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Abstract
Gasotransmitters are endogenously produced, biologically important gas molecules with
similar properties and physiological roles. Accurate detection of these molecules would
aid in elucidating the mechanism of these physiological processes. While electrochemical
detection is attractive due to speed, accuracy, and cost, there are significant issues
regarding the selectivity of current sensor materials. Specifically, gasotransmitter
molecules (such as CO, NO, and H2S) are all oxidized at ~700 mV due to kinetic
limitations of the oxidation reactions. This means that accurate detection of the
concentration of one analyte using standard electrode materials is impossible. One way to
overcome this challenge is to modify the electrode surface with a suitable electrocatalytic
material that will exhibit selectivity for one analyte over the other gasotransmitters
present. Our research group has initiated projects focused on developing electrocatalytic
materials capable of performing such functions. To our knowledge, we are one of only a
few groups with this objective. Common electrocatalysts include oxide layers and
metalloporphyrin layers which can be easily electrodeposited on the working electrode
surface. This thesis will report on the pioneering research that has led to the
establishment of two separate projects intent on developing electrocatalysts for the
selective detection of either H2S or CO.
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Chapter 1: Introduction
1.1 Importance of Gasotransmitters
Gasotransmitters are biologically produced gaseous signaling molecules.

A

gasotransmitter is generally a small gaseous molecule that is permeable to membranes,
enzymatically generated in the body, and has well-defined, specific functions at
physiological concentrations.1 Based on these criteria, the most common gasotransmitter
molecules are nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S). Each
of these molecules share common features, such as size, charge, and polarity, and have been
shown to have significant physiological functions.1 These functions include vasorelaxation,
vasodilation, neurotransmission, anti-inflammation, as well as antiproliferative activity and
antiapoptic activities.2,3 Gasotransmitters have also been linked with certain diseases and
disorders such as diabetes, cancer, obesity, drug addiction, and Alzheimer’s disease.1 Table
1 summarizes the physiological role and concentration of each gasotransmitter molecule in
the human body.

Table 1.1: Summary of Physiological Roles and Approximate Concentration of Gasotransmitter Molecules

Gas
CO

NO

H2S

Physiological Role
•
•
•
•
•
•
•
•
•
•

Produced enzymatically
Neurotransmitter
Not fully understood
Produced enzymatically
Anti-inflammatory agent
Neurotransmitter
Vasodilator
Neurotransmitter
Neuroprotection agent
Muscle Relaxant

1

Physiological
Concentration
< 1 µM

< 1 µM

0.015 – 160 µM

Each of these gases also has significant environmental importance.

For example,

inefficient automobile combustion produces significant levels of NO and CO, with CO being
one of the largest air pollutants in North America and overexposure can cause significant risk
of respiratory disease1. On the other hand, environmentally, H2S is found in volcanic gases,
marshes, and around decaying matter in sewers. Each of these can cause significant injury or
death in large amounts.
In order to study the physiological effects of these molecules both from endogenous
production and from environmental exposure, it is necessary to develop an in vivo detection
method for each gas that can quickly and accurately determine the concentration of the
gasotransmitter molecule of interest without interference from the other gasotransmitters or
other species present.

1.2 Problem Statement
Current gasotransmitter detection methods utilize spectroscopy and electrochemistry to
detect the gasotransmitters in excised tissue samples. However, this type of analysis is
undesirable due to its complexity, inefficiency, and cost. Thus, it is essential to develop a
quick, accurate, selective in vivo method for gasotransmitter detection. Electrochemical
methods are an attractive way to tackle this problem due to the quick response time, high
accuracy, low cost, and miniaturizability. A traditional Clark-style electrochemical sensor,
shown schematically in Figure 1.1, consists of a glass capillary containing a working
electrode and a reference electrode housed in an internal electrolyte solution behind a gas
permeable membrane (GPM). The GPM allows the passage of the reactant gasses through to
the electrode surface, where it is then oxidized, while blocking molecules which would
interfere with the detection. The oxidation reaction causes a measurable and quantifiable
2

current to pass through the solution.

Figure 1.1: Schematic of Traditional Clark-Style Electrochemical Sensor.

