the change in potential at electrode B 

would be the result of the ohmic drop from point b to the 

reference electrode due to the flow of current. Note that 

such a voltage change includes the effect of the distributed 

impedance along the stem of the plant. Also, the effect of 

the reference electrode's impedance and the impedance due to 

the intermediate path between the stem and the reference 

electrode must be considered. This path includes the soil 

and perhaps the root system. It is not clear whether the 

current actually flows through the root system or whether it 

goes directly from the stem to the soil surface. The resul

tant voltage change at electrode B is depicted in Figure 
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2.12. Note that at the beginning of the pulse, the potential 

increases exponentially, then levels off, and stays constanib 

until the pulse is terminated. At this point, the potential 

drops exponentially and returns to its original value. The 

exponential behavior, both at the beginning and at the end of 

the pulse, suggests the presence of a finite capacitance 

along the current path which charges and discharges at the 

edges of the pulse. Once the transient response is over, the 

potential remains constant during the excitation period. 

This means that the change is not a function of charge trans

fer, but of current. 

Continuing with the assumption that the voltage 

ehange is due to the distributed impedance along the system, 

we repeated the previous experiment at various, current levels. 

The results are plotted in Figure 2.13 for different plants. 

This plot shows a linear correlation between the current 

level and the resulting voltage change. From the slope of 

these lines, we can estimate that the impedance from the 

point of current excitation to the reference electrode is 

between 200 and 500 Kohms. This is an extremely high imped

ance level which may not be tolerated during voltammetric 

analysis. In addition, these results were obtained on plants 

placed in a growth chamber, with heights ranging between 6.5 

and 8.0 cm, and no more than 20 cm away from the reference 

electrode. Therefore, if such experiments were conducted in 

the field, where the plants are between 80 cm and 120 cm 
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tall, and where it might not be possible to keep the plants 

fairly close to the reference electrode, we can expect a 

sharp increase in the impedance levels. 

In order to maintain the impedance between the 

working electrode and the reference electrode at a much lower 

level, we tried the experimental set up shown in Figure 2.lA. 

The reference electrode is no longer buried in the soil as 

in the case of the passive set up of Figure 2.1, but rather, 

it is placed in a reservoir containing 1.0 M potassium chlo

ride. The resevoir is connected to the plant through a long 

tygon tube, also filled with potassium chloride, and termi

nated with a salt bridge. A cotton wick is placed beside 

the bridge to ensure a moist contact with the surface at all 

times. In this manner, we have bypassed a large portion of 

the plant and hopefully we have reduced the impedance to 

more acceptable levels for voltammetric analysis. When this 

experiment was carried out under field conditions at the 

Avra Valley farm, it was found that the impedance levels 

drop by one order of magnitude, to approximately 30Kn. Even 

smaller values can be obtained by placing the reference elec

trode as close as possible to the electrode under excitation. 

In many situations however, it is not possible to place the 

reference electrode next to the working electrode because of 

physical constraints, such as in the case where a working 

electrode placed in the petioles or the peduncles, which are 

too fragile to support the reference electrode. It is 
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important to recognize that the set up depicted in Figure 

2.1k is different from the one which is normally used to 

conduct the passive experiment. However, if we find that the 

voltammetric analysis does not tolerate the extremely high 

impedance levels resulting from the original set up, it will 

be necessary to abandon it and use the modified set up. 

Our final experiment regarding the plant's response 

to external excitations is the study of the influence of 

external voltage on the plant potential. This study is 

important because it is voltage that will be applied to the 

plant when doing voltammetry. The study was done in the lab

oratory using geranium (Geranium spp.) originally, and later 

using cotton. (Geraniums were used because cotton was not 

available at the beginning of the program.) 

The experiment set up is exactly the same as the 

original passive one. The working electrode is inserted at 

various points in the plant and the reference electrode is 

buried in the soil. A voltage pulse, two seconds long, 

is applied between the working electrode and the reference 

electrode and the plant's response during and after excita

tion is monitored using the electrometer. The voltage 

excitation is obtained through a 1.5 volt battery and a 

voltage divider of variable output which allows us to apply 

any voltage around the neighborhood of the plant's potential. 

With this in mind, we started by setting the output of the 

voltage divider within 50 mv. of the plant. This was done 
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both in the positive and negative direction, i.e. to drive 

the plant to a higher or a lower potential respectively,. 

Figure 2.15 shows the typical response of a plant for an 

excitation above and for an excitation below the plant's 

potential for a two second pulse. One important thing to 

notice is how sharp the voltage changes once the pulse is 

applied. The voltage source finds very little opposition 

from the plant, driving the potential of the system to the 

one set by the source. Upon removal of excitation, the plant 

begins an accelerated recovery process, attaining 80% of its 

initial potential within the first tenth of a minute. After 

this initial trend, the plant continues to recover but at a 

much slower rate, reaching 98$ of it's original potential 

after an approximate period of 30 minutes. Once this point 

is reached, the plant exhibits a rather stable potential. 

The response for longer pulses and larger voltage steps shows 

the same general behavior. Most important of all, in every 

case, the potential 6f the plant returns very close to its 

original point and remains stable after a period of approx

imately one half hour. This is true even when the voltage 

excitation is a triangular wave of large amplitude, such as 

the one used for voltammetric analysis. This is a tremendous 

advantage because we can analyze the same plant several times 

over a long period without causing extensive damage to the 

plant. 
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Before leaving this chapter, it is important to 

summarize the most relevant findings concerning the bioelec-

trochemical system: 

a) We have found the reference electrode only devi

ates from its equilibrium potential by a few millivolts for 

currents up to three va. The exchange current density was 

found to be between 60 and 100 pa/cm , with an equivalent 

resistance between 1.5 and 2.6 Kft. 

b) The distributed impedance of the system due to 

the plant alone can reach extremely high values. This is 

especially true if the reference electrode is buried in the 

soil, which results in impedance levels near 500 Kohms. 

However, we found a special arrangement for the reference 

electrode which helps maintain the system's impedance at 

lower and more acceptable levels for voltammetric analysis. 

This arrangement drops the impedance by one order of magni

tude, to about 30 Kohms. 

c) A plant which is excited by a voltage source 

which differs from its equilibrium potential tends to return 

to its original state after a period of approximately one 

half hour. This characteristic enables us to use voltammetry 

several times on the same plant without permanent damage. 



