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Introduction

It is an interesting quirk of modern technological development'® that
most of the problems humans have to face are problems they have
created themselves in the first place. And when it comes to applied
science, oxygen is often at the center of the stage. No matter what
field of chemistry one examines, oxygen is possibly the only element
which is invariably either the solution to the chemists’ troubles or
one of the main challenges to face. At times, these two aspect can
also occur simultaneously. Take organic chemistry, where achieving
a controlled oxidation of organic compounds with molecular oxy-
gen would be one of the major advances towards less environentally
detrimental synthetic processes, while on the other hand oxygen is
probably the major source of degradation of organic compounds, be
them pharmaceuticals, dyes, polymers or more or less anything that
comes to mind. Materials science brings other examples of the dual
nature of oxygen: it is one of the most promising candidates for a
relatively more sustainable energy production framework (i.e. fuel
cells), and at the same time one of the major obstacles to face when
developing photovoltaic cells. It is a major constituent of ceramic
materials, which see applications in fields which vary from frying
pans, to fuel cell electrodes and insulating panels for spacecrafts,
while at the same time being one of the major players in the failure
of metals and metal alloys. A similar situation is present in bio-
chemistry, where oxygen is one of the essential building blocks that
allow all aerobic organisms to go about their daily business. At the
same time, however, oxidative stress is an important source of mal-
functions in the metabolism of cells. In this respect oxygen looks
like a perfect example of the insight of Philip von Hohenheim (a.k.a.
Paracelsus) when he stated: “Alle Dinge sind Gift, und nichts ist
ohne Gift. Allein die Dosis macht, das ein Ding kein Gift ist”.?

11t order not to stray too far from the topic of the thesis the discussion is
restricted to technology. This aspect is actually part of a very general attitude
that can be spotted more or less unchanged in many aspects of human daily life
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Of course, there is really nothing ambiguous or ambivalent in the
nature of oxygen: it is an oxidant, and one that makes up a large
portion of the atmosphere we live in. The difficulty to come to terms
with the fact that everything that can be oxidized will, sooner or
later, be oxidized, is merely one of the many examples that highlight
the inability of human beings to adapt to the surrounding environ-
ment, in a frantic struggle to adapt the environment to themselves.
Being oxygen one of the most abundant elements on earth it is only
natural that it will be often encountered within these struggles, at
times as friend, at times as foe.

In this thesis practical experimental examples are employed to out-
line the different aspects of oxygen as they are encountered in elec-
trochemistry, that is:

Destruction by oxygen - The corrosive effects towards metals that
the oxidative nature of oxygen can cause are first examined via the
description of the dissolution of copper in the presence of a primary
amine: allylamine. It will be shown that allylamine and oxygen play
a complementary role, and are therefore both needed for the corro-
sion process to proceed.

Protection from oxygen - The development of a passivating film for
the protection of a surface from the oxidative action of oxygen is
described: the film is the result of the electropolymerization of mix-
tures of allylamine and diallylamine on glassy carbon.

Consumption of oxygen - The third chapter will shift towards a bio-
logically oriented application of catalysis: a carbon nanotube based
oxygen reduction catalyst is studied, which could prove useful in the
detection of oxygen in biological media.

Generation of oxygen - Finally, the generation of oxygen via a carbon
nanotube based water oxidation catalyst is presented as an example
of the effectiveness of a new hydrogel as a dispersing medium for
highly insoluble carbon nanotubes.

2Everything is poison, and nothing is without poison. It is only the dosage
that makes it so that something is not a poison.

6
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Corrosion of Copper by
Allylamine and Oxygen
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It is known that copper is normally covered by an oxide film at
ambient conditions; this oxide film protects it from humidity and air,
preventing further oxidation and making it relatively corrosion resis-
tant. The presence of atmospheric pollutants (most notably sulfur
oxides) or salts in humid environments (such as sodium chloride in
coastal areas) decrease its resistance due to the attack of the surface
oxide and the formation of copper chlorides and sulfates. This pro-
cess, however, usually takes a relatively long time (months or even
years). The effect of the above mentioned corrosion can, however, be
seen with the naked eye without difficulty: the oxides of copper have,
in fact, an easily recognizable black (cuprous oxide) and red (cupric
oxide) color. Copper sulphate, copper chloride and copper carbonate
hydrated complexes are green/blue, and can be easily spotted on the
surface of many older bronze sculptures.

In this chapter another class of molecules which causes copper to cor-
rode, apparently much faster than in the previously mentioned cases,
is identified in primary amines. When it comes to corrosion, the re-
lationship between copper and amines in the literature is cloudy at
best. Nitrogen is known to bind to copper, as evidenced by the lit-
erature on complexes of copper and nitrogen ligands[1], and many
amines are generally found to be corrosion inhibitors, as evidenced
by the presence of works in the scientific literature describing the
protective effects of various kinds of amines towards copper dissolu-
tion in aggressive media [2, 3] some even arguing that a higher amine
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concentration increases the inhibiting power of the solution [4]. On
the other hand, there are various reports concerning the corrosive-
ness of amines towards copper [5, 6, 7]. Two deciding factors which
seem to draw the line are the presence of oxygen and the concentra-
tion of the amine. This study is focused on the corrosion of copper
by allylamine.

1.1 Experimenal Section

In all experiments the corrosive solution used was 0.1M allylamine
in water. The concentration of allylamine was adjusted so that an
advanced stage of the corrosion process could be reached within 48
hours from the start of the experiment; this condition was necessary
due to logistic constraints in our laboratory.

Copper plates 2cmx1cm in size were employed for all electrochemical
and Raman experiments. Before use each plate was sonicated in
ethanol for 3 minutes. All impedance experiments were carried out
with a BIOLOGIC potentiostat. Cyclic voltammetries in anhydrous
conditions were performed using home-made anhydrous acetonitrile
on a home-made vacuum line with Amel mod. 568 function generator
and a Nicolet 3091 oscilloscope.

1.2 Optical Analysis

A picture of a copper platelet after prolonged exposure to allylamine
is provided in Figure 1.1. Three areas, indicated by the dots, can be
easily spotted: (A,B) the area of the platelet immersed in solution,
(C) the interphase between water and air and (D) the area of the
platelet exposed to air. A visual analysis already reveals the pres-
ence of black cupric oxide in the submerged portion of the sample
and at the water-air interface, while green deposits (point D) are
present in the upper part of the plate, signalling the likely presence
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of copper complexes: green deposits are, in fact, commonly found
on copper and copper alloys exposed to air, and are usually due to
copper chlorides and copper sulfates or sulfides. The area marked as

Figure 1.1: Top: copper plate after 72 hours of exposure to a 0.1M allylamine
solution. Three distict areas can be spotted: dot A,B is on the part of the
plate which was immersed in the solution, point C marks the black solution/air
interphase while point D in on the plate which was in air. Bottom: Optical image
of the portion of the copper plate immersed in the corrosive solution at points
AB

point (X) shows a region of the sample in which the deposits have
been accidentaly removed during the cleaning of the sample after its
removal from the corrosion cell. The fact that a weak flow of argon
was sufficient to displace the corrosion products is an indication of
their fragility and of the ease with which the corrosive medium can
infiltrate under the deposits and continue dissolving the substrate. A

10
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closer inspection with an optical microscope reveals that the surface
of the sample is more varied than appears at the naked eye. In the
lower part of Figure 1.1, it can be seen how amidst the black deposits
on the sumberged portion of the platelet, white deposits are present.
To more precisely identify the chemical species present on the sub-
strate Raman spectroscopy was run in collaboration with Dr. Alessia
Scarsi from the group of prof. M. Meneghetti at the University of
Padua, IT. All spectra shown in Figure 1.2 were obtained using Ren-
ishaw inVIA Raman microscope with an excitation wavelength of
633nm with ca. 1.4mW incident power on the surface at 20x magni-
fication with a 30s acquisition time. Measurements were conducted
after 24, 48 and 74 hours of immersion in a 0.1M acqueous allylamine
solution.

The main features in the spectra is two peaks at 625cm~! and
525cm ™. The peak at 625cm ™' is characteristic of both CuO and
CuzO[8], while signals specific of CuO are found at lower frequencies:
Cu(OH); shows in fact a band at 490cm ™!, which together with the
shoulder at 525cm~! has been connected to CuO. Nothing can be
said on the stoichiometry of the oxide layer, however, the relative in-
tensity of the two bands varies depending on the region of the copper
plate where the spectrum is recorded, showing a general prevalence
of CusO except in region A, where either a prevalence of CuO or
a more balanced mixture of cupric and cuprous oxide seems to be
present. The intensity of the 525cm~! peak also diminishes signifi-
cantly over time, regardless of the position on the plate: this suggests
that as the corrosion advances either the amine brings Cu(II) species
in solution as soon as they are formed, or allylamine complexes Cu(I)
before it is oxidized to Cu(Il) by oxygen. In both cases allylamine
acts as a complexing agent which speeds up the attack of oxygen on
copper, rather than participating in the redox reactions at the sur-
face. As can be seen in Figure 1.2 spot A shows two distinct peaks
at 1350/1600cm ! while spot B and on the interphase at spot C the
signals are weaker, with a prevalence of the feature at 1200cm™".
All these peaks have been assigned to bending motions of the amine
group[9] and are consistent with the adsorption of allylamine on the

11
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Figure 1.2: Raman spectra of different areas of the copper samples exposed to
the acqueous allylamine solution for 24 hours (red), 48 hours (yellow) and 72
hours (green). The labels A,B,C and D refer to the ares indicated in the images
shown in Figure 1.1

oxide surface. At lower frequency a peak at 290cm ™! is clearly vis-
ible at the interphase (Figure 1.2C) and on the submerged portion
of the plate at longer times (green and yellow traces in Figure 1.2A-
B). This feature has been previously described as the vibration of
the Cu-Cl bond[8], while a similar feature at 287cm~! has been as-
signed to v(Cu-N)[9]; in the present case, being allylamine the only

12
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species in solution, it can be taken as a signal of the presence of a
Cu-allylamine bond. Although care should be taken in giving quan-
titative significance to the intensity of Raman peaks, it would seem
like the Cu-N signal is strongest at the interphase: this fact could
easily be explained by noting that in the submerged regions of the
plate the water soluble Cu-allylamine complex would be rapidly be
hydrated and brough into solution, while at the air-water interface
a higher build-up of the deposits could take place thanks to a slower
dissolution.