The GPM is quite effective at blocking aqueous interferences; however, current GPM
materials are not sufficient at blocking gaseous interferences. This means that all three
gasotransmitters can permeate the GPM. While thermodynamic predictions would indicate
that each molecule would oxidize at very different voltages (CO at -317 mV, H2S at -27 mV,
NO at 763 mV), this is not observed due to kinetic limitations of the reactions involved.
Thus, each molecule oxidizes at approximately the same voltage (~700 mV) on current
electrode materials. This is problematic because if multiple gasotransmitters are present at
the electrode surface, then an electrochemical sensor would not be able to differentiate
between them, and the determination of the concentration of a single species would be
inaccurate. Additionally, the oxidation of H2S and CO on platinum fouls the electrode
surface; degrading the effectiveness of the working electrode, making the measurement less
accurate over time.2,3 This lack of selectivity currently hinders the use of electrochemical
sensors for in vivo measurements, which limits understanding the physiological processes in
3

which each gas is involved.
The current method of imparting selectivity to electrochemical gas sensors over aqueous
interferences through GPMs is based on the membrane material exploiting a specific property
(e.g. size, charge, solubility) in order to allow the permeation of only the gas of interest.
However, considering the similar properties of NO, CO, and H2S, tailoring a GPM to allow
the passage of only one gasotransmitter and not the others is not a trivial task. Thus GPMs
are not a suitable method for imparting sensor selectivity over gaseous interferences.
However, one potential way to improve the selectivity is to modify the working electrode
surface with an electrocatalyst so that while all gases still permeate the GPM, only the gas of
interest will oxidize at the electrode surface. Common electrocatalysts include metal oxide
layers and metalloporphyrins.

1.3 Nitric Oxide Electrochemical Sensors
As discussed above, Clark-style sensors are useful for many applications; however, are
poor at selective detection of gasotransmitters in vivo.

NO was the first known

gasotransmitter, thus, significant research has gone into developing NO sensors over the past
decade. The first commercial electrochemical NO sensor was produced in 1992 by Watson
Pharmaceuticals, Inc.4 The electrode was known as the ISO-NOP and was to be used in
conjunction with their NO detection meter (ISO-NO).4 The sensor required a potential of
860 mV to oxidize NO that diffused through the GPM/NO membrane.4
Another type of NO sensors is one that incorporates a working electrode modified with
an electrocatalytic material in order to increase sensitivity and selectivity. For example, in
1992, Malinski and Taha showed that using tetrakis(3-methoxy-4-hydroxyphenyl)porphyrin
provided good selectivity over many aqueous interferences.5 However, Schreiber found that
4

H2S is a significant interference with NO detection using this porphyrin.6 Further research
has gone on to show that porphyrins with many metal centers (Ni, Pd, Mn) can be effectively
used in NO sensors7,8; however, only two address interferences from CO or H2S.2,6
Despite the many types of NO sensors and the extensive research done to develop them,
comparatively little research has been performed on developing similar sensor materials for
CO and H2S. Particularly, the ways in which gasotransmitters interact with each other, and
how this affects detection have not been fully explored. These questions need to be answered
in order to develop an accurate, selective sensor for each molecule. The following sections
outline the research that has been done performed investigating H2S and CO.

1.4 Literature Review of Hydrogen Sulfide Detection
In order to understand the oxidative process involved in the detection of gasotransmitters,
it is necessary to study the oxidation mechanism. H2S can be oxidized via a two-electron
process to produce elemental sulfur as shown in Equation 1.1.
H 2 S → S + 2 H + + 2e −

(1.1)