CHAPTER 3 

ELECTRONIC INSTRUMENTS 

In this chapter we will discuss the basic structure 

of the two devices used to provide the external excitations 

to the system. These two instruments are the Pulse Current 

Source and the Voltammetric Analyzer. They were designed to 

meet our immediate needs as the experiment developed, and 

functioned very well. Their characteristis are now dis

cussed in the paragraphs which follow. 

The Pulse Current Source 

This instrument is capable of providing a current 

pulse of a precise amplitude and period. It can produce cur

rents between .4 and 25 y a in amplitude with an adjustable 

period divided in five discrete steps from 62.5 msec, to 2.0 

sees. It is battery operated, to make it suitable for field 

use. 

Figure 3»1 shows a schematic diagram and a block 

diagram. It is divided into five major sections: a Square 

Wave Generator, a Timing Circuit, the Current Source, 

the Voltage Sensor and a Balance Indicator Circuit. The 

Square Wave Generator is a simple astable multivibrator 

circuit which uses two C0S/M0S NAND GATES (l and 2) connected 

as inverters. This circuit produces a square wave voltage 
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output based on the charge and discharge of the capacitor 

through the resistor. The output of the RC network is con

nected to the input of the first gate and causes it to change 

state once the capacitor voltage crosses the transfer voltage 

point of the gate, A change of state at the first gate 

causes a subsequent change at the output of the second gate, 

and thus a square wave is generated with a period given by: 

T = RC• I In —Is5 + in Issl , sees 
L DD DD J 

where VDD = supply-voltage, volts 

VTR = "tranŝ er voltage of gate, volts 

C = capacity, farads 

R = Rj^ + R2, ohms 

The frequency can be easily changed by varying Rg. The 

square wave generator is used to drive the Timing Circuit. 

This circuit uses a CD4020 14 - Stage Ripple Carry Binary 

Counter/Divider integrated circuit to set the pulse width. 

Position A sets the smallest pulse. The other positions 

increase the pulse width in powers of two, up to position F 

which corresponds to 32, i.e., 2^, times the minimum pulse 

width. The current pulse starts when switch 1 is flipped 

from OFF to the trigger position, this resets the counter to 

its all zeros state. As a result, the output of inverter k 

will go high to drive the current source and allow inverter 

3 to pass the pulses from the square wave generator to 



initate the count. As soon as the selected output from the 

counter goes high (end of count), the output of inverter 4 

goes low and terminates the pulse, while at the same time 

prohibits the counter from further advance by placing a one 

at pin ten. The output of gate 4 is used to drive the cur

rent source. 

This section is composed of four transistors. Q1 and 

Q3 are connected as diodes which shunt the base-emitter junc

tion of transistors Q2 and Q4 respectively. A simplified 

circuit is shown in Figure 3.2 for analysis. Consider the 

first pair of transistors, Q1 and Q2. Assuming matched 

transistors and because their base-emitter voltages are 

equal, their collector currents must also be equal; 

XC1 = IC2 (3.1) 

The output from gate ^ establishes a current 

1 R5 * R6 
(3.2) 

from Kirchhoff's Law: 

(3.3) 

or rearranging, 

ZC1 = I1* 1 " e (3.*0 
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and for large values of 6 

IC1 I1 IC2 (3*5) 

If the source voltage remains constant, the current at the 

collector of Q2 will remain constant. This sets a constant 

current flow between Q2 and Q3. i.e., I2« A similar analysis 

indicates that the current output from the second stage, 13, 

is constant and equal to Ig. 

Throughout our discussion, we have assumed matched 

transistors in order to simplify the analysis. However, if 

this is not the case, we will find that the ratio between the 

collector currents will be near one, and most important of 

all, the resulting output current will remain constant as 

long as the supply voltage stays constant. This output can 

be easily varied by turning R^, to yield amplitudes between 

.b and 25 u a. 

Once the output pulse is obtained, it flows through 

resistor R9 to produce a voltage proportional to the current, 

and finally goes out for excitation of the plant. The volt

age picked up by resistor R9 is measured using the instrumen

tation amplifier configuration formed by operational 

amplifiers 1,. 2 and 3 as depicted in the schematic diagram. 

This amplifier is capable of producing three different gains 

depending on the position of switch 3« This arrangement 

allows one to monitor the current flow without saturation of 

the amplifier. Because the current pulse might be only a 
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few milliseconds long, amplifier 5 allows capacitor C4 to 

charge in order to maintain the information for a longer 

period of time. The peak voltage developed at the output of 

amplifier 6 is proportional to the current amplitude. By 

depressing switch 5» the capacitor is discharged. Finally, 

amplifier 4 will indicate an unbalanced condition in the 

circuit which could be the result of either excess charge in 

C4 or DC offset in the amplifiers. 

The Voltammetric Analyzer 

This instrument was designed specifically to produce 

the voltage waveform necessary for voltammetric analysis, and 

at the same time, to measure the current resulting from the 

excitation. The voltage waveform is essentially a triangular 

wave of known amplitude and frequency. The instrument is 

capable of starting and ending the voltage waveform at any 

point along the triangle. It can output a single sweep or 

can deliver a continuous wave for multisweep analysis. In 

addition, the analyzer incorporates a DC offset adjustment 

to allow to sweep the voltage symmetrically about the plant's 

potential. Finally, it is capable of sweeping at three dif

ferent scan rates. The most important specifications ares 

Amplitude ranges .5 to 5^2 volts 

DC offsets 25 to 600 mv 

Scan rates 10, 100 and 1000 mv/sec 

Current scales Six scales from .01 to 1000 ua in 
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powers of 10 

Sweep Mode» Single and continuous 

Power: Battery operated, four 9 volt batteries 

Figure 3«3 shows thie schematic diagram which describes 

the electrical construction. It is composed of five main 

sections: the Triangular Wave Generator, a DC OFFSET Circuit, 

the Voltage Output Circuit, the Timing Circuitry and the 

Current Monitor section. These five sections are delineated 

by dotted lines in Figure 3»3' The Triangular Wave Generator 

section is depicted in Figure 3 A. This circuit is basically 

an integrator whose output is fedback to a comparator in 

charge of switching the signal being integrated, i.e., . 

The integrator is capable of three different time constants 

to produce scan rates of 10, 100 or 1000 mv/sec. This is 

accomplished through the use of switch 2 which can connect 

to either of the three resistors labeled R9. Operational 

amplifier XR3403CP is used in the integrator. It features a 

typical offset voltage of 10 mv and a slew rate of .6 v/ys. 