1.3 Electrochemical Analysis

The corrosion of copper was at first followed by recording impedance
spectra at 2 hour intervals in the range IMHz-10mHz. The cell set-
up was as follows: the copper platelet was used as the working elec-
trode, connected to a platinum counter electrode and an Ag/AgCl
reference electrode. To model the EIS spectrum obtained roughly
1 minute (0.017 hours in Table 1.1) after the addition of allylamine
an equivalent circuit with a resistor in series to two parallel constan
phase element (CPE)/resistance couples was used (Figure 1.3:Top);
already at two hours after the addition of allylamine, however, it
was necessary to include a third parallel capacitance/resistance el-
ement (Figure 1.3:Bottom). Other equivalent circuits proposed in
the literature were tested[10, 11], but resulted in higher fitting errors
as evidenced by higher x? values. The results of the fitting of the
impedance spectra are reported in Table 1.1, while a typical evolu-
tion of the phase angle in the is reported in Figure 1.4. The phase
angle spectrum of copper in water showed a peak at low frequency,
which can be seen in the spectrum recorder immediately after the
addition of allylamine (O), together with a characteristic high fre-
quency peak. After one hour (e) the high frequency feature has
shifted to frequencies >1MHz (only a tail remains visible), while two
peaks are now present at low frequency, at approximately 1Hz and
80Hz respectively. A comparison with analyses of similar systems

13
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Figure 1.3: Equivalent circuits used to model the impedance spectra at 1 minute
(Top) and 2 hours and beyond (Bottom) after the addition of allylamine.

in the literature allows to assign the high frequency peak to double
layer charging and the low frequency peaks at adsorption/desorption
processes[12]. In the present case the 1Hz peak is likely due to cop-
per ions in the oxide film present on the surface, while the 80Hz
peak, which appears after the addition of allylamine and gradually
becomes predominant, is likely due to allylamine. The increasing
phase angle of the copper related peak might hint to a thinning of
the oxide layer, which gradually reaches a steady state when cop-
per oxidation is balanced by Cu(II)/Cu(I) dissolution by allylamine.
The changes in the values of the capacitances and CPEs over time
follow the pattern outlined by the phase angle, with the sharp in-
crease in Q3 (allylamine adsorption) mirrored by the sharp decrease
in C4 (oxide film thinning) from 2 to 4 hours after the addition. The
resistances exhibits a more oscillatory behavior, which might reflect
the oxide formation-oxide dissolution phases of the corrosion process,
although it is not possible to quantitatively link the two without fur-
ther in-situ studies (i.e. in-situ x-ray or raman analysis). Another
sign of the ongoing corrosion process is the dropping of the solution
resistance to 00Ohm as more ions are driven in solution.

A test was conducted to gain experimental evidence that both ally-

14
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Table 1.1: Fitting of impedance spectra measured at different time intervals
after the exposure of a copper plate to allylammine in water. The spectra
are shown in Figure 1.4. Measurement Units are omitted for clarity®

Hours 0.017 2 4 12 14 20
R1 46.5 0 0 0.4 0 1.5
R2 328 170.4 900 111274 12101 154714

Q2° 17-107 31072 21.10-¢ 98.10-% 7.10-6  83.10°6
a2 0.98 - - - - -
R3 66240 50758 239754 33765 205505 52802
Q3 64 -10-% 1.107* 65.107¢ 11.107% 29.10-6 10.10°6
a3 0.78 0.66 0.68 0.77 0.66 0.80
R4 - 59375 127 211 236 244
C4 - 3.107*  3.107°? 1-1079 1.1079° 1-1079

@ All resistances (R*) measured in Ohm, all true capacitances (C*)
measured in Fahrad, all contant phase elements (Q*) measured in
F.so—L,

b For all spectra besides 0.017, a true capacitance was used

lamine and oxygen are both needed in order for corrosion to occur, as
the former by itself would not be able to oxidize metallic copper once
the oxide layer has been removed. A copper plate was left in a 0.1M
allylamine solution with acetonitrile as the solvent. A silver wire
pseudo electrode and a platinum counter electrode were also assem-
bled in the cell. The choice of solvent followed from the availability of
self-made highly anhydrous and oxygen-free acetonitrile in our lab.
The solution was left under vacuum (10~%bar) for 7 days without
registering any visible signs of corrosion. Subsequent voltammetries
in the range -0.5-0.5V showed no signs of oxidized copper species.

To further the analysis of the influence of oxygen on the process a
voltammetric investigation of the behavior of copper in a 0.1M al-
lylamine acetonitrile solution was run. A copper plate was left in
the solution in an air tight cell until the solvent took a faint blue
color (ca. 5 hours), indicating that the corrosion process had begun.
Voltammetric experiments were then carried at first after carefully

15
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removing air from the cell with argon and then after letting oxygen
back into the cell (red curve to black curve). The results graphed in
Figure 1.5 show the presence of copper(II) accumulation and strip-
ping peaks (red arrows) [13, 14] in the voltammograms recorder in
the presence of oxygen. These peaks are not present in the absence
of oxygen and their area increases in time after oxygen has been let
into the cell. The peaks pertaining to the redox process of copper(I)

16
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Figure 1.5: Voltammetric measurements of the surnatant solution after 5 hours of
corrosion of a copper plate in 0.1M allylamine in acetonitrile. The voltammetries
were recorded after careful deaeration (green) and after 10 (red) and 30 minutes
(black) from the re-oxygenation of the solution. Working electrode: 10pm Pt.
Reference Electrode: silver wire. Counter electrode: platinum wire.

in solution are present both with and without oxygen (green arrows).
This pair of peaks has been assigned to free (hydrated) Cu(II) ions
[15], but the redox potentials of copper ions can vary only slightly
upon complexation if the ligand is electrochemically inactive[16, 17];
it is therefore not possible to unambiguously state whether copper
leaves the surface as an acquo-ion, an amino-complex or, maybe more
likely, a hydrated amino complex.

17
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1.3.1 Tentative Corrosion Mechanism

From the data described so far a plausible reaction mechanism can
be outlined:

Cu 2 Cu0 + Cu,0 25, cy(NR), (OH), (1.1)
This scheme tries to include the evidence obtained from both previ-
ous works present in the literature, and the experimental data gath-
ered in this work: 1) the corrosion does not procede in the abscence
of oxygen; 2) there is evidence of a depauparation of CuO from the
corroding surface over time; 3) at exposure times >24 hours signals of
direct Cu-N bonding are present. The exact mechanism with which
the amine attacks the copper oxide cannot be determined with the
data in our possesion, as the oxidation state of copper when it leaves
the surface after the attack of allylamine. It can be speculated, how-
ever, that the possible release of an acidic proton from allylamine
as the copper complex is formed might lead to a local pH decrease
which could further enhance the dissolution process by catalyzing
the reduction of oxygen and subsequently impeding the formation of
a new surface oxide layer[18] as outlined in the reaction shown below

2Cu + Oy + 4H' — 2Cu™ + 2H,0 (1.2)

Furthermore, the possibility of a direct oxidation of metallic copper
by the copper-amine complex already gone in solution has already
been described in the literature in the case of ammonia [10], adding
to the potential corrosiveness of allylamine.

1.4 Conclusions

The corrosiveness of concentrated acqueous solutions of allylamine
towards copper has been attested and studied with both electrochem-
ical (EIS,CV) and optical (RAMAN) techniques. The experimental
data gathered point towards a synergic effect between oxygen and al-
lylamine, where oxygen acts as the oxidizing agent while allylamine

18
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acts as the ligand which brings copper in solution and prevents the
formation of a passivating oxide film.

19
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The field of surface functionalization is a multi-faceted one. Re-
searchers want to modify surfaces for rather opposite purposes: ei-
ther they want to make a surface more reactive (and often selectively
reactive towards a particular molecule or class of molecules) or they
want to render it completely unreactive. It is a rather funny quirk of
modern technology that when the physical properties of a material
seem just right to solve a particular task, its chemical properties will
likely turn out to be less than optimal for the task, and viceversa.
This seems to be especially true when it comes to metals. The fact
that, with very few notable exceptions, no metals in their reduced
form can be found in nature, is a not so subtle hint to the fact that
whenever one is going to put a metallic material in contact with
the environment (air and humidity and salts and the diverse anthro-
pogenic substances present in our modern cities) he or she will create
a thermodynamically metastable situation at best. In other words:
it is just a matter of time before the metal(s) will return to their
native oxide form. Some metals have an effective self-defense mecha-
nism that can slow this process down considerably in the spontaneous
formation of a compact and impermeble surface oxide, copper being
a notable example. This strategy works only provided that there are
no other molecules other than oxygen and water. In the case of cop-
per, the presence of chloride anions or sulfur oxides will transform
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the surface oxide to copper chloride and copper sulfates of sulfide
respectively. The porosity and brittleness of these surface layers will
leave the underlying metal exposed to further oxidation until com-
plete dissolution or failure of the metallic component.