The oxidation of sulfur at a platinum electrode surface has been thoroughly studied, and
electrode fouling due to sulfur oxide formation at the surface has been conclusively
demonstrated.9,10 Additionally, a study by Steudel demonstrated the ability of VV, FeIII, and
CuII to oxidize aqueous HS- to form S6, S7, and S8, which would then cluster and crystallize
at the electrode surface.11
Recently, there have been some attempts to develop a viable H2S sensor. For example,
Spilker et al. developed a “redox cycling sensor”, which incorporates a membrane enclosed
sensor with the ability to continuously measure the concentration of H2S in the micromolar
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range.12 Similarly, in order to determine the concentration of environmental H2S in acidic
soil and sediment samples, a microsensor was developed by modifying the traditional Clark
style sensor.13 This electrode had a linear concentration range of 1-1000 µM.13 In order to
study the concentration of H2S in environmental water samples, a flow analysis system has
been developed by Jeroschewski and Braun.14 The flow system helped to reduce error
associated with loss of analyte due to both the oxidation of hydrogen sulfide and adsorption
effects and had a linear range from 1-750 µM.14
Modification of the working electrode using carbon nanotubes has also been studied. By
adsorbing carbon nanotubes onto a glassy carbon working electrode, Wang et al. were able to
catalytically reduce the overpotential of sulfide oxidation.15 The resulting sensor was able to
detect H2S with a detection limit of 0.3 µM, and a linear range of 1.25-112.5 µM.15 The
sensitivity of the sensor was due to the ability of the nanotubes to facilitate the electron
transfer during the oxidation of H2S.15 Similarly, silver nanoparticles adsorbed to carbon
nanotubes have shown the ability to detect H2S.16 This technique exhibited some selectivity
for H2S over NO and CO (approximately 10-20x); however, the sensor is fouled after one
use and is therefore not reusable; this is undesirable.16 Thus, it becomes apparent that the
problem of selective oxidation of H2S over CO and NO has not been completely studied. It
is necessary to develop a stable sensor that can accomplish this goal.

1.5 Literature Review of Carbon Monoxide Detection
There has been some research into the development of a sensor for the detection of CO.
For example, manganese oxide supported gold catalysts have been shown to be effective for
low-temperature detection of CO/O2 mixtures.17 The simultaneous detection of NO and CO
in mouse kidney tissue was previously attempted by Lee et al. The sensor utilized two
6

different platinized disk-based working electrodes of varying diameters, one of which was
modified by electrochemical deposition of tin.2 The sensor reportedly was able to detect and
quantitate CO and NO levels simultaneously in living tissue.2
Metalloporphyrins have also been shown to be effective electrocatalysts for CO
oxidation. Shi and Anson have conducted experiments on the reaction kinetics of CO
adsorption to cobalt (II) octaethylporphyrin (OEP) modified graphite electrode in aqueous
media, determining that CO is readily oxidized by coordinating to CoIII(OEP)+, and then
immediately oxidized to CO2 in a pseudo first-order reaction.18 In acidic solutions, rhodium,
iridium, and cobalt porphyrins have shown promise for catalytic oxidation of CO.19,20 This is
attributed to their ability to adsorb CO, activating the metal center to nucleophilic attack by
H2O.19 Cobalt and iron centers were also shown to be particularly active to CO adsorption in
alkaline solutions due to the nucleophilic strength of the OH- ions in the solution.19
Of particular interest are the series of papers published by Yamazaki et al. in which the
viability of a rhodium porphyrin is assessed for the oxidation of CO.21,22 The papers discuss
the problem of disproportionation, simultaneous oxidation and reduction, that is commonly
observed with rhodium porphyrins. Disproportionation makes the RhII/RhIII redox couple
irreversible, which is undesirable for sensing applications. However, Yamazaki et al. report
the ability to eliminate disproportionation on the electrode surface.21,22 Similarly, it has been
reported that disproportionation can be eliminated in solution phase by the addition of strong
axial ligands.23

Thus, it becomes apparent, again, that the interaction between

gasotransmitter molecules in sensing applications has not been fully explored. Further, it
appears that a rhodium or cobalt porphyrin may be a good electrocatalyst for this goal.

7

1.6 Overview of Thesis
The goal of this project was to study the electrocatalytic properties of various materials
for gasotransmitter sensor applications. A good catalytic material would oxidize one
gasotransmitter quantitatively and reproducibly, while having little to no response to the
presence of the other gasotransmitter molecules. The electrode surface should also be easily
and reproducibly modifiable using standard chemical or electrochemical techniques. The
electrode needs to respond quickly towards the gas of interest and that response should be
quantifiable at low concentrations.
The second chapter of this thesis presents the initial attempts to develop a material
selective for H2S oxidation. Specifically, the catalytic properties of V2O5 deposited onto Pt/Ir
wires were investigated. Vanadium has previously demonstrated promise for the oxidation
of H2S in industrial applications. The deposition process of the oxide layer was studied using
electrochemical techniques and scanning electron microscopy (SEM), in order to
demonstrate that the surface had been modified. The signal response towards H2S, CO, and
NO was then evaluated using cyclic voltammetry and amperometric i-t experiments.
The third chapter of this thesis presents an initial attempt at the deposition of Rh
porphyrins for the selective oxidation of CO. Rhodium porphyrins have been shown to have
significant catalytic properties towards the oxidation of CO; however, there exist significant
difficulties in the deposition process of these porphyrins. One potential way around this
problem is to modify the electrode surface with an easily deposited porphyrin, then remove
the current metal and insert rhodium. The third chapter outlines the initial study of the
replacement of the iron center of electrodeposited iron protoporphyrin with rhodium, along
with the potential for catalytic CO detection of the modified surface.
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Chapter 2: Investigating Vanadium Pentoxide as an
Electrocatalyst for H2S Oxidation
2.1 Experimental Details24
Electrochemical measurements were made using a CH Instruments model 830B or 842C
Series Electrochemical Analyzer with a three electrode set-up consisting of a V2O5 modified PtIr
wire, a Ag/AgCl (3 M NaCl) reference, and a carbon auxiliary. The working electrode was
prepared by cleanly cutting the end of the PtIr wire with a No. 11 surgical blade. In order to
clean the surface, the electrode was sonicated in acetone for 10 minutes before being rinsed with
deionized (DI) water.