The comparator is formed by applying positive feedback around 

a 7^1 operational amplifier. It's output will switch between 

a positive and a negative state to form the integrating sig

nal. This output along with "the ramp coming out of the inte

grator is fed to the non-inverting input of the 7^1, causing 

it to change state when the differential voltage at the 

input of the amplifier exceeds its input offset. Once the 

comparator reverses polarity, the integrator will change the 
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direction of integration, lowering the input voltage until 

the comparator trips again and the cycle continues. 

The DC OFFSET circuitry is very simple, as depicted 

in Figure 3-5• It is composed of a voltage follower which 

receives the triangular wave coming from the integrator and 

feeds it to the summing junction of amplifier E. Another 

signal is fed at the same point through resistor • The 

magnitude of this signal is controlled by potentiometer, Pg. 

The output of amplifer E is inverted and with the desired DC 

offset. 

Next, we consider the voltage output section formed 

by amplifier F and a MC14066B QUAD ANALOG SWITCH. This 

section of the circuit allows the application of the trian

gular wave at the outpu~t of the device and is directly 

controlled by the Timing Circuit, which will be discussed 

later. Once a signal is obtained from the Timing Circuit to 

enable the application voltage, switch A closes to allow 

the waveform into amplifier F. This amplifier forms a volt

age follower which includes a feedback resistor from the 

output to the inverting input, to monitor the current flowing 

through the load (the plant). Once the timing signal arrives, 

switch B opens. (This switch is out of phase with respect 

to the other three switches because of the inverting gate 

connected to the control input.) At the same time, switches 

C and D close, setting the feedback path around amplifier F 

for current monitoring. The voltage output is then passed 
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to the plant through switch 1. Switch ̂  selects one of six 

resistors labeled R21' to yield a voltage output between zero 

and 1.0 volts in magnitude at the current monitor port. The 

arrangement of switches C and D is used to make sure the 

plant is disconnected from excitation as soon as the sweep is 

over. The main criteria for selecting these switches are: 

Low resistance: 800, 

Input/output leakage current switch OFF: ± .OlnA 

The operational amplifier used in the circuit is a LF355. 

This was selected mainly because of its fast slew rate, 

10 V/ys, and an extremely fast settling time, 1.5 us to .01#. 

These features are necessary because the output of the ampli

fier is required to switch from zero to some finite voltage 

along the triangular wave, and to return to zero at the end 

of the excitation. 

The Timing Circuit is shown in Figure 3«7» It uses 

an integrator and two comparators to set the beginning and 

end of the excitation. Prior to the beginning of excitation, 

the output of the ON comparator (amplifier M) is LOW while 

the output of the OFF comparator (amplifier L) is HIGH. 

This causes the output of gate B to stay low, keeping the 

switches in the OFF position. The process is started by 

switch 1. It activates the integrator formed with amplifier 

N, C1Q and The signal being integrated comes from 

amplifier K. Switch 2 selects the rate of integration, 
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depending on the scan rate. The integrated signal causes 

the non-inverting input of amplifier M to increase, driving 

its output to the positive saturation state once the trip 

point is reached. As a result, gate B goes HIGH and the 

switches turn on. While the output of the integrator keeps 

increasing, the OFF comparator is being driven closer to its 

threshold point. This point is determinde by P^. When the 

threshold is reached, amplifier L is driven to its negative 

saturation state. This causes gate B to go LOW, turning the 

switches OFF to terminate the excitation. The circuit fea

tures a continuous sweep mode which is obtained by connecting 

resistor to the control input of the switches. This is 

accomplished through switch 5. Also, a sync signal is pro

vided at the output of gate D. This signal can be used for 

external triggering. 

The final section in the analyzer is the Current 

Monitor Circuit. It picks up the voltage across Rg^ to give 

a signal proportional to the current flowing through the 

external load. The input stage is formed by an instrumental 

tion amplifier whose high input impedance allows one to 

measure low level signals without loading the source. The 

overall gain of this section is 25.^. This yields a 1.0 volt 

at the output of amplifier 1 when the current flowing through 

Rg^ is at the maximum allowed by the current scale, i.e., 

from .01 to 1000 via in powers of 10. The last stage in the 

section is made out of a simple damped inverting integrator 
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with unity DC gain. This integrator has a cut off frequency 

of 10 Krad/sec to attenuate high frequency noise. 

The overall performance of the Voltammetric Analyzer 

was found to be quite good. Although no formal temperature 

tests were performed on it, the analyzer worked perfectly 

well under field conditions during the summer months when 

the voltammetric tests were done. Its performance was 

checked against a commercial polarographic uniti the results 

will be shown in Chapter 6. 

The original design of the two instruments described 

in this chapter was done by Mr. Jeff Barrow. As the experi

ment developed, the necessary modifications were done by the 

author himself. 



CHAPTER 4 

THEORETICAL BACKGROUND TO VOLTAMMETRY 

Voltammetry is an electrochemical technique for the 

analysis of electroactive species in solution. An electro-

active species is one that can "be reduced and/or oxidized. 

The technique uses a controlled voltage excitation to bring 

about the reduction - oxidation process at a working elec- " 

trode, and records the resulting current for analysis. 

The original technique is called Polarography and 

was developed at the turn of the century. Today, the term 

Polarography is almost exclusively used to imply the use of 

the Dropping Mercury Electrode (DME) as the working electrode, 

while voltammetry uses some kind of solid electrode. Both 

methods yield the same basic results; however, in many 

applications, the Dropping Mercury Electrode is very attrac

tive to use as every new mercury drop can be regarded as a 

new working electrode. Therefore, the process is not affected 

by contamination due to the ongoing reaction. In other 

applications, such as the in vivo animal, studies, solid elec

trodes are the only solution. 

There are various voltammetric techniques. Their 

basic difference is the type of voltage waveform used for 

excitation, but all of them result in a current - potential 
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plot called a voltammogram. The most common waveforms are 

shown in Figure ^.1. If the excitation is applied for one 

period, the method is called Single Sweep, while those in 

which the excitation is allowed to take a finite number of 

cycles are called Multisweep methods. Figure 4.1-a shows a 

triangular wave which increases and decreases at a constant 

rate,v • When this type of waveform is used, the method is 

called Cyclic Voltammetry and it's probably the most widely 

used technique. Other techniques such as Square Wave Voltam

metry, Pulse Polarography, Staircase Voltammetry and Differ

ential Pulse are frequently employed to enhance the Faradaic 

currents by keeping the effects of double layer capacitance 

to a minimum. However, cyclic voltammetry is a good starting 

point for the analysis of unknown systems, and it is there

fore the technique used here. A more detailed description 

of some of the other methods can be found in the literature, 

(Crow, 1 9 6 8 ) .  