Chapter 1 showed how allylamine is another such molecule, which in
the presence of oxygen leads to the premature demise of a surface.
It will be now be shown how that synergy can be reversed by using
the same molecule (allylamine) to form polymers which screen a ma-
terial from the environment, thereby impeding the corrosive action
of oxygen instead of aiding it.

Allylamine olygomers have long been know to chemists; up to now,
they have been obtained primarely by polymerization initiated either
with initiators after v- or UV-irradiation[19] or plasma processing[20],
the former commercially available as an oligomer solution, the latter
deposited on the substrate of interest and covalently attached to the
surface via the plasma process. The positive charge of the deposited
films has been successfully employed to favor cell and macromolecule
(i.e. proteins, nucleic acids) adhesion[21, 22].

In this chapter it will be shown that allylamine can also be polymer-
ized electrochemically, bypassing the need for complex instrumenta-
tion, initiators and ionizing radiation; it will also be demonstrated
that films with superior charge transfer resistance can be obtained
by mixing equimolar amounts of allylamine and diallylamine in the
reaction mixture.

2.1 Experimental Section

The experimental setup used for the polymerization of allylamine
films is oulined in Table 2.1. Allylamine was obtained from Aldrich.
Polymerization and permeability tests were conducted in acetonitrile
(Aldrich >99%). The supporting electrolyte was in all cases tetra-
butylammonium tetrafluoroborate (TBABF,). Glassy carbon disk
electrodes (Sigradur G, HTW,0=1mm) were used for all electro-
chemical experiments, while lcmx1lcmx1mm glassy carbon plates

23



Chapter 2

Table 2.1: Experimental setup for the electrochemical cell and
the solution used in the electropolymerization of allylamine

Solution
[Allylamine] Solvent Electrolyte
10mM Acetonitrile TBABF4 0.1M
Electrodes
Working Counter Reference
Glassy Carbon * Pt wire Ag/Agl

% Glassy carbon rods with a disk diameter of 0.5cm were
used for the voltammetric and impedance analysis,
while 2cmx2cm glassy carbon plates were employed for
the XPS and AFM analysis.

(Sigradur G, HTW) were employed for ellipsometric and XPS mea-
surements. A CH Instruments 660B potentiostat was used for all
electrochemical experiments. AFM analysis was carried out with
Digital Nanoscope 3D multimode microscope (Veeco) using phos-
phorous N-doped silicon probes (spring constant 20-80Nm ™!, reso-
nance frequency 250-300kHz, nominal tip radius | 10nm) operating in
tapping mode. XPS experiments and analysis were perormed by M.
Ceccato at Aarhus University using a Kratos Axis Ultra-DLD instru-
ment witha monochromatic Al Ka X-ray source at a power of 150W,
and the CasaXPS software respectively. Ellipsometry was performed
with a rotating ellipsometer by Dre (DE), at a measurement angle
of 65°.

2.2 Polymerization of Allylamine
The deposition of the polymer onto the glassy carbon (GC) surface
was done with 5 consecutive cyclic voltammetries performed at a

scan rate of 10mV/s (Figure 2.1).

24
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The possibility to deposit the layers at faster scan rates was also

Current (A)
| |

0.0e+00 5.0e-07 1.0e-06 1.5e-06

T T T T T
0.0 0.5 1.0 15 2.0

Potential (V)

Figure 2.1: 5 consecutive cyclic voltammetries at 10mV /s showing the deposition
of the allylamine polymer and the subsequent passivation of the electrode surface.

explored, resulting in reproducibly inferior blocking properties of the
films; increasing the number of cyclic voltammetries did not improve
the behavior of the layers.

2.2.1 Blocking Properties

After electropolymerization the electrode was briefly sonicated in
acetonitrile and rinsed with acetone. It was then placed in a solution
of 2mM ferrocene in acetonitrile with 0.1M TBABF, as the support-
ing electrolyte. The counter electrode was a platinum wire, while
Ag/Agl was chosen as the reference electrode. In Figure 2.2 the re-
sults of these tests are given. The cyclic voltammetry at the GC
after deposition of the layers (solid line) show a strongly suppressed
electron transfer. Electrochemical impedance spectroscopy was per-
formed in the same solution at OCP in the frequency range 10mHz-
100kHz with a 2mV amplitude, The EIS spectrum shows signs of
redox activity; these can be spotted in the Bode plot presented in
the right graph in Figure 2.2 as two sigmoids in the absolute value of
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Figure 2.2: Left: voltammetry of ferrocene in acetonitrile at a clean (- - -) and

filmed electrode (—), showing the passivation of the electrode surface by the
polyallylamine layer; Right: Bode plot of the filmed electrode.

the impedance and as a weak capacitive contribution between 1Hz
and 10Hz visible in the phase angle.

The impedance data were fitted with a Randles circuit with a con-
stant phase angle element (CPE) in place of the capacitor: this sub-
stitution is necessary in order to take into account the fact that the
phase angle has its absolute maximum at -80° instead of the -90°
expected for an ideal capacitor, which has been linked to high sur-
face roughness of glassy carbon [23]. A charge transfer resistance
of 8.4 - 10°Q was calculated from the impedance plot. This could
indicate a very thick film, but the film thickness measured by el-
lipsometry and included in 2.2 is only 10nm. The resistivity of the
GC-A,;gon film is therefore higher than for most other grafted films:
values in the 10*Q range have been in fact reported for highly fluo-
rinated, hyperbranched polyacrylic acid polymers in the presence of
Fe(CN3~/47) [24] as well as for polyallylamine-polystyrenesulfonate
polyelectrolyte films, also with ferro/ferricyanide as the redox probe
[25]; this difference is all the more significant considering that the
heterogeneous rate constant for the oxidation of ferrocene is signifi-
cantly higher than that of the ferro/ferricyanide couple.[26, 27]
Despite the high charge trasfer resistance, the defects previously
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noted in the voltammetry and Bode plot of Figure 2.2 cause a pro-
gressive swelling of the polymer which allows increased diffusion of
ferrocene to the electrode.
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Figure 2.3: Bode plots of a freshly deposited allylamine film (o) and a film after
30 minutes of immersion in acetonitrile (A)

This can be seen in Figure 2.3, where a reduction of the block-
ing properties of the films after 30 minutes of immersion in acetoni-
trile is evident from the sharp decrease in the absolute value of the
impedance and from the narrower region in which capacitive behav-
ior is displayed.

2.3 Polymerization of Composites

In order to make the films more compact and stable against solvent
swelling addition of a cross-linker as diallylamine to the reaction mix-
ture was investigated, while keeping the structure and composition
of the films as unchanged as possible. Experiments were performed
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at different allylmine-diallylamine ratios, while keeping the cell setup
described in Table 2.1. The Rep for the 1:10 copolymer film is 44MSQ2
which is almost 80 times larger than for the allylamine film (Figure
2.4 and Table 2.2).
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Figure 2.4: Impedance spectra of films deposited from solutions with different
allylamine-diallylamine ratios: 1:0.5 e; 1:5 A; 1:10 L. The ratios 1:1 (not shown)
and 1:10 give almost superimposable spectra

Most remarkably, this large increase in R takes place with no
increase in film thickness as found in Table 2.2. The polymer film de-
posited from diallylamine solutions without allylamine has blocking
properties similar to those of allylamine films. Experiments con-
ducted at higher allylamine concentrations without diallylamine also
show that the increase in charge transfer resistance due to an increase
in monomer concentration is much more contained than that caused
by the presence of both allylamine and diallylamine. These facts
indicates that the increase in passivating character of the copolymer
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Figure 2.5: Left: blocking properties of an allylamine only (A) and a dially-
lamine only (e) film. Right: Effect of a higher concentration of monomer on the
impedance of the films. The spectra of a film deposited from a 10mM (e) and a
20mM (A) allylamine solution are shown.

films is due to a synergyc effect present when both allylamine and
diallylamie are present in the reaction mixture (Figure 2.5). To gain
further insight into the mechanism of the deposition, impedance and
AFM measurements were performed after 1,3 and 5 CV cycles. The
AFM images shown in Figure 2.6 suggest that the deposition of the
films takes place in a layer by layer fashion that does not seem to
involve the formation of islands but, rather, of a uniform film al-
ready after the first scan. The surface roughness measured by AFM
shows little variation and remains around 3nm until after 4-5 CV cy-
cles, after which it decreases to 1.7nm. The morphology of the film
appears to be well-ordered and aligned polymer chains. The XPS
results show a high oxygen content of 12% is present in both ally-
lamine and copolymer films created under aerated conditions. The
most significant difference is, however, the C:N ratios; the latter are
significantly higher for the copolymer, as expected by the incorpo-
ration of diallylamine, which contains more carbon atoms. For the
copolymer film at 20° the C:N ratio is 4.0, whereas at the same angle
it is only 3.1 for the allylamine film. From the increase of 0.9 it can
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Table 2.2: Charge transfer resistance Ror constant phase element values (Q) and
frequency power (n) obtained from impedance spectra for grafted allylamine with
and without oxygen and co-polymers with and without oxygen deposited from a 1:10
allylamine/diallylamine mixture onto GC ¢

Film d (nm)  Rep/10°Q%  Q/1078S - sec® n
Allylamine + Oy 9.3 4+0.9 0.84 3.2 0.92
Allylamine - O  10.0+04 66 £ 4 5.02 0.84
Copolymer + O  9.8+£0.6  44.4+1 2.2 0.92
Copolymer - O,  10.54+0.2 75.0 £ 6 3.9 0.84

% Impedance spectra were fitted with a modified Randles circuit with a constant
phase element in place the capacitance

be inferred that the main component of the film (67% molfraction)
remains polymerized allylamine, and about 33% of the film is made
up by diallylamine. This result is quite significant since the grafting
solution contained allylamine and diallylamine in a 1:1 ratio, and
it shows that the polymerization ratio for the AD-copolymer is not
random.