The electrode surface was activated by cycling the electrode in N2

saturated 0.5 M HClO4.
•
•
•

from -300 mV to 1200 mV at 100 mV/s for 1 cycle
from -500 mV to 1700 mV at 100 mV/s for 1 cycle
from -250 mV to 1250 mV at 100 mV/s for 50 cycles

After cycling, the working electrode was held at 150 mV for 60 seconds. The vanadium
pentoxide layer was achieved by electrodeposition of a vanadium solution to the working
electrode surface. The vanadium solution was comprised of 50 mM VOSO4•H2O solution
dissolved in 1.0 M H3PO4. The wire was cycled from 0 mV to 2000 mV at 50 mV/s. The
electrode was then rinsed with DI water and stored in air.
In order to prepare the H2S solution, 3.4 mg of crushed sodium sulfide hydrate was dissolved
in 15 mL of N2 saturated 0.01 M phosphate buffer saline (PBS, pH 7.4) containing 0.138 M
NaCl and 2.68 mM KCl. The concentration was determined iodiometrically to be 3.2 mM. The
NO and CO solutions were prepared by bubbling the respective gas through 20 mL of N2saturated PBS in an ice bath for 20 minutes. The concentrations were assumed to be 1.9 mM and
0.9 mM, respectively. All further electrochemical experiments were conducted in N2-saturated
9

PBS at room temperature and gasotransmitter solutions were introduced to the cell via syringe.
The deposition was monitored via a Hitachi Model S-570 scanning electron microscope. The
accelerating voltage was a constant 20 kV with a working distance of 17 mm. Each image was
magnified to 2500x.

2.2 Results and Discussion
The electrodeposition of V2O5 on the electrode surface is pH dependent. Based on the pH of
the vanadium solution, deposition can be expected to follow the mechanism below:26

VO 2+ + H 2 O 
→ VO2+ + 2 H + + e −

(2.1)

2VO2+ + H 2 O 
→V2 O5 + 2 H +

( 2 .2 )

Figure 2.1 shows the deposition of V2O5 at the 1st, 2nd, 5th, 10th, 15th, and 20th cycle in order
to show the progression of the current response during deposition. During the first 5 cycles of
the deposition, the voltammogram shows two poorly resolved oxidation signals at 1200 mV and
1325 mV, labeled peak II. These peaks can be attributed to the oxidation of VO2+ to form VO2+
(Equation 2.1). The current continues to increase sharply at large potentials due to the water
discharge and V2O5 precipitation (Equation 2.2). The potential in which this increase occurs
shifts to lower potentials with cycle number, which suggests a more active surface. There are a
few other noteworthy aspects of the deposition process. The first is that the oxidation peak at
1200 mV becomes more pronounced as its current shifts towards 900 mV (Peak I), while a
reduction peak concurrently begins to form at 600 mV (Peak III). These peaks increase in
current until the 15th cycle, after which they level off.
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Figure 2.1 Select cycles for voltammetric i-E curves of deposition of V2O5 at 50 mV/s.
The current decreases after the first cycle, then increases before leveling off at
approximately cycle 20.