The method of cyclic voltammetry was originally 

introduced by Sevcik (Sevcik, 19 8̂). The voltage waveform 

is triangular (isoceles), and is allowed to go in the posi

tive, as well as the negative direction. The negative por

tion of the waveform is called Reduction potential, while 

the positive is called Oxidizing potential. Also, the 

resulting current is called anodic if positive and cathodic 

if it is negative. These currents are called Faradaic, as 

they are the result of chemical change at the electrode 



Figure 4.1. Typical Voltage Waveforms Employed in Voltammetry. — 
a. Cyclic Voltammetry; b. Square Wave Voltammetry; 
c. Pulse Voltammetry; d. Staircase Voltammetry; 
e. Differential Pulse. 
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through a transfer of electrons. On the other hand, we can 

also talk of non-faradaic currents characteristic of pro

cesses where there is no transfer of electrons across the 

interface. The major source of non-faradaic current in vol-

tammetry is the double layer capacitance. Whenever an elec

trode is immersed in a solution, a capacitance is formed, 

prohibiting the transfer of electrons across the electrode -

surface interface. The electrode side of the interface can 

be thought of being one plate and the solution side of the 

interface the other plate of a capacitor. Under equilibrium 

conditions, both plates contain the same amount of excess 

charge and therefore no external current is measured. However, 

when one attemps to pass current to the solution through the 

electrode by applying an external potential (of course, at 

least two electrodes are necessary to do this), the initial 

reaction is to charge this double layer capacitance. There

fore, the net current is composed of a charging current 

associated with the double layer, and a faradaic component 

which is the result of chemical change. This phenomena can 

be devastating when the associated capacitance yields large 

charging currents which obseure the presence of faradaic 

components. The magnitude of this capacitance is about 20 

to 4-0 yF/cm for platinum electrodes, but higher values are 

possible (Adams, 1969). It is this characteristic of the 

cells which brought about the use of steps and pulses in 

voltammetric analysis. In addition to this capacitance, 



there exists a resistive component associated with the solu

tion. If this resistance is very large, a big error can be 

introduced in the voltage measurements. To avoid this prob

lem,- a three electrode system is used. The third electrode 

is called the "counter electrode" and is responsible for 

closing the current circuit. It is made out of a conductive 

material, such as platinum or aluminum. The reference elec

trode is used to measure the voltage at the working electrode. 

A three electrode cell is shown in Figure 4.2. This set up, 

in addition to minimizing the solution resistance effect, 

does not allow the passage of current through the reference 

electrode and therefore keeps it from polarization. Also, 

the electrodes must be kept as close as possible to each 

other because the solution resistance is a function of 

distance. It is common practice in many experiments to add 

a so-called supporting electrolyte to increase the conduc

tivity of the solution without affecting the response of the 

species under investigation. In our experiments, we used a 

two electrode system when the Voltammetric Analyzer was 

employed, and a three electrode system when working with a 

commercial voltammetric unit. The results are shown in 

Chapter 6. 

We have presented a simple discussion on the differ

ent voltammetric techniques and an overview of the electro

chemical cell. We are now ready to explore the mechanisms 

which control the flux of current which characterizes the 
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species under study. We will present a superficial discus

sion and therefore, the reader who wishes further details on 

the subject is referred to the bibliography listed at the 

end of this paper. 

Whenever a species is undergoing electrolysis, two 

major processes exists mass transfer and electrochemistry. 

The first one refers to the mechanism by which the electro-

active material is brought in contact with the electrode 

surface. The second refers to the process occurring at the 

electrode due to the presence of the electroactive material. 

The process of mass transport is due to one or more 

of the following factors: migration, convection and diffu

sion. Migration is the result of applying an electric field 

on charged particles. Such a field causes ions to move 

closer to or away from the working electrode and thus, 

induces an electric current. The direction of this current 

depends on the polarity of the ions and the electric field. 

Therefore, they can add or subtract from currents resulting 

from other processes, such as diffusion. It is common prac

tice to add excess background electrolyte to the sample 

under study to minimize migration effects. This electrolyte 

must be such that it does not react at the electrode.and yet, 

be concentrated enough such that it carries the current in 

the bulk of the solution. Currents resulting from migration, 

are of no interest in voltammetry and are therefore elimi

nated during experimentation through the use of electrolytes. 



Convection is the process by which material is moved to the 

electrode region through the use of external motion. The 

most common method for achieving this is through the use of 

rotating electrodes. The effect of solution stirring is to 

keep the effective bulk solution region closer to the elec

trode's surface, thus easing the electrolysis of the species 

under investigation. The third type of mass transport pro

cess is called diffusion. This is the result of concentra

tion differences between the bulk of the solution and the 

concentration at the electrode surface. When performing 

voltammetric analysis, it is the diffusion process which is 

under investigation. 

The Diffusion Process 

The current resulting from diffusion of electroactive 

materials at an electrode is found to be not only a function 

of the concentration gradient necessary to start the diffu

sion process, but also of the geometry of the situation. In 

the classical analysis, it is common to start by considering 

the diffusion process at a plane electrode as depicted in 

Figure k.J. If we consider the reactions 

Ox + ne J Red (^.1) 

which is driven by an externally impressed potential, an 

external current will be measured. This external current is 
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Figure ^-.3» Linear Diffusion at a Plane Electrode. 
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the result of electron exchange at the electrode to maintain 

the reaction going as given by equation 4.1. If we- ignore 

migration and convection effects, the rate of electrode 

exchange will be controlled by the rate of diffusion which 

in turn is proportional to the concentration gradient set up 

by the externally applied potential in accordance with Fick's 

first Law: 

Rate of Electrode a Concentration 
Reaction Gradient 

or: 

M [axj x=o 
i _ n 

AnP " |33cJ x=0 (4.2) 

where: 

I = current, amps 

n = number of electrons in the reaction 

P = Fadaday's number, 96,494 coulombs 

2 A = area, cm 

D = diffusion coefficient, cm /sec 

3C/3X = concentration gradient 

The external current is given by: 

I = nFAD 3£l n (I*.3) 3X |x=0 

If we use the linear approximation for the concentration 

gradient as shown in Figure 4.3, we find that 

C -C 
I = nFAD 0 

f 
e (4.4.) 
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where 6 is the so-called diffusion layer. This equation 

tells us the relationship between the current and the concen

tration of the reactant. Prior to the application of the 

excitation, the concentration of the reactant at the elec

trode is the same as that of the bulk of the solution and the 

current is zero. Once a potential is applied, the concentra

tion of the reactants begins to decrease and as a result, the 

current increases until Cg is very small. The current reaches 

a maximum, which is given by: — 

nFAC 
Id - -j* C».5) 