The C:N ratio at 50° and 90° take-off angles are 4.0 and 4.2 respec-
tively, but, especially for the latter, some contribution to the %C
from the GC surface is to be expected. This is supported by the Cls
core-level spectra shown in Figure 2.7 for the three take-off angles
90°, 40° and 20°. It is evident that the main difference between the
90° spectrum and the other two is the lack of a component with
a low and sharp binding energy profile at 284.4eV, which is the
characteristic for the Cls in the GC surface. The Cls core-level
spectrum (Figure 2.7) recorded at 90° take-off angle has been fitted
with 5 components: a first peak at 284.4eV (C=C) is assigned to sp?
hybridized carbon mainly originating from the GC substrate. The
peak at 285eV relates to aliphatic carbon (C-C) while the signal at
286.6eV corresponds to carbon atoms bound to an amine, imine or
oxide/hydroxy groups (C-N, C=N and C-O). A fourth component
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Figure 2.6: From left to right: AFM images of a 1:10 allylamine-diallylamine
co-polymer recorded after deposition with 1, 3, 5 cyclic voltammetries; RMS
values are 3.4nm, 3.1lnm and 1.7nm respectively. From top to bottom in each
column: morphological image, cross section of the morphological image and ab-
solute impedance recorded in a 2mM ferrocene solution.

at 288.0eV is assigned to carbonyl groups (C=0) and amide bonds
(N-C=0)]23].

2.3.1 Considerations on the Polymerization Mech-
anism

Despite the number of works related to the electrochemical prop-
erties of amines, to the best of our knowledge no material seems
to be present on the electrochemical properties of allylamine. De-
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Figure 2.7: Core-level spectra at GC plates modified by 5 consecutive cyclic
voltammograms in 0.1M TBABF4 in ACN containing 10mM allylamine and
10mM diallylamine using a sweep rate of 10mV/s in an open cell (air). A: C
1s core-level spectra recorded at different angles: 90° (— - —),40° (- --) and 20°
(—). B: deconvolution of C 1s core-level spectrum recorded at 90°.

spite the lack of direct experimental data, inferences can be made
regarding the mechanism of polymerization by analogy with related
reactions described in the literature. The possibly closest example is
the plasma polymerization of allylamine, described by Choukourov et
al. [29]; the process is therein described as forming polymer chains
perpendicular to the substrate, the reactive species being radicals
centered on nitrogen or on the adiacent carbon after detachment of
an aminyl radical as a consequence of the ion bombardment, the lat-
ter process being favored at higher RF power as evidenced by the
relative concentration of primary and secondary amines, the ratio
approaching at 20W.

Caution is needed, however, since in the case of plasma synthesis
polymerization can only happen on the substrate, while in the elec-
trochemical case homogeneous reactions cannot be ruled out. In this
context, it has been long known that amines can be electrochemi-
cally oxidized, allylamine, as previously shown, being no exception.
Their behaviour in the presence of a glassy carbon surface has also
been studied in the classic work of Deinhammer et al.[30] in which
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it was proven that oxidized amines can graft onto the electrode sur-
face. This is also expected to happen in the present case; however,
the presence of a double bond on allylamine also opens other reaction
pathways, such as an addition of the nitrogen radical to the double
bond. The kinetics of addition of aminium radicals on olefines have
been thoroghly studied [31], demonstrating how the reaction readily
takes place in acetonitile at STP. The two processes not being mu-
tually exclusive, it is likely that the polyerization reaction procedes
both via a grafting onto the substrate as well as in solution. The
carbon radical generated by the attack of the nitrogen radical on the
double bond should also participate in the reaction, being itself able
to readily attack olefins [32, 33]. The situation is further compli-
cated by the possibility of an intramolecular attack of the nitrogen
radical on the double bond [31], the resulting four-membered azeti-
dine ring being a not unlikely intermediate. All reactions described
being radical reactions, and being that there is no reason to confer
a different reactivity to the allyl- and diallylamine allyl groups, it is
highly unlikely that there is a selectivity in the radical additions, the
most probable result being that of the formation of copolymers of
allylamine and diallylamine.

2.4 The Effect of Oxygen

For both allylamine films and co-polymers oxygen is included in the
films, a predictable evidence given the high concentrations of radi-
cals generated during the deposition process. To assess the effect of
oxygen on the properties of the films, depositions were also made af-
ter careful purging of the deposition solutions with argon before the
CV. The results are reported in Figure 2.8, while calculated charge
transfer resistance values and other relevant electrochemical param-
eters can be found in Table 2.2. For both allylamine and 1:10 ally-
lamine:diallylamine co-polymer films the charge transfer resistance
is pushed to values above 70M ().

Significant changes are also present in the low frequency region of the
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Figure 2.8: Impedance spectra of films deposited from a 10mM allylamine (o) and
a 1:10 allylamine-diallylamine (A) solution after deoxygenation of the reaction
mixture with Argon; a plot of a film deposited in presence of air from a 1:10
allylamine-diallylamine solution is shown for comparison (X).

phase angle plot, where lower values of the phase angle are reached,
indicating a reduced ion permeability [34]; the lowest values remain
around —80° due to the high surface roughness of the electrode, while
the high frequency region remains relatively unaltered.

While it is not possible at this stage to provide a precise mechanism
for the polymerization, it seems that the removal of oxygen from
the reaction mixture is instrumental in allowing the cross-linking to
happen without hindrance. The layers obtained under deaerated
conditions also show a remarkable stability over time, with no sig-
nificant changes in the charge transfer resistance after one hour of
immersion in either acetonitrile or water, meaning that no swelling
due to solvent adsorption takes place.
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The oxidative nature of oxygen, besides causing the premature
failure of non-oxide materials, also makes it an ideal comburent. In
particular, it is the only comburent which can be used by aerobic
organisms including mammals, plants and many microorganisms, in
order to produce energy by processing the fuels (a.k.a. food) pre-
viously converted to sugars or phophates. In the particular case of
humans, playing such a central role in the functioning of metabolism
also means that alterations in the consumption of oxygen can often
be related to malfunctions of cellular activity. For this reason mon-
itoring oxygen and its reduction products in cell cultures has been
shown to be a way to discriminate between normal cells and cells
affected by certain types of tumors[35]. On the other hand the ex-
ploitation of hydrogen as a fuel relies on the possibility to reduce
oxygen efficiently in order to make the process energy efficient. In
both instances, however, the overpotential needed for the reduction
of oxygen[36] means that a catalyst is needed.

In terms of overpotential the best catalyst known for the reduction
of oxygen is platinum, which, however, still has drawbacks: It is 1)
rare and expensive and 2) prone to poisoning. While the first prob-
lem is often mitigated with mass production the latter is less easily
avoided. In a biological environment in particular there is a wealth
of molecules that can interfere with an electrochemical measurement



Chapter 3

by adsorbing on the platinum electrode, especially at the relatively
high potentials needed for the reduction of oxygen. From these con-
siderations stems the interest for catalysts other than platinum.
Lately a considerable interest has been aimed at non-noble metals
such as cobalt[37, 38, 39], as a relatively cheaper alternative to plat-
inum, at all-organic catalysts[40, 41], and more or less elaborate
combinations of the two[42, 43], with results on par or even better
than those obtained with commercial platinum based catalysts[44].
In both cases catalytic performances only slightly less than those of
platinum have been recorded which, together with the cheaper cost
of the starting materials, make platinum-free systems competitive
as a whole. The common problem with both cobalt complexes and
organic molecules is their relatively short lifespan. If it is true that
platinum is easily poisoned, it is also true that it can be regenerated.
Organic and organo-metallic catalysts, while not as susceptible to
poisoning, are more prone to degradation, with the additional ob-
stacle that to be useful, they must be either anchored on a surface
or separated from the reaction products. The immobilization step
in particular can be tricky: it is often challenging to firmly anchor
the catalysts on the surface, while at the same time achieving a high
surface density and maintaining the catalyst active site accessible to
the substrate.