In order to further study the deposition process, scanning electron micrographs were taken at
various points of the deposition process of different wires. Figure 2.2 shows SEM images of A)
the clean platinum wire surface, B) after 1 deposition cycle, and C) after 20 deposition cycles.
Before deposition, the electrode surface is fairly rough due to imperfect cutting of the wire;
however, after 1 cycle the surface becomes smooth, as a uniform layer of V2O5 begins to coat the
surface. This oxide layer may explain the decrease in current after the first cycle, before the
increase of current in subsequent cycles, shown in Figure 2.1. The increased roughness after 20
cycles suggests that as the deposition continues, a thicker, rougher layer develops, which is
corroborated by the increase in current of Peak I in Figure 2.1 up to the 15th cycle.
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Figure 2.2: Scanning electron microscopy images of various stages of V2O5 deposition on PtIr wire surface. A)
bare, activated PtIr wire. B) After 1 deposition cycle. C) After 20 deposition cycles.

In order to electrochemically confirm that the wire was modified, cyclic voltammograms
were performed in both atmospheric and N2-saturated 1.0 M H3PO4. These scans, along with a
cyclic voltammogram of the bare wire, are shown in Figure 2.3. The bare PtIr wire is relatively
featureless; whereas the modified electrode surfaces show oxidation and reduction signals that
indicate that the surface has been modified. The I/III redox couple is likely due to a V4+ ←
→
V5+ redox process; however, the exact species are unknown, and mechanistic determinations are
beyond the scope of this application.

Figure 2.3: Background voltammetric comparison of bare PtIr wire to V2O5 modified electrode surface.

The activity of the V2O5 modified electrode towards H2S was determined using cyclic
12

voltammetry (CV) and square wave voltammetry (SWV). Figure 2.4 demonstrates the catalytic
ability of the oxide layer over bare platinum by overlaying the square wave voltammogram of
the oxidation of 1 µM H2S in N2-saturated PBS from each type of electrode. The scan was from
100 mV – 1V at 2 mV increments, amplitude of 50 mV, and a frequency of 15 Hz. The
increased current for the curve of the V2O5 modified electrode clearly demonstrates its catalytic
potential. Five wires were tested, with peak potentials ranging from 375 mV to 450 mV.

Figure 2.4: Comparison of bare wire and modified wire background
using Square Wave Voltammetry. The increase in the current at 400 mV
demonstrates the catalytic activity of the modified electrode over bare PtIr wire.

In order to quantitate the catalytic ability of the V2O5 modified electrode, SWV and CV were
employed. SWV scans were made between 0-100 µM H2S in N2-saturated PBS, the scans for 015 µM are overlaid in Figure 2.5A. Figure 5.2B plots the peak current against the concentration
of sulfide to demonstrate the range of values for which the sensor is linear. The inset in Figure
2.5B provides a clearer view of this window by focusing on the region from 0.5-15 µM. The
sensitivity was determined to be 2.66 ± 0.08 nA/µM with an R2 of 0.9925.
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Figure 2.5: (A) Square wave voltammograms for the oxidation of 0-15 µM H2S in N2-saturated
pH 7.4 PBS by V2O5 at the working electrode surface. (B) Calibration plot data obtained by
plotting the peak current vs. the total sulfide concentration. The inset demonstrates the linear region to be
0.5-15 µM.

Cyclic voltammetry (CV) was used similarly to study the effects of sulfide concentration and
scan rate; however, CV requires larger concentrations and the peak potential is shifted positively
to approximately 820 mV. By varying the scan rate at a constant concentration of sulfide, it is
possible to determine how the H2S and V2O5 interact at the surface. Figure 2.6 demonstrates this
by showing the forward sweep of a background subtracted voltammetric i-E curve for the
14

oxidation of 160 µM H2S at scan rates ranging from 1 mV/s to 10 V/s. The peak current
increases linearly with the square root of the scan rate (R2=0.9977). This suggests that the
reaction is diffusion limited, that is, the reaction occurs as quickly as the H2S can diffuse to the
surface. A linear increase with sulfide concentration was also observed (figure omitted), which
supports this conclusion.

Figure 2.6: Voltammetric i-E curves of 160 µM H2S at various linear scan rates. The peak current
increases linearly with the square root of scan rate, indicating a diffusion-limited reaction
mechanism.