But this is only a simplified view because the diffusion 

layer and the concentration gradients are not constants, but 

functions of time and position. A more complete analysis is 

obtained by using Fick's second Law: 

3C0(X't) M 
»t * H <»•«> 

where q(x,t) is the flux through a cross section of width 

dx. However, Pick's first Law also states that the flux -

is proportional to the concentration gradient, so: 

n" 30O 
q - D,T3r (4.7) 

or: 

3C 3%„ 

= "'1̂  <iK8) 

This is a partial differential equation whose solution has 
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been found to be (Crow 1968, p. ll): 

,2(Dt) 
(4.9) 

3C 
3X X=0 (4.10) 

finally, substituting 4.10 into 4.3, we gets 

nFAD=C0 
(4.11) 

This equation tells us that the external current is propor

tional to the concentration of the reactant and is inversely 

proportional to time. Equation 4.11 is valid only for plane 

electrodes under semi-infinite diffusion conditions and is 

known as the Cottrel equation. Expressions for the instanta

neous current for systems subject to other geometries, such 

as cylindrical, spherical and rectangular, are given in the 

references listed at the end of the paper. 

instantaneous current due to diffusion, we can study the 

effects of potential variation (sweeps) >on the electrochem

ical cell and the shape of current - potential curves. 

Current - Potential Curves 

Now that we have found the relationship for the 

Consider again the system given by: 

Ox + ne j Red (4.12) 
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Suppose we were to apply an external potential which starts 

at a point somewhere more positive than the equilibrium 

potential of the system and decreases linearly at a rate v . 

Because the initial potential is above equilibrium, no reduc

tion of the reactants is possible and very little current 

flows. As the potential grows negative, the reduction 

process starts, and a current flow is measured in accordance 

with equation 4.11. The current continues to increase and 

reaches a maximum point, corresponding to the minimum reac^ 

tant's concentration. Once this point is reached, the 

current begins to fall because the diffusion rate drops. Now 

let's imagine what happens when the excitation is a triangu

lar waveform, such as the one used in cyclic voltammetry. 

The process is started in exactly the same manner, but a 

point is reached where the excitation switches and begins to 

drive the system closer to equilibrium. Now the process is 

reversed; the products of the reduction process can be oxi

dized once the equilibrium potential is passed. The current 

is given by equation 4.11 but it will be in the opposite 

direction. The process is shown in Figure 4.4-b. Note the 

sharp increase in current once the equilibrium point is 

reached and the sudden reverse in current at the moment the 

voltage is reversed. This is due to the fact that reduced 

products are very close to the electrode surface, ready for 

oxidation. This type of response is characteristic of 

reversible systems. In this case, the difference between 



Figure ^.4. Typical Current - Potential Curves. — Single Couple. 
a. Voltage Excitation; b. Reversible System; c. 
Quasi-Reversible System; c. Irreversible System. 
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the peaks is very small and has been computed to be 58/n mv. 

In addition, a rigorous analysis shows that the peak current 

is given by (Bard and Faulkner 1980, p. 218): 

3 /p 1 /? v. 1 /p ^ 
Ip = Kn '^AD '*C° v (4.13) 

where: 

K = the Randies - Sevcik constant 

v = Rate of voltage change, V/sec 

= Bulk concentration, moles/liter 

Equation 4.13 shows that the current is not only a function 

of concentration, but also of the rate of change of the 

sweep potential. Figure 4.4-c and 4.4-d show the result of 

potential sweep for quasi-reversible and irreversible systems. 

For the case of quasi-reversible systems, the peaks are more 

rounded and more separated. The extreme case is that of 

irreversibility which is characterized by a wide spread of 

the peaks. The degree of reversibility is a function of the 

speed of the Electrode process. In reversible processes, 

equilibrium between oxidized and reduced products is attained 

so fast that Nernst conditions prevail and the process is 

controlled by diffusion. For irreversible processes, on the 

other hand, equilibrium is established very slowly, so that 

the process is dominated by electrode transfer rather than 

by mass transfer. Reversibility, quasi-reversibility and 

irreversibility are defined by the degree of charge -



transfer speed and are influenced by the type of electrode 

used and the rate of voltage scan. 

In many cases, the systems under investigation are 

composed of a series of different elements which are reduced 

or oxidized at different potentials and as a result, produce 

more complex current - potential curves. In this case, the 

plots will have multiple peaks corresponding to the various 

reduction - oxidation processes. A typical situation is 

depicted in Figure 4-,5-a. The sweep is started at some point 

where only non-faradaic current flows, point 1. Suddenly, 

the current begins to rise, and peak A is formed correspon

ding to a reduction reaction. As the external voltage con

tinues to sweep, the current reaches a maximum, then falls 

due to depletion of the particular element undergoing reduc

tion. Then, the current begins to increase again due to the 

formation of a new product and peak B appears. When the 

voltage switches direction, peaks C and D are formed due to 

the reverse reactions. One can deduce that two waves are 

related by a single reaction, such ass 

Ox^ + ne Red^ wave A 

0x2 + ne t Re42 wave B 

Red2 - 0x2 
+ ne wave C 

Redx t Ox^ + ne wave D 

especialy if the system is reversible, such that the related 

peaks are close together.. 



7b 

pa 

VOLTAGE, mv 

a. 

VOLTAGE, mv 

b. 

Figure ^.5« Current - Potential Curves for 
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In order to measure the peak current for a subsequent 

peak (such as B), one must take into account the effects 

from the previous peak. If we remember that once a peak is 
i 

reached, the current falls at a rate given by ts. We can 

draw a base line such as the one shown in Figure 4.5-a to 

compute the peak current. This is not always possible, 

however, expecialy for the case where the two reactions are 

seperated by only a few millivolts such that the current 

never decays, but rather, shows a small wave at point A and 

continues to increase until point B is reached. In many 

situations it is not clear as to how the waves relate to each 

other. This can be analyzed by causing the external voltage 

to remain constant at one peak for a long period of time. 

When the voltage is allowed to continue to sweep one more 

cycle, one of the waves will increase sharply. In many cases 

the reactions occur in series and the sweep must be started 

at the right place to record all the waves. This is the case 

where the reaction is of the form: 

Ox + ne j Red, 

Red^ + ne Z Red2 

Suppose we start the voltage sweep at point 2 in Figure 4.5, 

and form peak B, then reverse the sweep at point 3 and go 

through peak C, which is the reverse reaction of B. As the 

voltage continues sweeping, we might not see any wave at D 

because no species has been previously reduced at A. As the 
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experiment continues for a second cycle, all the waves are 

present and the process reaches a steady state. 