3.1 Experimental Section

Electrochemical experiments were performed in an open cell with a
platinum counter electrode and a saturated calomel reference elec-
trode. In these conditions the oxygen concentration in solution is
approximately 8mg/L[45]. Electrochemical experiments were per-
formed with an AUTOLAB potentiostat and a Radiometer Ana-
lytical EDI rotating disk electrode equipped with @=3.5mm glassy
carbon disk electrodes. The materials used to modify the working
electrode are commercially available oxidized multi-walled carbon
nanotubes, and adenine-functionalized carbon nanotubes, designed
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and synthetized by the group of prof. A. Bianco[46]. The motivation
behind the choice of adenine for the functionalization was two-fold:
on one hand adenine has an amine pending group which could be
used to coordinate catalytically active species as in the original arti-
cle by Singh et al. [46], on the other hand it should also improve the
solubility of the nanotubes.

Figure 3.1: Left: structure of the adenine-functionalized multi-walled carbon
nanotubes. Right: the commercially available oxidized carbon nanotubes

In Figure 3.1 a depiction of the two nanotube types is presented.
From this point on, adenine functionalized CNTs will be referred
to as CNT-Ade, while oxidized carbon nanotubes will be termed
CNT-COOH. A thorough account of the functionalization steps can
be found in an earlier work of prof. Bianco’s group [46], however
it should be noted that the synthetic procedure involves the use of
strong acids. This should be emphasized, since one of the recurrent
problems in the study of catalytic processes on carbon nanotubes, is
that impurities in the form of metal nanoparticles, deriving from the
CNT synthesis, are often present in the nanotube samples. These
impurieties can possess catalytic activity themselves, making it at
times difficult to unambiguously identify the true catalytic center[47,
48]. Acid treatments have been shown to effectively remove metal
impurities from carbon nanotube samples[47]. It can be therefore
stated that the results described in this work can be related with
confidence to the carbon nanotubes alone.
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3.1.1 Electrode Preparation

Glassy carbon disk electrodes 0.5c¢cm in diameter were first polished
with two alumina suspensions in water (grain sizes 0.5 and 0.003mm),
then sonicated in doubly distilled water for 5 minutes. CNT-COOH
and CNT-Ade suspensions were prepared by sonicating a small quan-
tity of nanotubes in ca. 3ml of doubly distilled water for approxi-
mately 5 minutes.

For both CNT-COOH and CNT-Ade dispersions were prepared by
thl_ - Gura
3

)
3 e
f

Figure 3.2: Dispersions of the oxidized (left) and
adenine functionalized (right) carbon nanotubes.

adding a redundandant amount of material in the water, so that a
precipitate was always present. In this way it was made sure that
differences in the concentration of the dispersions would not be due
to a different amount of starting material. As can be seen in Figure
3.2 the CNT-Ade dispersion is significanlty darker than the CNT-
COOH one, without the need of any additive[49]. The drop-casting
procedure involved the successive deposition of five 10uL drops; in
between the depositions the solvent was allowed to evaporate with
the aid of a mild heating. Electrodes were used immediately after
preparation.

3.2 Catalytic Activity

The catalytic activity of the samples towards the reduction of oxy-
gen was investigated by means of a rotating disk electrode (RDE):
this electrochemical technique involves an electrode rotating around
its axis, thereby generating a convective flux towards the electrode
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surface, which effectively diminishes the diffusive contribution to the
electrochemical current. This enables one to directly relate the mea-
sured current to the kinetics of the reaction under investigation by
controlling the mass transport to the electrode through adjustments
of the speed of rotation (see section 3.2.2 for details).

Experiments were conducted on three samples: CNT-COOH, CNT-
Ade and a clean glassy carbon (GC) electrode, which acted as the
non-catalytic reference material. The rotation speeds for all experi-
ments were 0, 300, 1200, 2700 and 500rpm. Experiments were con-
ducted at STP in an acqueous soluton exposed to air. In these condi-
tions the concentration of dissolved oxygen is reported to be 8mg/L
[45].

3.2.1 Experiments at Neutral pH

-1e-05

Current (A)

-3e-05

-5e-05

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential (V)

Figure 3.3: Cyclic voltammetries of a clean GC electrode (---), a CNT-COOH (-
--) and a CNT-Ade (—) electrodes at a speed of rotation of 1200rpm are shown.
Experiments were carried out in 1x PBS with a saturated calomel reference
electrode and a platinum counter electrode.
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Experiments were at first carried out in a PBS 1x solution buffered
at 7.4, in which the phosphate ions acted both as buffer and as
supporting electrolyte. In Figure 3.3 the cyclic voltammetries for
the GC, CNT-COOH and CNT-Ade samples at a speed of rotation
of 1200rpm are shown. The arrows on the x-axis indicate the ap-
proximate half-wave potentials for the three curves. Both nanotube
samples exhibit a clear anodic shift of the oxygen reduction, with
CNT-Ade showing the lowest overpotential, roughlt 350mV lower
than for the bare GC electrode, which compares very well with sim-
ilar nanotube systems [41, 50]. Both for GC and CNT-COOH the
current raises slowly and fails to reach a well defined plateau. For
CNT-COOH this could be due to an imperfect film which could leave
the GC substrate exposed and able to contribute to the reduction.
This observation is backed by AFM images (Figure 3.4), which show
mostly isolated nanotubes with large uncovered patches. The situa-

Figure 3.4: Left: AFM morphological image of a CNT-Ade deposit on ultraflat
ITO; Bottom: AFM phase image of a CNT-COOH deposit on ultraflat ITO;
in both cases the deposits were obtained by drop-casting 5 10uL drops of a
dispersion of the nanotubes in doubly distilled water.

tion is different for CNT-Ade: micro-meter sized groups of nanotubes
are clearly visible. These groupings also seem to have a well defined
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orientation, making them more similar to well definied supramolec-
ular assemblies. Being the only difference between CNT-COOH and
CNT-Ade, adenine must surely be the source of the anisotropy, al-
though at this stage the nature of the interaction which causes the
effect is not entirely clear. It is plausible that either hydrogen bond-
ing or m — 7 stacking between the adenine groups on different carbon
nanotubes can induce the alignment. An analysis of the literature in
heterogeneous catalysis suggests that a likely cause of the better cat-
alytic properties by the structuring is the formation of more kinks
and edges, rather than a change in the kinetics of the process. It
is generally accepted that defects on a surface are invariably more
reactive than a plain, especially when adsorption is involved: a situa-
tion such as that depicted in Figure 3.5 might be responsible for the
osberved differences between CNT-Ade and CNT-COOH. Aligned

A B C

Figure 3.5: Sketch of possible nanotube alignments with the defect area where
the catalysis of oxygen reduction might take place highlighted in red: A: isolated
nanotube; B: aligned nanotubes; C: randomly dispersed nanotubes. If the source
of the catalytic activity was correct, aligned nanotubes would create a larger area
of active sites.

nanotubes would create kinks proportional to the nanotube lenght
(Figure 3.5B) while randomly positioned nanotubes would generate
a much lower surface area of defects (Figure 3.5C). This aspect of
carbon nanotube activity towards oxygen reduction seems to have
been overlooked in the vast literature on the topic. It would be of
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interest to re-examine some of the results obtained so far with other
CNT-based catalysts to better assess the true role of the surface
functionalization.

Mass Effect on the Properties of CNT-COOH

As seen in Figure 3.2 CNT-Ade forms much darker, that is concen-
trated, dispersions than CNT-COOH. This increase is, in itself, a
considerable advantage, likely caused by the interplay between the
hydrophilicity of the adenine moiety, and the consequent lower ten-
dency of the nanotubes to form disordered aggregates which prevent
them from leaving the solid phase. This is also evident from the
AFM images of Flgure 3.4, where it was shown that the adenine
surface groups induce a surface structuring of the nanotubes.
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Figure 3.6: Voltammograms obtained after deposition of 3 (—), 5 (- - -) and 10
(--+) 20pL drops of a CNT-COOH dispersion; the voltammogram showing a 5
drop drop-cast of CNT-Ade (—) is also shown for comparison
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To understand whether the higher catalytic activity is to be as-

cribed to the higher surface coverage, to the higher surface order,
to variations in the reaction mechanism or to a combination of the
above, experiments were also performed at higher surface coverage
of CNT-COOH. Three electrodes on which the drop-cast of CNT-
COOH was performed with 3, 5 and 10 10um drops of the same
dispersion were prepared to obtain a higher surface coverage of CNT-
COOH and thereby gauge its effect on the catalytic properties of the
deposits. The results reported in Figure 3.6 show how a notice-
able anodic shift is observed as the surface concentration of CNT-
COOH grows, until a reduction potential close to that of CNT-Ade
is reached. Drop-casting more than 10 drops of CNT-COOH did
not bring about further changes in the ORR reduction potential.
Despite the similar half-wave potential the steady state region (j-
0.45V) remains much more well defined for CNT-Ade, meaning that
regardless of the quantity of deposited material, CNT-Ade is able to
give a more homogeneous covering of the electrode surface thanks to
the auto-structuring of the functionalized nanotubes.
This result confirms that surface coverage has a strong influence on
the observed catalytic properties, which leads one to think that the
reaction mechanism does not change between CNT-COOH and CNT-
Ade; this point will be explored in the next section.