In order to mimic the experimental set-up of a sensing application, an amperometric i-t
experiment was carried out by holding the potential at 400 mV and injecting H2S, as shown in
Figure 2.7. Note, the quick response upon each injection is promising for real-time detection
applications. The electrode displays a linear response up to 15 µM with a sensitivity of 27 pA/
µM.
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Figure 2.7: Amperometric i-t curve (E=400 mV) for the oxidation
of H2S at V2O5 modified PtIr Wire.

While these assessments are important, the key question to be addressed is the selectivity of
the modified V2O5 electrode. In order to do this, the amperometric i-t experiment shown in
Figure 2.7 was repeated three times: with each in the presence of either 1 µM NO or 1 µM CO,
and once with 1 µM of NO and CO together. In each trial, the CO or NO was injected first, and
then the H2S was injected as the experiment progressed, as shown in Figure 2.8A. The bottom
curve is the same H2S curve as that shown in Figure 2.7 cut off after the 1 µM H2S injection.
The center curve demonstrates the modified electrode’s response to NO, with a 1 µM NO
injection at 250 seconds followed by H2S at 350 seconds. The top curve demonstrates the
modified electrode’s response to CO, with 1 µM CO being injected at 100 seconds, 1 µM NO at
250 seconds, and 1 µM H2S at 350 seconds.

16

Figure 2.8: (A) Amperometric i-t curve (E=400 mV) comparing the
oxidation of 1 µM CO, 1 µM NO, and 1 µM H2S.

By inspection, it appears that the V2O5 shows a similar response to H2S and NO, and the
response to CO is approximately three times greater than the response to either. It is also
interesting to note that the sensor response to NO and CO is much slower than the response to
H2S, and the speed of the H2S response is not affected by the presence of NO or CO. After the
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450 second threshold, H2S injections were continued for the NO and CO/NO experiments in
order to asses the effects of the other gases on the electrode response. The steady-state current of
each injection was plotted against sulfide concentration as shown in Figure 2.8B. The presence
of the other interfering gases did not affect the linear range of the sulfide response; however, the
sensitivity was lowered from 27 pA/µM to 22 pA/µM in the presence of the interferences.

2.3 Conclusions
This research investigated the viability of a V2O5 modified PtIr wire as a potential sensor
material for the selective oxidation of H2S over CO and NO in buffer solutions at physiological
pH levels.

The V2O5 layer was successfully deposited using cyclic voltammetry and

characterized using SEM; however, the mechanistic aspects of the deposition are not fully
understood and are beyond the scope of this research. The modified electrode was then assessed
for its selectivity for H2S over CO and NO. It was determined that the V2O5 modified electrode
catalyzes the oxidation of H2S. However, the catalyst exhibits a similar response for NO, and
three times the response for CO, which is undesirable for the intended application.
While the electrode response to CO and NO is problematic, the upper estimate of the
physiological concentrations of CO and NO was tested, and lower concentrations may have more
favorable affects. Also, because of the similar decrease in response when either or both gases are
present, it may be possible to subtract these signals out if their concentrations can be accurately
measured. The lack of selectivity may be due to a lack of chemical homogeneity of the catalyst.
Despite these shortcomings, this research is the first step towards developing an amperometric
H2S sensor for monitoring H2S concentration in the presence of other gasotransmitters.
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Chapter 3: Development of A Synthetic Procedure For
Electrode Supported Rhodium Protoporphyrin IX as an
Electrocatalyst for CO Detection
3.1 Experimental Details
All electrochemical measurements were made using a CH Instruments model 830B or
842C Series Electrochemical Analyzer with a three electrode set-up consisting of a glassy carbon
macroelectrode (3.0 mm diameter), a Ag/AgCl (3 M NaCl) reference, and a carbon auxiliary
electrode. All potentials are referenced to this Ag/AgCl reference electrode. The glassy carbon
working electrode was polished using alumina powder until the redox peak separation in 10 mM
Fe(CN6)3-/4- solution with 1 M KCl was less than 100 mV. All gasotransmitter solutions were
prepared as described in Section 2.1.
Iron protoporphyrin (FePP) was deposited on the glassy carbon surface by cycling the
potential between 0.5 V and -0.55 V at 50 mV/s for 25 cycles in a well-mixed, N2-saturated
solution of 0.5 mM FePP dissolved in 0.1 M sodium borate. The FePP was then modified by
soaking the electrode in 2.3 mM rhodium(II) acetate solution with 0.1 M NaCl for approximately
48 hours to achieve the rhodium protoporphyrin (RhPP) modified electrode.
Energy dispersive x-ray (EDX) spectroscopy experiments were performed using a Zeiss
EVO HD15 SEM courtesy of LORD Corporation. The measurements were taken using an
accelerating voltage of 7.5 kV and a working distance of 9.5 mm.
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3.2 Results
Due to the difficulties in the electrodeposition of rhodium porphyrins on electrode
surfaces, another method is required in order to utilize these compounds as surface
electrocatalysts. It is a common technique to exchange the metal center of porphyrin molecules
in the solution phase by refluxing the porphyrin with a metal salt. Despite this, there has been
little to no investigation into the ability to replicate this procedure on a surface. Our goal with
this project was to substitute Rh(II) for Fe(III) in FePP after it has been electrodeposited onto the
working electrode surface. This can be shown schematically in Scheme 3.1.