In cyclic voltammetry, it is common to use large 

amplitude signals of approximately 1 to 1.5 volts above and 

below zero. The useful voltammetric range that can be inves

tigated depends on background waves which bring about large 

currents in either the cathodic or anodic region. This is 

particularly noticeable in experiments conducted in aqueous 

solutions where hydrogen and oxygen are present in large 

quantities. At negative potentials, hydrogen is formed as: 

2H+ + 2e Z K2 (if. 14) 

and because large quantities of hydrogen can be formed, the 

current resulting from the reduction process increases 

rapidly, independent of the applied potential. Similarly, at 

high positive potentials, water is oxidized according to: 

2H20 + 02 + 4H+ + 4e 

and the current increases in the same manner. The points at 

which these background waves appear depend on the type of 

electrode used and the medium where the experiment is taking 

place. They cannot be precisely defined in terms of half -

wave potentials, because it is not possible to measure 

limiting currents. Typical limits for platinum electrodes 

in a phosphate buffer, pH 7.0 ares -.7 v for hydrogen and 
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• 9^* v for oxygen. It is common practice to use nitrogen gas 

to remove oxygen from the solution to get rid of its charac

teristic wave, especialy when one is interested in anodic 

reactions. 



CHAPTER 5 

EXPERIMENTAL PROCEDURE 

Throughout the voltammetric experiments, we used a 

small, pure palladium wire (99*99^ pure). Its diameter was 

150 m, and it had an approximate lengh of 1 cm. The actual 

area of the electrode in contact with the medium is not 

exactly known. This parameter is very difficult to control 

because the electrode is inserted manually, and the penetra

tion can vary between 2 and 4 millimeters. All potentials 

were measured relative to the Ag/AgCl reference electrode 

which has already been described in Chapter 2. These poten

tials were measured using the Keithley electrometer, Model 

602, which has an input impedance greater than 10*® ohms. 

Insofar as the voltammetric experiment is concerned, 

two major distinctions can be made: in vitro and in vivo 

tests. The in vitro test is depicted in Figure 5.1. The 

electrochemical cell consists of a three electrode system 

immersed in a Phosphate buffer of pH 7. The third electrode, 

the counter electrode, is made of a piece of aluminum foil, 

approximately 5 cm . The voltage excitation is provided 

through a potentiostat and a Tacussel Model GSTP3 signal 

generator. The voltage and current signals are plotted 

using a Hewlett - Packard Model 7035 XY plotter. A similar 
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in vitro test is performed using the same set up, except the 

oxygen is removed by bubbling nitrogen gas into the electro

chemical cell. The results of both tests can be found in the 

next chapter. 

The in vivo tests were performed directly on the 

plant. The working electrodes were placed in the plants, 

as described in Chapter 2. The set up is shown in Figure 

5.2. The reference felectrode is connected through a poly-

acrylamide salt bridge to the stem of the plant such that the 

distance between the working electrode and the reference 

electrode is minimized. The connection between the reference 

electrode and the bridge is made through a reservoir con

taining 1.0 M potassium chloride. A long tygon tube 

containing the salt bridge and potassium chloride is connected 

to the end of the reservoir. This tube is terminated with 

the polyacrylamide salt bridge to prevent leakage of the 

solution from the reservoir. A cotton wick saturated in po

tassium chloride is placed between the bridge and the stem. 

The tube is held by a housing built with a special epajcy -

impregnated fiberglass. A piece of aluminum foil serves as 

the counter electrode. It is also placed in the reservoir 

so it can be in contact with the rest of the cell. This foil 

is only used when the excitation is provided by the Tacussel 

equipment. When the Voltammetric Analyzer is used, a two 

electrode system is employed. The tests were conducted 

under fiild conditions during the summer months of 198l. 



Figure 5.2 Experimental Set Up for the In Vivo Test.— The 
Connection Between the Plant and the Reference 
Electrode is Made Through a Polyacrylamide Salt 
Bridge. The Electronic Equipment is either the 
Voltammetric Analyzer or the Tacussel Equipment. 
When the Voltammetric Analyzer is Used, the 
Aluminum Foil Counter Electrode is not Employed 
and th®. Inverter Drives Only the Plotter. The 
Tests Were Performed at the Avra Valley Farms. 
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Although the actual ambient temperature was not recorded 

during the course of the experiment, it can be estimated that 

a range between 37° to ^3°C is valid. The plants used were 

approximately 22 weeks old, 1.0 m in height (average), and 

were in the reproductive phase, with several cotton bolls at 

various developmental stages. The electrical equipment was 

powered by a 12 v battery and an ATR Model 53A DC/AC inverter. 



CHAPTER 6 

RESULTS AND DISCUSSION 

The most relevant results for the in vitro and in 

vivo systems are now presented. 

In Vitro Test 

The starting point in the voltammetric analysis was 

an in vitro test to study the response of palladium under 

controlled potential. The experimental set up was already 

described in Figure 5.1 in the previous chapter. 

Figure 6.1 shows the results. The process is started 

without previous conditioning of the electrode. The potential 

is swept between -1.0 volts and 1.35 volts. At the negative 

limit, the current rises extremely fast due to the reduction 

of hydrogen. The mechanism which governs this reaction has 

been the subject of numerous studies (Heyrovsky, 1966). The 

most accepted reaction is: 

2H+ + 2e i H2 (6.1) 

The result of exposing the solution to such a negative poten

tial is the discharge of hydrogen. At the positive limit, 

a similar reaction occurs involving the evolution of oxygen. 

This process has been commonly accepted to be due to the 
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Figure 6.1 In Vitro Voltammograra at a Palladium Electrode. — 
The Palladium Electrode is immersed in 1.0 
Potassium Phosphate. A three Electrode Cell 
is Used. The Excitation is Provided by the 
Tacussel Equipment. The Anodic and Cathodic 
Limits are Clearly Shown. The First Cycle and 
Steady State Curves are Shown, v = 100 mv/sec. 
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oxidation of water as (Adams 1969» p. 19)* 

2H20 Z  0 2  +  4H+ +  k e  ( 6 . 2 )  

However, it has been found (Hoare, 196*0, that the process of 

oxygen evolution at palladium electrodes may also proceed 

through the following mechanisms 

Although the electron- transfer is not explicitly shown in 

the reaction, we can see that oxygen is oxidized from the 

-4 state in Pd02» to 0 in 02. In addition to these two 

processes, there are at least four other reactions taking 

place during the course of the voltammetric sweep. These 

have been assigned four different regions labeled A through 

D, as shown in Figure 6.1. Two of these regions are related 

to hydrogen and oxygen reactions alone. The other two cor

respond to reactions of oxygen in conjunction with the metal. 