3.2.2 Kinetic Analysis

An analysis following the theory developed by Koutechy and Levich
was performed in order to calculate the number of electrons ex-
changed in the rate determining step of the reduction of oxygen,
and the heterogeneous rate constant. The treatment is based on the
equation

1 1 1 1 1
= = 3.1
J Jx  Jo Jk  Bw): (3-1)
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where J is the total current density and Jx and Jp are defined as
follows

JK = anETCO (32)

l = ! 2 1 (33)
B 0.62nFCyD3v" %
that is as the kinetic and the convective terms respectively. A fit
of the inverse of the current density vs the inverse of the square of
the speed of rotation of the electrode for various speeds of rotation
produces a straight line, from the fitting of which the parameters n
and kgr can be extrapolated. In Figure 3.7 both the results of the
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Figure 3.7: Values of the number of electrons transferred in the rate determin-
ing step (n) and of the heterogeneous rate constant (kgr) as obtained from
a Koutechy-Levich analysis of the voltammetries recorder at pH=7.4. In the
Koutechy-Levich plot both data relative to CNT-Ade (o) and CNT-COOH (A)
are shown.

fitting and the resulting values for n (number of electrons exchanged
in the rate determining step) and kg (heterogeneous rate constant)
are given. The data show that the kinetic parameters are invaried
between CNT-COOH and CNT-Ade: for both materials the reduc-
tion is found a 2-electron process and no difference in the speed of

47



Chapter 3

the process were recorded. The enhancing effect of nitrogen groups
on the catalytic properties of carbon materials towards the ORR has
already been observed[50], altough no clear explanation of the phe-
nomenon has yet been put forward. In the present case the evidence
accumulated seems to support the possibility that the increase in
catalytic activity is not due to changes in the reaction mechanism or
in the electronic structure of the catalyst, but to favorable changes
in the surface morphology. An example of such a relationship can
be found in a particularly insightful work by Matsubara et al.[51], in
which it is demonstrated how the presence of pentagonal defects and
rounded compartments on the surface of MWCNTSs enhances their
ORR activity. A comparison with the bare glassy carbon was also
attempted in order to exclude any substrate effects. As evidenced in
the cyclic voltammeries, however, the Koutechy-Levich model could
not be applied profitably due to the particular current response on
glassy carbon. This is reasonably due to two concomitant factors: on
one hand the cathodic potential at which oxygen reduction occurs on
GC is close to the water reduction potential, which likely contributes
to the total current registered, on the other hand it cannot be ruled
out that the reduction reaction is not stricly first order, as is required
by the Koutechy-Levich formalism.

3.2.3 Experiments at Acid pH

In practical applications variations in pH are often encountered, es-
pecially when considering redox reactions such as the reduction of
oxygen, which involve hydronium ions. This is particularly true in
the vicinity of cells, which, as a consequence of their metabolism, ex-
pell various chemicals which affect the concentration of hydronium
ions (ROS, RNS, ...). The reduction of oxygen is notoriously in-
fluenced by pH variations, as is the response of catalysts[49]. In
order to gain an appreciation of the response of the nanotubes to pH
changes RDE experiments were conducted in citrate buffers at pH 4
and pH 6. This also allowed the examination of their behavior with
a chemical compound, the citrate ion, which is known to adsorb on
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platinum [52], the material most commonly used for oxygen sensing.
From Figure 3.8 it is apparent how CNT-Ade is the only sample
which does not suffer a variation of catalytic activity at acid pH; a
pH of 6 is sufficient to significantly alter the shape of the voltammo-
grams for GC and CNT-COOH. In both instances the peak current
diminishes and there is an shift of the reduction potential towards
more cathodic values, with the disappearance of a steady state.

At pH 4 in the case of glassy carbon, an inversion is seen between
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Figure 3.8: Effect of varying pH on the catalytic properties of the samples A:
glassy carbon; B: CNT-COOH; C: CNT-Ade. Experiments were conducted in
1x PBS buffer at pH 7.4 (- - -), and in a citrate buffer at pH 6 (—) and at pH 4
().

the forward and back scans, the current being higher in latter. This
effect suggests that the reactive radicals generated in the reduction
of oxygen attack the surface and are desorbed only at a later stage,
when the potential is inverted. A similar behavior is observed with
CNT-COOH, albeit only at potentials approximately 100mV past
the beginning of the steady state. At the same time, the voltam-
metries of CNT-Ade are remarkably insensitive to the increasingly
acid environment. It should be noted that the best results for CNT-
COOH were obtained at pH 4. This fact suggests that the highest
catalytic response on the nanotubes is achieved when surface groups
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are protonated. It is then to be expected that by choosing a suffi-
ciently basic pH, one could deprotonate the basic nitrogen on adenine
and similarly degrade its catalytic properties. This implies that one
can change the pH window in which the CNTs are active as catalysts
by tailoring the pKa of their surface groups by functionalization with
an appropriate molecule.

3.3 Conclusions

A new variant of multi-walled adenine functionalized carbon nan-
otubes developed by the group of prof. A. Bianco was studied in re-
lation to the reduction of oxygen in water. Both commercial oxidized
MWCNTs (CNT-COOH) and the adenine functionalized MWCNT's
(CNT-Ade) are able to catalyze the reduction of oxygen as demon-
strated by the comparison with glassy carbon, a non-catalytic ma-
terial. CNT-Ade shows a higher solubility and the ability to assem-
ble into ordered structures on the electrode surface in the form of
aligned assemblies of nanotubes, which causes an anodic shift of the
reduction potential larger by 100mV with respect to CNT-COOH.
Depositing a larger quantity of CNT-COOH on the electrode sur-
face helps bring the reduction potential of oxygen close to that mea-
sured on CNT-Ade, but the latter still shows a more well defined
steady state, indicative of a better surface coverage. A kinetic anal-
ysis has not revealed significant differences in the number of elec-
trons exchanged nor in the heterogeneous kinetic constant between
CNT-COOH and CNT-Ade, indicating that the different catalytic
behavior is entirely due to surface structuring effects which, in the
case of CNT-Ade, likely lead to a higher surface area of the kinks at
which the reduction reaction might take place. In view of a possible
application in the sensing of oxygen in biological environments, ex-
periments at acid pH were conducted: these show how covering the
nanotubes with adenine allows to retain their catalytic properties
even at pH 4, while surface protonation of the acid groups present
on the surface of CNT-COOH leads to a loss of catalytic activity at
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pH less than 7. Overall, adenine functionalization has proven to be a
very effective way to achieve better solubility in water, surface order
which leads to improved catalytic performance and stability at acid
pH.
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Since their discovery carbon nanotubes have seen a constant rise
in popularity. This is both due to their unique mechanical and chem-
ical properties, and the possibility to exploit their high surface area
to chemically modify them before depositing them on a surface, thus
reaching extremely high surface densities of the molecule of interest.
Lately, also supramoleular assemblies of carbon nanotubes with cat-
alytic species such as polyoxometallates (POM) have been reported,
in which synergyc effects enhance the catalytic activity of the oxy-
gen evolving POM. One of the chief problems related to the employ-
ment of CNTs is their scarce solubility both in organic solvents and,
most notably, water, caused both by their usually large size and by
their extremely hydrophobic character. While numerous successful
attempts have been made at chemically modifying carbon nanotubes
in order to enhance their hydrophilicity; in this work we have focused
our attention on the study of two new possible solvents, developed
by Dr. A. Di Crescenzo in the group of prof. A. Fontana at the
University of Chieti. These molecules form hydrogels that allow the
formation of stable and concentrated dispersions of pristine CNTs
without the need of any surface functionalization, the strategy most
often employed to make the CNTs water soluble. This result opened
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up the possibility to subsequently disperse a recently developed oxy-
gen evolving species, in the form of a supramolecular complex made
up of single wall carbon nanotubes and polyoxometallates with a
Ruthenium metallic core; the polyoxometallates were provided by
the group of M. Bonchio at the university of Padua, and have been
shown to be oxygen evolving centers[53, 54].

4.1 Experimental Section

The two tensioactive molecolecules developed by the group of Dr. A.
Di Crescenzo are p-dodecyloxibenzyl-dimethyl-amine oxide (pDOAO)
and p-dodecyloxibenzyl-trimethyl-amine bromide (pDOTABEr), a zwit-
terion and a bromide salt respectively. The polyoxometalate was syn-
thetized by the group of M. Bonchio and features a decatungstosil-
icate ligand in which a tetraruthenium(IV) core is embedded[55].
Electrochemical experiments were performed with a BIOLOGIC po-
tentiostat and DROPSENS DRP-110 screen printed electrodes, fea-
turing glassy carbon working (@=5mm) and counter electrodes and a
silver reference electrode. The hydrogels were deposited on the elec-
trodes using a micropipette. Enough material was deposited in order
to completely cover all the electrodes on the DROPSENS subtrate.

4.1.1 Hydrogel preparation

All gels were prepared using distilled water as the solvent and com-
mercially available purified single-wall carbon nanotubes. pDOAOQO
and pDOTABTr gels were prepared from 100mM solutions of the
respective molecules. For pPDOTABr 100mM NaBr was also added
in order to favor gelification. The solutions were then stirred for 30
minutes at STP until a gel formed.

pDOAO hydrogels containing single-walled carbon nanotubes, were
prepared by first sonicating the nanotubes in a 5mM pDOAO solu-
tion for 4 hours. pDOAO was then added to the solution in order to
reach a concentration of 100mM. The solution was then stirred for
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30 minutes until the gelification occurred.

pDOTABr/SWCNT hydrogels were prepared by sonicating the
nanotubes in a 2mM pDOTABr solution for 4 hours. The concen-
tration of pDOATBr was then brought to 100mM and 100mM NaBr
was added. The mixture was then stirred for 30 minutes.
pDOATBr/SWCNT /POM hydrogels were prepared by first son-
icating SWCNTs with 1mM pDOATBr for 4 hours. A 10mM POM
solution was prepared separately. The two solutions were then mixed
and stirred for 1 hour. The concentration of pDOATBr was then
raised to 100mM and 100mM NaBr was added. The resulting solu-
tion was then stirred for 30 minutes.