Scheme 3.1: Procedure for Proposed Metal Substitution Reaction.

Previous research in our group has demonstrated that FePP is easily deposited on both
platinum and glassy carbon electrode surfaces. Figure 3.1 shows the cyclic voltammogram of
the FePP deposition onto a glassy carbon macroelectrode. The growing oxidation peak at 0.25 V
and the increase in current with cycle number are due to the oxidation of the FePP vinyl groups
20

and subsequent polymerization, as shown in Scheme 3.1.27 The fact that the current is increasing
signifies that the surface is being modified by an electrically conducting porphyrin layer.

Figure 3.1 Electrodeposition of FePP on a GC electrode (d = 3.0 mm).

The deposition and subsequent metal exchange can be followed visually. FePP deposits
with a distinct yellow/gold color, while after soaking in the rhodium acetate solution, the layer is
a distinct blue, suggesting that the surface has been modified. Also, a precipitate, likely iron
acetate, is formed while the electrode is soaking.

EDX spectroscopy provides evidence

supporting the metal substitution, as shown in Figure 3.2. Figure 3.2A shows the EDX spectrum
of FePP modified glassy carbon. The peak at approximately 0.7 keV corresponds to the iron Lline of the porphyrin molecule, while there is no rhodium peak at 2.7 keV, as expected. Figure
3.2B shows the EDX spectrum of FePP modified glassy carbon that has been soaked in rhodium
acetate solution for 72 hours. It is clear that the iron peak at 0.7 keV recedes into the background
noise, while the peak at approximately 2.7 keV, corresponding to the rhodium L-line, emerges.
This suggests that a large amount of the iron has been substituted for rhodium, and that the
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rhodium is supported within the porphyrin molecule, not adsorbed to the surface. It is important
to note that no quantitative comparison between iron and rhodium content could be made.

Figure 3.2: EDX Spectra of A) FePP modified glassy carbon. B) FePP modified glassy carbon that has
been soaked in rhodium acetate for 72 hours.

In order to confirm the modification of the electrode surface, cyclic voltammetric and
square wave amperometric experiments were carried out in pH 7.4 phosphate buffer solution
(PBS). These results are shown below in Figure 3.3. Figure 3.3 A shows that the RhPP
modified surface exhibits two reduction peaks, the first at -0.5 V and the second at 0.0 V. These
reduction peaks correspond to the Rh2+/Rh+ and Rh3+/Rh2+ redox reactions, respectively. The
22

lack of oxidation peaks for each, suggests that these reactions are irreversible, which reduces
their utility for sensing purposes. However, more sensitive techniques, such as the square wave
voltammetry shown in Figure 3.3B, suggest that the reaction may be reversible to a small extent.
The small oxidation peak at 0.0 V suggests that while the majority of the reaction equilibrium
lies towards the Rh2+ species, there is a small portion that is able to be oxidized to Rh3+. This
also supports the observed decrease in the size of the reduction peaks with increasing cycle
numbers (not shown). This is promising because it suggests that with further modification, it
may be possible to alter the equilibrium of this reaction to be more favorable for sensing
applications.

A

B

I

II

Figure 3.3: A) Cyclic voltammetric background of RhPP modified electrode at 100 mV/s. B) Square wave
voltammetric background of RhPP modified electrode. Both experiments conducted in N2-saturated PBS.