In order to investigate which reactions correspond to a 

given region, the electrode surface is pre-conditioned by 

allowing it to be in contact with large amounts of hydrogen 

(or oxygen), prior to the start of the sweep. Figure 6.2-a 

shows the resulting current - potential curve after the elec

trode is kept at -1.0 volts for a 5 minute period. This 

produces large amounts of hydrogen in the manner described 

by equation 6.1. This hydrogen is readily available at the 

Pd02 t PdO + i02 (6.3) 



In Vitro Voltaramogram at a Pre-Conditioned Electrode. 
The Electrode is immersed in Potassium. Phosphate. The 
Tacussel Equipment Provides the Excitation, a. The 
Potential is Kept at -1.0 Volts for Five Minutes. A 
Large Amount od Hydrogen is Produced. This Hydrogen 
is Consumed at Region A} b. The Potential is Kept at 
+1.35 Volts for Five Minutes to Produce Oxygen, 
v = 100 mv/sec 
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electrode for consumption once the voltage starts to sweep 

"back towards more positive potentials. The figure shows the 

first sweep,, where current increases tremendously at point 

A (the plotter goes off scale). This is called the "anodic 

dissolution" current, and results from the oxidation of the 

sorbed hydrogen. As the excitation continues, wave A de

creases and reaches a stable peak after a few cycles. Next, 

by allowing the electrode's potential to stay at the anodic 

limit, we can obtain information about the oxygen process. 

In Figure 6.2-b, the potential is kept at +1.35 volts for 5 

minutes. Once this is done, the potential is allowed to 

sweep in the negative direction. The waves in regions C and 

D are found to increase in magnitude suggesting their relation 

to oxygen concentrations. The first cycle shows three dis

tinctive waves with maxima at -160 mv, -380 mv and -620 mv. 

Note that in Figure 6.1, the intermediate wave is almost 

undectected. A more detailed description of the process can 

be obtained by deaerating the solution with nitrogen, as 

shown in Figure 6.3. In this case, we only observe wave C 

at approximately -160 mv. The other two waves (one major and 

one minor), have disappeared. We can conclude from these 

two tests that region D in Figure 6.1 corresponds to the 

reduction of the molecular oxygen which has been formed at 

the anodic limit. The reactions in region D go undetected 

when the solution is deareated because oxygen is no longer 

readily available for reduction. The reduction of oxygen 



Figure 6.3 In Vitro Voltammogram at a Palladium Electrode in an Oxygen 
Controlled Solution. — The Electrode is Immersed in Potassium 
Phosphate. The Amount of Oxygen is controlled by Bubbling 
Nitrogen Gas. The Tacussel Equipment is Used. 
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has been described as a two step process in neutral solutions 

(Bard and Faulkner 1980, p. 175)'• 

02 + 2H20 + 2e" t H202 + 20H~ (6 A) 

followed by: 

H202 + 2e~ t 20H" (6.5) 

This is in agreement with the two waves observed in the 

region. 

We still have to explain the processes ongoing at 

points B and C. It has been shown (D.'A.J. Rand and R. Woods, 

1972), that in the anodic region, palladium is oxidized as: 

Pd + H20 i PdO + 2H+ + 2e~ v (6.6) 

We presume that this is the reaction which occurs at point B. 

A better picture is presented in Figure 6 A. A more distinc

tive wave can be seen if the electrode is hot allowed to go 

too far in the cathodic region to produce hydrogen. This way 

we will avoid merging regions A and B. In this test, the 

electrode was maintained at -200 mv for 5 minutes and the 

voltage was then allowed to sweep between -.2 and 1.35 volts. 

The first cycle shows a large increase at point B, at about 

2^-0 mv. In addition, a moderate wave is seen at point E, at 

about 1.0 volts and another one at point F, corresponding to 

.^5 volts. If wave B corresponds to the oxidation of pal

ladium according to equation 6.6, we can conclude that wave 
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E is the result of converting PdO to PdOg possibly through 

the reaction: 

PdO + H20 Z PdOg + 2H+ + 2e~ (6.7) 

This process must precede the evolution of oxygen given by 

"Equation 6.3 (Hoare, 1965). Wave P is probably the reverse 

reaction due to either the voltage reversal or to the unsta

ble characteristic of PdOg. The newly formed PdO is again 

reduced to form palladium in its allotropic form. This 

reaction occurs at point C. 

In Vivo Tests 

Now that we have some knowledge of the processes 

which take place at a palladium electrode under controlled 

potential, we can study the voltammetric response of the 

plant. Figure 6.5 shows a typical voltammogram in vivo of a 

plant using the experimental set up described in Chapter 5. 

The excitation was allowed to proceed through numerous cycles 

until a steady state condition was reached. There are three 

distinctive waves in the voltammogram. They seem to corre---

spond to the desorption of hydrogen, at A', the reduction of 

oxygen, at D'f and the reduction of PdO, at C', as previously 

discussed in the in vitro tests. Even though these waves 

maintain their relative positions, they appear at completely 

different potentials than those found in the in vitro tests. 

In addition, there does not seem to be the large production 
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of hydrogen at the -1.0 volt region found in the in vitro 

tests. Instead, where the potential is -1.0 volts, the 

hydrogen wave is just starting to appear. A similar argu

ment can be made about the oxygen evolution at the anodic 

limit. This fact can be attributed to the large resistance 

which separates the working electrode and the reference 

electrode. Even though we by-passed most of the stem imped

ance through the use of the modified experimental set up, the 

voltammogram is still affected by the stem impedance. It 

is importanteto mention at this point, that every attempt 

was made to carry out the voltammetric analysis with the 

reference electrode buried in the soil, resulted in a 

completely incoherent response, characterized by excessive 

noise at the current output. _ 

The in vivo results obtained with the Voltammetric 

Analyzer were checked versus the commercial voltammetric 

equipment. Figure 6.6 shows the resulting voltammograms 

done on the same working electrode for both pieces of equip

ment. Only the steady state waveforms are shown in both 

cases. The response matches exactly regardless of which 

equipment is used. Note however, that there exists some dis

crepancy in the cathodic region in this particular figure. 