4.2 FElectrochemical Characterization

0.4

| —— pDOTABr
= - - pDOTABr+SWCNT
»»»»» pDOAO
— +=+- pDOAO+SWCNT

0.3

0.2
|

Current (mA)
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0.0 0.2 0.4 0.6 0.8 1.0

Potential (V)

Figure 4.1: Cyclic voltammetries of the gels pDOTABr with (- - -) and without
(—) single walled carbon nanotubes, and pDOAO with (---) and without (- — - —)
single walled carbon nanotubes.
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The electrical properties of the gels were investigated by means
of cyclic voltammetry and electrochemical impedance spectroscopy.
Figure 1 shows the anodic scan for pDOTABr and PDOAO. The
reponse of pDOTABEr is similar to that of an electrolytic solution,
with a low capacitive current and resistance. pDOAO on the other
hand shows weaker signs of redox activity. A likely cause of this result
could be the low self diffusion coefficient for pDOAO, given its zwitte-
rionic nature. This characteristic would make the charge compensa-
tion needed for an electrochemical process to happen rather difficult,
thereby slowing down the electrochemical reaction and demanding
higher overpotentials for it to occur. This supposition however is
not, backed experiments, as will be discussed in the next subsection.

4.2.1 pDOAO

In order to try and compensate the absence of separate ionic pairs
smaller, more mobile ions in the form of lithium chloride were added
to pDOAQ. As can be seen from the results of the fitting of the
impedance spectra presented in Table 4.1, however, the addition only
has the effect of diminishing the gel resistance from 500 to 70 Ohms
without significantly affecting the outcome of the voltammetric mea-
surements. The cyclic voltammetries remain, in fact, relatively un-
altered across the samples with increasing LiCl concentration (Fig-
ure 4.2.) These results are rather puzzling, in that while the solu-
tion resistance seems to be low enough to allow redox reactions to
happen unhindered, the overpotential for water oxidation seems to
tell a different story. Impedance measurements run on pDOAO and
pDOTABTr confirm that the gel resistance does not vary significantly
between the two gels, being in the order of a few hundred Ohm
in both cases. The charge transfer resistance, on the other hand,
changes significantly between pDOAO and pDOTABTr, regardless of
the presence of nanotubes. While a Randle’s circuit modified with a
constant phase element (CPE) was used in all cases for pDOAO, the
addition of a charge transfer resistance to fit the spectra of pPDOTABr
invariably caused a doubling of x2. The best fit was obtained by
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Figure 4.2: Left: cyclic voltammetries in gel pDOAO. Right: cyclic voltam-
metries of gel pDOAO with SWCNTSs. In each pane the voltammetries of gel
pDOAO with 10mM (—), 100mM (- - -) and 1M (- - -) lithium chloride are pre-
sented.

using a resistance and a (CPE) in series, indicating a small if not ab-
sent charge transfer resistance. The source of the different behavior
of the two gels is not fully understood, although the experimental
data available seems to point to a film-like blocking of the surface by
pDOAQO. Whether this blocking occurs via the formation of a film
of pDOAO on the surface, or whether it is caused by a very low self
diffusion coefficient of pDOAO which brings about a film-like pas-
sivation is, however, unclear. Scanning electron microscopy images
of the lyophilized gel (Figure 4.3, courtesy of A. Di Crescenzo and
A. Fontana) show the formation of lamellar structures in solidified
pDOAOQO, which might validate the hypothesys of the formation of a
film. When put in contact with a an electrode the lamellae could,
in fact, orientate themselves parallel to the charged surface and act
as a passivating film. More work and possibly theoretical insight
is needed to better comprehend this matter, including the orienta-
tion of pDOAO molecules inside the lamellae, as it might also be of
interest to better comprehend the behavior of ionic liquids at inter-
faces. As for the current project, in view of these results the catalytic
properties of POM were only tested in pDOTARBr, since the physico-
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Table 4.1: pDOTABr with SWCNTs (pdotaBR), pDOAO with
SWCTNs (pdoaoS), and pDOAO with 10mM (pdoaoA), 100mM
(pdoaoB) and 1M (pdoaoC) LiCL

R1 Q2 (100 Fs* 1) a R2

pdoaoS  352.1 13.49 0.90 1.94e6
pdoaoA  506.3 21.41 0.85 2.02e6
pdoaoB  230.9 15.69 0.91 1.72¢6
pdoaoC  70.78 13.41 0.91 2.66e6
pdotaBR  91.44 25.86 0.90 /

Mag= 100 X

Figure 4.3: SEM micrograph of a lyophilized pDOAO sample.

chemical properties of pDOAO make it unsuitable for the purpose of
electrochemical reactions.
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4.3 Catalysis in pDOTABr

Cyclic voltammetric experiments were performed in order to gauge
the catalytic activity of the POM inside the gel PDOTABr. Three
samples were compared at first: the pDOTABr gel (gNO), pDOTABr
gel with SWCNTs (gCNT), pDOTABr gel with SWCNTs and POM
(eSPOM). As is shown in Figure 4.4 the voltammetries are flat
with up to 0.87V for gNO and gCNT, where the oxidation of wa-
ter begins[53]. gSPOM has a 100mV cathodic shift with respect to
the samples without POMs, while little discernible variations are en-
countered between gNO and the sample containing only carbon nan-
otubes gCNT. This implies that the catalytic activity is solely due

— Blank
- - SWCNTs
SWCNTs+POM
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TON
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Figure 4.4: Left: Cyclic voltammetries of sample gSPOM (- - -) at pH 7 showing
the onset of water oxidation. The curves pertaining to sample gCNTs (- - -) and
the gel pDOTABr (—) are also shown for comparison. Right: calculated Turn
Over Number (TON) values for sample gSPOM at pH 7 (H).

to the polyoxometallates, the catalytic properties of which are not
negatively affected by the hydrogel. On the right in Figure 4.4 the
calculated turn over number values for gSPOM are shown. The val-
ues were obtained by running a chronoamperometric measurement,
that is an experiment in which the current is continuously measured
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as a square potential wave of progressively increasing magnitude is
applied at 1 minute time intervals. From the integration of the mea-
sured current we were able to calculate the TON (Turn Over Num-
ber) at the different applied potentials. The TON is a commonly
used measure to compare catalytic activity between molecular cata-
lysts, that is defined as the maximum numer of molecules a catalyst
can convert per unit site per unit time. In the electrochemical case
these numbers can be derived from measured currents as follows:
Qm B Qb (41)
Qcat
where Q,, is the measured charge, Qp is the charge baseline ( arising
from i.e. capacitive contributions and non relevant reactions) and
Qcqt 18 the number of catalyst molecules calculated as the charge
needed to oxidize/reduce all the catalyst on the electrode. In the
present case, the latter quantity was obtained from the reduction of
the polyoxometallates at pH4 (4.5), where it is most well defined.
Calculation of TON values (Figure 4.4) shows that they are directly
comparable to those previously reported for the surface absorbed
CNT-POM complex in water[53], proving that the efficiency of the
catalyst is not thwarted in the new environment.

4.3.1 Effect of pH

Being known that the oxidation of water and the catalytic activity
of polyoxometallates are both pH dependent, experiments were also
conducted in gels containing different concentrations of hydronium
ions. Figure 4.5 shows the results of such experiments, in which the
pH of gCNT and gSPOM was changed to 1, 4 and 8 by adding the
appropriate amount of HCl NaOH to the distilled water during syn-
thesis. gCNT does not show significant variations at different pH
values, while gSPOM shows an increased catalytic activity as the
acidity is lowered to pH 4, while at pH the voltammetry resembles
that at neutral pH. The effect of pH has also been investigated in
relation to the cyclic voltammetry of POM, where it can be seen
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Figure 4.5: In the top half cyclic voltammetric experiments at different pH of
sample A: gCNT, and B: gSPOM are presented. In both graphs the different
line traits identify experiments performed at pH 8 (—), pH 4 (- - -) and pH 1
(-++). In the bottom half cyclic voltammetric experiments showing the reduction
of POM at A: pH 8, B: pH 4 and C: pH 1 are presented.

that also the reductive behavior of the polyoxometalate is more well
defined at pH 4. The voltammetric peaks have been previously iden-
tified as a result of the reduction of the polyoxometalate ligand[56]:
the pH dependance can then be ascribed to the protonation of the
surface OH groups, which, it has already been shown, contribute to
the electrochemical behavior of the complex[57]. All these results
suggest that the hydrogel is an excellent medium to disperse car-
bon nanotubes and polyoxometallates, and that the electrochemical
behavior of the POM is not modified in the new medium.
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4.3.2 Effect of Prolonged Oxidation