In order to assess the viability of the RhPP modified electrode towards the selective
detection of CO, cyclic voltammetric experiments were conducted at various concentrations of
CO. The positive potential sweep, along with the calibration curve at the peak current, are
shown in Figure 3.4.
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Figure 3.4: A) Forward sweep of cyclic voltammogram of RhPP at several CO concentrations. The
oxidation current at 1.2 V is plotted in part B. B) Calibration curve of oxidation current at RhPP modified
electrode.

As shown, CO oxidation occurs at 1.2 V, with two distinct linear concentration regions. The
oxidation current at 1.0 V gives a sensitivity of comparable magnitude. While the response to
CO is linear with concentration within these regions, the potential is still far enough positive that
NO and H2S will still provide significant interference, thus it appears that the RhPP modified
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electrode is not an immediately useful electrocatalytic material for selective CO oxidation.
However, upon further inspection, it may be useful as a means of detecting CO through
reduction. The negative potential sweep, along with the calibration curve at the minimum
current are shown in Figure 3.5. The results from Figure 3.4 and Figure 3.5 are from the same
experiment, with the forward and reverse sweeps separated for emphasis. The negative potential
sweep exhibits a strong reduction signal at -0.4 V. The magnitude of this signal increases with
CO concentration, suggesting that this peak is due to CO reduction.

Because of the low

potential, it is likely that other gasotransmitters would not be detected. This is the first known
instance of electrochemical CO detection through a reductive mechanism.

However, it is

documented that CO can reduce following Equation 3.1.
(3.1)
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B

Figure 3.5: A) Negative potential sweep of cyclic voltammogram for RhPP modified electrode at several
CO concentrations. B) Calibration curve of minimum current of RhPP modified electrode response to CO.

In order to quantitate the electrocatalytic potential of the RhPP modified electrode for
sensing purposes, an amperometric i-t experiment was performed by holding the potential at
-0.3 V and injecting a range of CO concentrations while measuring the current response. This
experiment, as well as the calibration curve for the experiment, is shown in Figure 3.5.
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LOD = 8.4 µM CO
Linear Range = 4.5 – 45 µM CO

Figure 3.5: A) Amperometric i-t curve (E=-0.3 V) for the reduction of CO at RhPP modified electrode. B)
Calibration curve for amperometric i-t experiment.

The RhPP modified surface shows promise for the electrocatalytic reduction of CO.
However, currently there are limitations. The limit of detection for the experiment is 8.4 µM,
which is significantly higher than the estimated physiological concentration of CO which is less
than 1µM. Also, the linear range is only between 4.5 and 45 µM CO, which is too high for the
necessary sensing applications. However, as a first step towards understanding the catalytic
properties of RhPP, these results are promising.
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3.3 Conclusions
The metal center of a surface bound porphyrin has shown the ability to be replaced by
soaking in a solution of another metal salt. We have successfully replaced the iron center of the
FePP molecules on a glassy carbon surface with rhodium ions. RhPP modified electrodes
exhibited catalytic promise towards the selective detection of CO through a reductive
mechanism. In order to further understand the catalytic abilities of the porphyrin, there are
several directions in which this research project could continue. Both of the following research
avenues will need to be pursued in order to optimize the electrocatalytic potential of the RhPP
modified electrode.
The first direction is a thorough study of the metal substitution reaction. While it is
evident that the FePP layer has been modified to RhPP, it is not known to what extent this
reaction has happened, or how to optimize this substitution. In order to study this reaction,
surface analysis and elemental analysis techniques, such as scanning electron microscopy, x-ray
photoelectron spectroscopy, or atomic absorption/emission spectroscopy can be used to
determine the extent of the substitution reaction and study how to improve the reaction for
rhodium and other similar metals (e.g. Co, Ir, Pt, etc). Understanding this process may open
doors for other metal-based porphyrins for electrocatalytic applications.
The second direction is through the optimization of the porphyrin. Previous research in
our group has shown that axial ligands can affect the properties of surface-bound porphyrin
molecules, and the appropriate ligand may help increase the reversibility of the Rh3+/Rh2+ redox
reaction.28,29 Also, it is necessary to improve the limit of detection and linear range of the
electrocatalyst through optimization of the deposition. The thickness of the catalytic layer can
affect the catalytic ability of surface-bound porphyrins, and these effects have not been studied in
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detail. Also, by miniaturizing the electrode, it is likely that the limit of detection will decrease
and the linear range of detection will shift to lower concentration ranges, which is favorable for
sensing application.
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