This is due to the fact that the Tacussel reversed polarity 

immediately after the wave corresponding to the reduction of 

oxygen. Unfortunately, the Tacussel equipment was not used 

very often towards the end of the experimental phase, when 
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Figure 6.6. Voltammetric Analyzer's Performance Versus 
the Tacussel Equipment. — a. Using the 
Voltammetric Analyzer; b. Using the 
Tacussel Equipment. 
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the best results were obtained using the Voltammetry Analyzer. 

Nonetheless, the general response of both instruments was 

quite similar. 

When the excitation was applied at different parts of 

the plant, very little difference was observed, In many 

cases, the resulting current at the peak of the waves was 

larger when the working electrode was placed in the meristem 

trunk as compared to the case where the excitation was 

applied at a peduncle or a petiole. This is probably the 

result of placing the reference electrode in contact with the 

stem, rather than the petiole or the peduncle, due to physical 

constraints. Figure 6.7 shows voltammograms at a petiole and 

at a peduncle. 

We found throughout the experiments that the plant 

potential returns immediately to its stable region upon 

removal of the external excitation. This is true even if the 

excitation is terminated at the anodic or at the cathodic 

limits. This allows the application of voltammetry several 

times without causing permanent damage to the plants. The 

similarities between the in vitro and in vivo tests suggest 

a lack of el'ectroactive species in the in vivo solution sur

rounding the palladium electrode. Even if there are redox 

couples in solution, they could go undetected due to: 

a) their low concentrations 

b) the high resistance present in the system masks 

their detection 
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Figure 6.7. Voltammograms at the Peduncle and 
Petiole. — a. At the Peduncle; 
b. At the Petiole. The Voltam-
metric Analyzer Provides the 
Excitation. 
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c) Pd is unreactive as a catalyst. 

If redox couples are not responsible for the plant's 

potential, then the most logical explanation for it is the 

presence of the two oxides formed by Pd, i.e., PdO and Pd02. 

It is known that PdO is easily formed in the presencee 

of water as: 

Pd + H20 t PdO + 2H+ + 2e" (6.8) 

In addition, it has been suggested (Hoare, 1964), that the 

rest potential of palladium in an acid medium is the result 

of a mixed potential determined by the reactions: 

Pd i Pd++ + 2e~ (6.9) 

and 

02 + Pd++ + 2e~ t PdO2 (6.10) 

where the potential is modulated by the concentration of 

PdOg and Og. It is possible that a similar mechanism is re

sponsible for the plant's potential. This argument is 

substantiated by the fact that the rest potential of palladium 

in phosphate buffer drops sharply when the solution is deaer-

ated. This drop is similar to the plant's response to 

irrigation. 

Although the actual mechanism which determines the 

potential is not yet completely understood, the above analysis 

suggests it is closely related to the formation of oxides in 



palladium, rather than the presence of redox couples in 

solution. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

From the experimental results obtained throughout the 

course of the research program, the following conclusions 

can be drawn: 

1) The bioelectrical system is characterized by an 

extremely high input impedance. This is the result of the 

plant's low conductivity. By placing the reference electrode 

in contact with the stem through a salt bridge arrangement, 

it is possible to drop the resulting impedance by a factor 

of 10 to approximately JO Kfi. 

2) The system is not permanently damaged by the 

application of an external voltage waveform. This allows the 

application of cyclic voltammetry as a non-d'estructive tech

nique of analysis. 

3) Cyclic voltammograms of cotton in vivo demonstra

ted that the potential measured at a palladium electrode 

cannot be the result of the presence of redox couples.. Fur

thermore, the voltammograms suggest the influence of oxides 

on the variation of the rest potential of the bioelectro-

chemical system. 
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Re c ommendat i ons 

Based on the experience obtained during the experi

ments, the author wishes to make the following recommendations 

for future research: 

1) To continue the application of cyclic voltammetry 

to the in vivo systems on a regular basis in order to deter

mine the variations in the current - potential curves during 

the growing season, that is, from juvenality through to senes

cence. 

2) To investigate the voltage levels resulting from 

the use of carbon or pyrolytic graphite electrodes which are 

less susceptable to corrosion. A comparison of cyclic volt-

ammograms carried out in vivo at these types of electrodes 

versus their palladium electrode counterparts, will substan

tiate the oxide formation theory. 

3) To devise a mechanism to reduce the effect of 

the series resistance during voltammetric analysis in vivo. 



APPENDIX A 

LIST OF SYMBOLS 

A 2 area, cm 

B transfer coefficient, dim'ensionless 

Ce concentration at the electrode surface, moles/ml 

Co bulk concentration, moles/ml 

D diffusion coefficient, cm /sec 

F Faraday constant, 9^500 coulombs 

6 thickness of the diffusion layer, mm 

I instantaneous current, )ia 

xP 
peak current, via 

K Randies - Sevick constant, dimensionless 

n number of 'electrons, dimensionless 

n overpotential, mv 

°x oxidized form 

q flux, moles/cm sec 

R gas constant, 8.31^41 joules/mole -K 

Red reduced form 

T temperature, -K 

V scan rate, mv/sec 
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APPENDIX B 

REFERENCE ELECTRODE CONSTRUCTION 

The reference electrode is a dual Ag/AgCl cell. This 

design not only allows one to measure the plant's potential, 

but it provides a means to check the electrode's performance 

at all times. During the passive experiment, only one cell 

is actually used. 

Figure B.l shows its construction. The reference 

electrode's main body is a plexiglass rod, two inches in 

diameter. Two holes are drilled lengthwise to form the res-

erviors. Each reservoir is filled with different concentra

tions of potassium chloride (,5M and 1.0M respectively). In 

this manner, a potential difference between the cells is 

obtained. At the bottom end of the red, there are two plexi

glass tubes which hold the polyacrylamide salt bridges. A 

ceramic plug is inserted at the end of each bridge to avoid 

leakage. 

The Ag/AgCl probes are placed sideways in the middle 

of the reservoir to avoid exposure to any air bubble. These 

probes are constructed by plating pure silver wire (99% i 18 

Ai/tfG), in .25M hydrochloric acid at a current of lOOpa for 72 

hours. A 23 AWG stranded wire is soldered to the probe to 
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provide the electrical connection. This junction is sealed 

with silicone rubber to avoid contaminating the solution. 
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CHLORIDE-
ELECTRODE J 

POTASSIUM 
CHLORIDE -
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Figure B.l. Reference Electrode Construction. ~~ 
For Construction Details see Gensler, 
1980. 
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