Tests were conducted to gauge the effect of the oxidation of water
over time on the gel. After roughly 15 minutes of oxidation at a
current density of 0.4mA /cm? small micrometer sized particles ap-
peared, likely due to the precipitation of the tensioactive after exces-
sive dehydration. The gel was then put in contact with distilled water
in order to try and achieve a balance between the water oxidized and
that adsorbed from solution; the choice of distilled water instead of
a ionic solution is also justified by the sharper contrast in resistivity
with the hydrogel as seen with impedance, which would make it eas-
ier to understand whether the gel is being brought into solution and
the electrode surface is thus being exposed to the water. Impedance
measurements were run at fixed time intervals to monitor the stabil-
ity of the hydrogel. As is visible from the Z-modulus and particularly
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Figure 4.6: Maximum of the absolute value of the impedance (left) and phase
angle plots (right) at different intervals after immersion of the electrode covered
with the hydrogel in distilled water. The different symbols correspond to mea-
surements before the immersion in water (X, phase only), and after 10 minutes
(*), 25 minutes (), 45 minutes (o), 60 minutes () and 75 minutes (A) from
immersion.
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from the phase angle plot in Figure 4.6, there is evidence that in-
stead of a slow re-hydration of the hydrogel, there is an infiltration
of a water layer between the hydrogel and the electrode surface, as
evidenced by the increasingly resistive behavior of the cell; this is ap-
parent in the flattening of the phase angle towards values close to 0°
and in the increase of the total impedance, due to the fact that, since
it did not contain any electrolyte, the water in which the electrode
was immersed was very resistive. This fact poses a challenging engi-
neering problem which, as of now, hinders the transformation of the
developed system to a working device; work is currently underway to
assure the stability of the hydrogels even in acqueous enviroments.
This drawback does not, however, diminish the general applicability
of the hydrogel as a dispersing medium for nanotube-based catalysts:
particularly in the case of gaseous analytes, it should be possible to
taylor the thickness of the hydrogel layer on the electrode to the
diffusion coefficient of the analyte through the hydrogel, thereby po-
tentially achieving a sufficiently high efficiency.

4.4 Conclusions

The poperties of two hydrogels based on the tensioactives pDOAO
and pDOTABr were studied. Both hydrogels are excellent dispersing
mediums for highly insoluble carbon nanotubes. The fact that their
constituents (water and a non toxic tensioactive) potentially make
them chemically and environmentally harmless adds to their value as
dispersing mediums. Their electrochemical properties show that only
pDOTABEF is suitable for electrochemical experiments, while pDOAO
exhibits a high charge transfer resistance which might be linked to
the formation of ordered planar assemblies of the pDOAO molecule,
a characteristic which should be the object of further analysis. A
single-wall carbon nanotube-polyoxometallate supramolecular com-
plex was subsequently dispersed in pDOTABr to test the possibility
to use it as a medium to solubilize nanotube based catalysts in wa-
ter without the need of further functionalization with hydrophilic
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groups. Electrochemical experiments show that the POM catalyst
maintains its water oxidation activity in the new medium.
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Electrochemial impedance spectroscopy (EIS) is based on the
measurement of a current in response to an applied potential pertur-
bation in the form of a sine wave. The measured current is linearly
proportional to the applied potential

V=217-i (A1)

which is Ohm’s Law, with one fundamental difference: in place of a
resistance R, a new proportionality constant is used, the impedance
Z. The impedance is defined as the resistance plus the contribution
of another quantity, the reactance X,

Z=R+iX (A.2)

which describes the response of the system to variations in the ap-
plied potential, rather than to a steady potential. This difference is
quite important. In an EIS experiment a potential varying as a sine
wave is applied, and a current similarly varying as a sine wave is
recorded. As is depicted in Figure A.1, however, the response of the
system to a change in potential is not instantaneous; this causes the
current to lag behind the potential. The cause behind this behavior
is that every electrochemical cell has a capacitive contribution, and
the charging of the capacitor is not an instantaneous process.

A.1 The Double Layer

The presence of a capacitor in the electrochemical cell follows from
the formation of a double layer, a process which happens at the sur-
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Phase angle sin(x)

Inflection = applied potential
/

Figure A.1: Representation of a sinusoidally varying potential (red) and the
resulting sinusoidally varying current (orange) with the lag (phase angle) between
the two.

face of any conductive material placed in an electrolytic solution.
Any surface bears a certain amount of charge, even more so if this
charge is willfully generated by the application of a potential. The
ions in solution will react to the electric field created by the surface
charge of the material according to the laws of electrostatic inter-
action, that is like charges repell eachother, unlike charges attract
eachother. This will lead to a structuring of a layer of solution in

O@o HEOO,
%@ oS 22| 900
B O S e

JOXS 1 oW

Figure A.2: Depiction of the structuring of an electrolytic solution, also known as
formation of a double layer, in response to the charging of an electrode. Solvent
molecules are represented in blue.

contact with the surface, forming what is termed the double layer
(Figure A.2).
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An analogy can be made between the double layer and a capaci-
tor: there are two plates of opposite charges (the surface/electrode
and the ions in solution) separated by a dielectric material (solvent
molecules or a film on the surface). In this way the physical treat-
ment of capacitors as seen in electrical circuits can be transferred to
the electrochemical case
€€ A
d

where A and d are the area of the electrode and the distance between
the surface and the layer of ions respectively, while € and €y are the
permittivity of the medium which separates the two plates and that
of vacuum respectively. The impedance of a capacitor is defined as

1

7 = C (A.4)
with i=v/—1, C the capacitance as defined in Equation A.3 and w
the angular frequency at which the potential is varied.
Since one half of the double layer is made up by ions in solution, and
these are able to drift through the solvent at a speed determined by
their diffusion coefficient in that particular solvent, it can be foreseen
how the building of the double layer will require a certain time, as any
adjustment to its structure due to a change in the applied potential.
This is the origin of the time dependance which requires the use of
the impedance in place of a resistance Equation A.1.

C= (A.3)

A.1.1 The Constant Phase Element

It can happen that a capacitor is inadeguate to describe certain elec-
trodes. This is due to the electrode surface not being a perfectly flat
slate, but having various kinds of inhomogeneities. These inhomo-
geneities make the capacitance vary across a surface according to the
surphace morphology. The practical solution to this problem is the
use of a constant phase element (CPE)

7- @ (A.5)

(iw)"
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A comparison with Equation A.4 reveals that the capacitance C has
been substituted with Q, the impedance at w=1rad/s, while the term
iw is now weighted by an exponential n, with 0 < n < 1.

A quick analysis shows that at n=1 the impendace is that of an ideal
capacitor, whilen =0= 7 = Q = Z # Z(w), that is the impedance
is that of an ideal resistance.

A.1.2 The Resistance

Similarly, other electronic components are used to describe electro-
chemical cells i.e. resistances are used to represent electrochemi-
cal reactions or diffusion of molecules. The discharge of the double
layer/capacitor can happen both if the application of the potential is
discontinued, and if charge is allowed to leak away from the surface
and to the solution via an electrochemical reaction. The most com-
mon situation is that in which one of these alternative pathways is
present, in which case the electrode is modelled with a capacitor and
a resistance connected in parallel (Figure A.3). A variation of the

__|

Figure A.3: A resistance and capacitor connected in parallel, one of the most
often encountered building blocks in the modelling of EIS.

circuit shown in Figure A.3 that features another resistance preced-
ing the elements in parallel is one of the most often encountered in
electrochemistry and i termed the Randles circuit after its creator.
The added resistance is used to account for the solution resistance.
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A.2 Frequency and the Phase Angle

Since ions have a mass, the frequency at which the potential is varied
will also heavily influence the response of the electrode, since more
or less time will be allowed for the adjustment of the double layer.
Moreover, if the motion of the ions is hindered (i.e. by a porous
film) the frequency at which the blocking effect will be visible will
also be informative as to the nature of the species and the process
involved. This is particularly true when examining the phase angle,
that is the time lag between the application of the potential and the
current response as depicted in Figure A.1.

Phase Angle of Ideal Components

An ideal resistance, being frequency independent, will not
show any phase angle. That is, the current response to the poten-
tial will be near instantaneous. In a phase angle plot this means
having a phase angle equal to 0.

An ideal capacitor on the other hand will show a phase an-
gle equal to -90°, where the negative sign is very important to
distinguish it from another rarer circuit element, the inductance
(phase angle=+90°), which will not be discussed here.

A constant phase element will show a phase angle slightly
higher than an ideal capacitor: a value of -80° is, in fact, indica-
tive of CPE behavior.

The phase angle is then a clear indicator of the capacitive or resistive
nature of the impedance, and the frequency at which the behavior
occurs tells something about the speed at which the process hap-
pens. The height of the capacitive loop can reveal information about
the nature of the surface species which cause capacitive behavior:
roughly speaking a uniform, compact film will show a phase angle in
the range -70/-90°, while a less homogeneous/stable coverage such
as that encountered in an adsorption/desorption process might cause
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more depressed phase angle peaks at values < 50°. Moreover, low fre-
quency loops might reveal adsorption/desorption or hindered (a.k.a
slower) diffusion of bulkier ions, while high frequency loops are usu-
ally related to double layer reorganization or solvent motion, that is
the higher the frequency, the more mobile/smaller the species which
is able to respond to the potential variations is. Impedance is usually
measured up to 1MHz; it might be revealing that TeraHertz spec-
troscopy is a powerful tool to investigate solvent structure by directly
probing the collective motion of domains of solvent molecules.
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